2 5 MAY 2006 | NDUCTOR-LESS RF/ | F CMOS BUFFER FOR 500 OFF-CHI P LOAD DRI VI NG
BACKGROUND -OF THE I NVENTION 1. Field of the Invention The invention rel ates
to CMOS integrated sem conductor circuits, and nore particularly to a 500
anal og buffer anplifier operating in the RF/IF frequency range which

avoi ds using external inductors. 2. Description of the Relat e%@&#{ %spite
the many buffer anplifier designs of the related art, CMOS eq efit's of
bi pol ar buffer anplifiers, like the Darlington or the class AB circuit,
tend to be inferior. W will denonstrate this point by exam ning a CMOS
equi val ent -of the "Darlington pair" buffer anplifier in FIG 1, and a CMOS

equi val ent class AB buf f er it idreEskRATEemds sbEGR FoRhows an NMOS
transi stor ML coupled in series with a current source I, coupled between a

positive voltage supply V., and50® @frdHIBNDAD Thigigmate of M is coupl ed
via capacitor C, to input vi and via resistor R to another voltage supply
VR. Simlarly coupled between V., and ground is a second NMOS transi stor

M in series with a second Cﬁﬁéﬁaﬁowfﬁ@@%%m\}%ﬁﬂgﬁlte of M2 is coupled to
i S ra

the source of M and the source o coupled v a second capacitor C2
to output vO. CPis the total parasitic capacitance of the pad, pin and
printed circuit bogard (PCB) and Rr is the external |oad, typically 50 ohm
1 2 5 MAY 2006 1. Field of the Invention

The invention relates to CMOS integrated semiconductor circuits, and more
particularly to a 50Q analog buffer amplifier operating in the RF/IF frequency range

which avoids using external inductors.

2. Description of the Related Art
Despite the many buffer amplifier designs of the related Iart, CMOS equivalents
A of bipolar buffer amplifiers, like the Darlington or the class AB circuit, tend fo be inferior.
We wilt demonstrate this point by examining a CMOS equivalent of the “‘Darlington pair”

buffer amplifier in FIG. 1, and a CMOS equivalent class AB buffer amplifier in FIG. 2.

FIG. 1 shows an NMOS transistor M1 coupled in series with a current source b
coupled between a pesitive voltage supply Vo and ground (GND). The gate of M, is
coupled via capacitor C, to input v, and via resistor R, fo another voltage supply V..
Similar!yl coupled between V,; and Vground is a second NMOS transistor M, in series
with a second current source {,. The gate of M, is coupled to the source of M,, and the
source of M, is coupled via a second capacitor C, to output v,. Cy is the total parasitic
capacitance of the pad, pin and printed circuit board (PCB) and R, is the external load,

'typica[ly 50 ohm.



However, the CMOS version does not work as well as the bipolar one. The
expression for voltage gain of the circuit in FIG 1, where 9n2 is the
transconductance of M2, is given by Av = vo = 9nRRL (1) vi 1+gn2RL From
(1) we can easily see that to achieve Av = 1, it is necessary to have gnRRL
>> 1. This is a very difficult requirenent - even in sub-m ceomaChiis -
since gn2 nust be very high as RL is equal to 500 only. Very |l arge sizes
for M2 and very large values for 12 are required to achieve this. Such
transconduct ances, however, are much nore easily achievable w th bipolar
devices. In CMOS technology this circuit usually has a voltage gain that
is substantially |less than nigy while driving 500. FIG 2 shows a four
transi stor CMOS e ?Vﬁ?%ﬁF”gwo VBISIB199Fs pptaeEK aspvelipsrbgrbipeiar angf fibe

amplifier. Th id ' Lird @ i Mo 4 daSrd dent that of FIG
T Lowever MBS o s AR bt 1 ke ST e en B biingPar 15

+Voo. The drailnisgiveMByi s connected to ground and its gate it coupled to
the gate of M. M and M drive a CMOS output stage conprising NMOS
transistor M and PMOS transistor M4 coupl ed between +Vpp and ground. The
gate of .M connects to the& ur¥e of awvHand the gate of M connects to the
source of M. The junction o N3i3h¢+Mn, uples via C2 to output v

COUpLed-betme$n thﬁ out put and g%ound are kp and the load R as described
in FIG 1 abov&™[h“efargasihigee ipbioqshinre Ay gdribls nerssrary puhave dasR S>dent i fi ed

by like nuner ghg iOf ver§ Bk &fufemént - even in sub-micron CMOS - since U Must be very

high as R, is equal to 50Q only. Very large sizes for M, and very large values for |, are
required to achieve this. Such transconductances, however, are much more easily
achievable with bipolar devices. In CMOS technology this circuit usuaily has a voitage

gain that is substantially less than unity while driving 500.

_ FIG. 2 shows a four transistor CMOS equivalent of a bipolar class AB push-pull
buffer amplifier. The section from input v; to M,, I, is identical to that of FIG. 1.
However, M, is a PMOS transistor which has its source coupled via [, to +V,,. The
drain of M, is connected to ground and its gate it coupled to the gate of M,. ‘M, and M,
drive a CMOS output stage comprising NMOS tranéistor M, and PMOS transistor M,
coupled between +Vy, and ground. The gate of M, connects to the source of M, and
fhe gate of M, connects to the source of M,. The junction of M, and M, couples via C,
‘to output v, Coupled between the output and ground are C,, and the load R, as

described in FiG. 1 above.

in these and subsequent figures, like parts are identified by like numerals or

characters.



2 5 MAY 2006. This circuit is superior to that in FIG 1 in sone respects.
The qui escent current can be low, the sizes of the output transistors M
and M can also be smaller. However the disadvantages are as foll ows.
Firstly, the signal swing is limted at the output to VDD - (VG4 + VG53)
conpared to VDD - VGS2 in FIG 1. Since VGS is of the order of RWMAYHN& is
a substantial loss with VDD = 3V which is quite comobn for deep sub-m cron
CMOS technol ogy. Secondly, the DC voltage at the sources of M3, M
designed to be equal to V,VDD/'2, nmay not be realised in practice because
of VGS m smatches of M M2, MB and M. This further degrades the output

si gnal sw ng of thg;bukfie ISF Alidat i NE ' ircuit achi eve
unity vol tage gain, 'vﬁrfg%ﬁr%ggﬁ%nsoég tyﬁttﬂﬂpﬂsegﬂﬁse o{le%%év%r' ST% giqﬁﬁefcéep??%ref‘he

circuit in FlGan be lok patseas ossanchutntevieebadiidia M, ehh avb be sHaBr Ral&RatL s
relating to buffer anplifiers: U S._ Patent 6,052,028 (Heaton), U S. Patent
4,495, 471 ( Bateetitadvantpass apasdalions, Airatlysthe siguetssing iafrditad, s theRatmento Vy,

4,390, 852 (Addiss), LdescL i ar,,an T, buffer .anplifiers for
di fferent appl i(\z i ggﬁfédﬂ%%réﬁgy Bht V52 %1@51;57&(]?@0}4?56{%?36%8@?5 Yy Bisdf f er
with MOS devi aesbdiarttialis@swith V g OBl itatie duid dosithdn &eiég%ﬁy-ﬁﬁc%n tfeyctors.

U S. Patent 5,959,475 (Zom)rrodigd and U. S. Patent 5,668,500 (LeFevre)
describe OMOSSBUA®T Sepidi HeP Grdiagoaihe serens chie M.odesiordi 14 ex entl fo

application. {..§ RBatent L,.634 (Hunl.ey) di 0oses buffer with a
control I ed sl el Iffe g!f Ot_til:5 ﬁgg%ﬁ?déﬁ_ Fac eet_’%%lr'sée §t§) Gﬁ@??aghﬁ? ‘Fffiigﬂr atsand
circuit for fbedbeskuributddgeadet erottpsesigetil ERG 8Mthe bdffer. Thirdly, neither can this

circuit achieve unity voltage gain, when realised with source followers similar-to the

Ccircuit in FIG. 1.

A patent search revealed the following U.S. Patents relating to buffer amplifiers:

U.S. Patent 6,052,028 (Heaton), U.S. Patent 4,495,471 {Barrett), U.S. Patent 4,471,319
{Metz), and U.S. Patent 4,390,852 (Addis), describe Bipolar and FET buffer
amplifiers for different applications.

U.S. Patent 5,111,157 (Komiak} describes a buffer with MOS devices but uses a

| complicated circuit with several inductors.

U.S. Patent 5,859,475 (Zomorrodi) and U.S. Patent 5,668 500 (LeFevre) describe
CMOS butfers but they are complicated and for a different application.

U.S. Patent 5,877,634 (Hunley) discloses a CMOS buifer with a controlied slew rate at

the output. The circuit uses a differential circuit for feedback but is otherwise

- different.



2 5 MAY 2006 None of the related art satisfies the requirenent to provide a
500 anal og buffer anplifier operating in the RF/IF frequency range
(typically 100MHz- 2GHz) which can be integrated in a CMOS technol ogy
because it is difficult to integrate inductors for such frequencies when
external inductors are to be avoided. The only off-chip conpo@énias 2p08re the
500 | oad resistor and its coupling capacitor. SUMVARY OF THE | NVENTI ON |t
is an object of at |east one enbodi nent of the present invention to provide
a nethod and circuits for an anal og buffer anplifier operating into a 50
ohmload and in the radio frequency/internedi ate frequency (RF/IF) range
of typically 100Mi¥oreet herplated pHzatislidOtenerizme@iz povil®9 shardhzpg blferi S
anot her obj ect 1 iftgee grese@t leg?l}g?nti on to int e&rjate t hi s _anal og buffer
anplifier in & AR 8§ T frepuencuiangs Gymealy dBPidE 2@k )hichisee sent
invention to @lddmdtBding d - LR P it of the anal og
buffer anplifi erd.ﬂa It i s¢r2tgigﬁ%&g§!8%3{1%&%%ﬁte%? %5:? ggtﬂéég?agés’é%%qrsn@é?‘H"’?on to
el i mi nate t hefrpesdcitowhexexsmallindubtoduct aris avoldet STie &l shertip ehh@mtngf t he
present inventi on i$ ho achi eve a voltage gain of one or better. 2 5 MAY
2006 It is yef™d"F ovQ af rohiUend B CQURlGFaRSEN- i nvention is to avoid using
very large transistors and large current sources. It is still a further
obj ect of the present invention is to provide a |arge signal

' . SUMMARY OF THE INVENTION

It is an object of at least one embodiment of the present invention to provide a
- method and circuits for an analog buffer amplifier operating into a 50 ohm load and in
the radio frequency/intermediate frequency (RF/IF) range of typically 100Mhz to 2GHz
{MHz = 10° hertz, GHz = 10° hertz).

It is another object of the present invention to integrate this analog buffer

amplifier in a CMOS technology.

It is yet another object of the present invention to eliminate inductors from the

integrated circuit of the analog buffer amplifier.

Itis still another object of the present invention to eliminate the need for external

inductors.

it is a further object of the present invention is to achieve a voltage gain of one or

better.



swi ng. These and many ot her objects have been achi eved by providing buffer
anplifier conprising a source-follower plus conmon drain stage with a
feedback path fromthe output of the comopn drain stage to the input gate
of the source follower stage. The feedback circuit is designed such that
the output of the comon drain stage can be guaranteed to be ggMﬁf¥ﬁétage
m dway between the positive and the negative voltage supply of the
circuit. This is the optinmum operating point since it allows the | argest
signal swi ng. The transconductance of the feedback anplifier nust be small,
because the output coupling capacitor cannot be nade any smaller to ensure
ransconductance is realized by

stability of the f: . snal | _

bi asi ng the t ransi!{sltgggtgaafgﬁh%rﬁgﬁc%oggﬁb%@%”g%?q PR &0 Qrihusieg ey BWecur rent s;
such as by opesadiitg ahdiemd dureh@owrak inversion region. In addition, the
transi stors of the feedback anplifier can be dinensioned in such a way as

to reduce the transconductance even further. Another inportant fact is

that the feedback t.hr he feedback anplifier is only present at DC
(direct current) e{{n'amgp"%@t@erlo {ﬁc?‘%zilﬁfé[ﬁ%‘?n &verpRN & te payide jaJarge sieal DC vol t age
at the drain s@hgthe common drain transistor, which, via an output :
capacitor, is also the output of the buffer anplifier. 5 2 5 NMAY 2006
These and nany ot her objects and advantages of the present invention wll

be readily appar to one skilled in the art to which the invention
pertains froma pgrl?%séeaglm n&?nytaﬁtéeré’gjgftlrsrg?v‘? PREDASPEIEY ParvidiraRydier aimrlifiehe

fol I ow ng det asrhg@irdessiicifbiRWehbiud Enmel GhAMERE WA EENE Fath from the

output of the common drain stage to the input gate of the source follower stage. The
feedback circuit is designed such that the output of the common drain stage can be
guaranteed to be at a voltage midway between the positive and the negative voltage
supply of the circuit. This is the optimum operating point since it allows the largest
signal swing. The transconductance of the feedback amplifier must be small, because
the output coupling capacitor cannot be made any smaller to ensure stahility of the

_ feedback loop. A small transconductance is realized by biasing the transistors of the
feedback amplifier with very low currents; such as by operating them in the weal

“inversion region. In addition, the transistors of the feedback amplifier can be
dimensioned in such a way as to reduce the transconductance even further. Another
important fact is that the feedback through the feedback amplifier is only present at DC
{direct current) and a very low frequencies. This stabilizes the DC voltage at the drain
of the common drain transistor, which, via an output capécitor, is also the output of .the

buffer amplifier.




BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a circuit diagram of a bipolar
Darlington pair buffer anplifier of the prior art. FIG 2 is a CMOS

equi val ent of a bipolar class AB push-pull buffer amplifier of the prior
art. FIG 3 is a high level circuit diagramof the preferred enbodi nent of
the buffer anplifier of the present invention. FIG 4 is a hizhuhexs
circuit diagramof the preferred enbodi nent of the differential buffer
anplifier of the present invention. FIG 5 is a nore detailed circuit

di agram of the preferred enbodi ment of the buffer anplifier of FIG 3.
FIG 6'is acircuit diagramof a preferred enbodi ment of the operational

transconduct ance armeké bhEmafyTiMr BfecdtNBdRb YRt ErGs.
3, 4 and 5. 6 2 5 MAY 2008 Fi G Bleckhiia ﬁﬁ@gﬁagraﬁm SE L enbA L

met hod of the r%dété?ﬁaﬂmﬁtpemeusbuﬂed DHSORL PWEN tEFlnTHEEoPREFﬁH:{EB] EMBCEA VENT

FIG 3 depictsg.f c idea thelnv ntion. The inductor-less RF/IF
CMOS  buffer corrpr’aggss e %pBU'Fq:eg dl’%"l”?%ﬁl\@? @Féﬂ@""’%@l‘jﬁtaéedf‘i'etsgrfpt'ﬂll\/l?ﬁh?ranS| st or

M and a conngrbfe;d{deunﬁboam% with a second NMOS transistor M. M is
coupled in series with a first current source I, where the drain of M is
coupled to +Vpo, the positive voltage supply. The other side of I, is

coupl e to ground (the negatl ve volt The gate of ML is coupled
via a first capaci tor C %LRE%QIPA‘@\EBF?@W $on of resistor R

and a

FIG. 1is a circuit diagram of a bipolar Darlington pair buffer amplifier of the prior

art.

FIG. 2is a CMOS equivaient of a bipolar class AB push-pull buffer amplifier of
"the prior art.

FIG. 3 is a high level circuit diagram of the preferred embodiment of the buffer

amplifier of the present invention.

FiG. 4 is a high level circuit diagram of the preferred embodiment of the

differential buffer ampilifier of the present invention.

FIG. 5 Is a more detailed circuit diagram of the preferred embodiment of the

buffer amplifier of FIG. 3.

FIG. 6 is a circuit diagram of a preferred embodiment of the aperational

transconductance amplifier (OTA) of the present invention aé used in FIGs. 3, 4, and 5.




second capacitor C2 is coupled between the gate of M and ground. A series
conbi nation of a second current source 12 and a second NMOS transistor M
is coupl ed between +VOD and ground. The gate of M2 is coupled to the
source of M The drain of M, coupled to 12, is also coupled via a third
capacitor C. to output v3. Cp is the total para5|t| C capamtapgﬁA\pEﬂ%t he
pad, pin._and printed circuit board (PCB). A is an operational

t r ansconduct ance anplifier (OTA) having a positive and a negative input-
The p05|t|ve |nput of A is coupled to the drain of M2 and the negative

i nput. of A~ coupled to a voltage supply VR . The output V. of A is

coupled to t he j UNBIG. GNs Obiokk diagiEm dEdhe p-l'_&@rr&?(rtr@trhgéll)ftgv%s% ﬂ%m,o}(pl cally 50
u

ohmis connected between out put Vo and ground. Th €r ‘can provide
unity gain at a signal frequency response fs of 100MHz to 2GH#z (MHz = 106

hert Giz = 109 hert t60 h C th t
cglrjplzl ng capaci torercg)l\gE%E'eR U@@%@%‘EEP&EER B%WQW'&EQM CZI ;Ss '?hlenpu

conpensating capacitor for the feedback path forned by M; M, A and Rl.
The bias current of M and M is set by 12 through the drain and by 1,

t hr ough the sour cef!G73gegcinye @@@Bdaaesflﬁmdn@enédary ThEhenuceedbark/peisad] ust s
the DC gate v drain voltage of M2 is set

h t
preci sely equ% %a'gCQVIQ”S'TS aesolﬂ‘(rzctel{gln’&‘ef %tEQe WU}? Higt NIMBE)trapgptorly eangita conmeondr ai n
of transistor dn k@gel@lies BbdsRd N Ahsior iR, %ﬁ%ﬁﬁmﬁm‘%m ﬁ,gaé{ to vol tage

supply VR The best value for VR is exactly’ §ve
vol t age suppl guirent Sgwgelhdrvh@deﬁedram oBM{ Ibeom’ﬂ!éjjl\ﬂy-vgé?tf@tpobﬁ\ﬁé/\ﬁﬁﬁbéehu% posi tive

and negative VI%I :Tg_%eﬂa%g@ % as this will allow maxi mum signal sw ng at
the output. The- u ﬁ&t‘P 3 i figunddtheyigpative yplage suprhoh Thegate siMsisant i al
i mprovenent oVBiliplddi@a E‘ﬁ%t Blgalitor ioglnplﬂ‘?/s% L& combination of resistor R, and a
second capacitor C, is coupled between the gate of M, and ground. A series
combination of a second current source I, and a second NMOS transistor M, is coupled
“between +V,;, and ground. The gate of M, is coupled to the source of M, The drain of
' M, coupied to L, is also Coupied via a third capacitor G, to outputv,. C, is the total
paraSItic capacitance of the pad, pin and printed circuit board (PCB). A isan
operational transconductance amplifier (OTA) having a positive and a negative input.
The positive input of A, is coupled to the drain of M, and the negative input of A is
coupled to a voltage supply V... The output V; of A, is coupled to the junction of R, and
C,. The external load R of typically 50 ohm is connected between output V_ and
ground. The CMOS buffer can provide unity gam at a signal frequency reSponse fs of
100MHz to 2GHz (MHZ = 10° hertz, GHz = 109 hertz} with R, ranging from 40 to 60
ohm. C, is the input coupling capacitor, G, is the output coupling capacitor, and C,is
the compensating capacitor for the feedback path formed by M,; M,, A, and R,. The
bias current of M, and M, is set by [, through the drain and by 1, through the source,




above, since VDsat can be made as |ow as 0.3V. Assuming that the voltage
gain of the source follower M is nearly unity, the gain for the overall
buffer is given by: Av = Vo = 9nRRL (2) Vi For Av =1, from(2), we need
to have gn2RL = 1. This is a nmuch less stringent requirement conpared to
that of FIG 1 and FIG 2 where gn2RL >> 1 is required. In fza‘)chﬁ 49[{5 IS not
difficult to obtain some voltage gain to offset any loss at the Asyo ce
follower M or for other purposes. The stability requirenent for the
feedback loop is given by: C C > YnRro2 ~L9nma VRL + r02 )1 (3) Here,
ro2 is the-equivalent resistance |ooking into the drain of M (w thout R ),

i f A. Fro 3). we see that, for reasonably
gg; : Sv:[alhﬁest g%b%gtﬁv@%g%hg%%éb%&pa s nbéB AR fagseof 45 syshlhat tagDBossi bl e.

Since C, cann@taibeol@geer MEE YethiBdidely TR 9. | 1o NAY i dPchf ['@)‘&Z S0y, bi asing
t he internal tr%nsitsﬁtggrs of ?A (éhg\/\ﬁ1 [ n.FFGEG and  di scuss&d gagi%w) with

very | ow cur r &t &ain ohjsansitariy is deteriiedi in@ish 0n be iefsentayiened to T\JSolﬂagTd:i g g
Iy, T9, T' and T18 are identical transistors. So are T5, T, an

s T oY iy R Bl i it bl Sheh P rmasstvmpelyge sirpie)

(WL 1, : (W gdng dlse it Ditid thidivdy point between the positive and negative voltage supply),

as this will allow maximum signal swing at the output. The maximum output swing is
Voo~ 2Vsat which is a substantial improvement over the two prior arts, described

above, since Vsat can be made as low as 0.3V.

Assuming that the voltage gain of the source follower M, is nearly unity, the gain

for the overall buffer is given by:

v
Av=-—"=g-R_ )
Vi

For Av =1, from (2), we need to have 8m2R = 1. This is a much less stringent
requirement compared to that of FIG. 1 and FIG. 2 where 9mRy >> 1is required. In

fact, it is not difficult to obtain some voltage gain to offset any loss at the source follower

M, or for other purposes.

The stability requirement for the feedback loop is given by:
C, _ .
Ca 2 [9m2r02 foma (RL +o2)] (3}
3

Here, 1, is the equivalent resistance looking into the drain of M, (without R)), g, is the

transconductance of A,. From (3) we see that, for reasonably small values of C,, C,



possi ble to reduce gna rby N times, N being an integer. Referring back to
FIG 3, the values of the coupling capacitors C, and C, are determ ned
from Cl1 > 1 and G > 1 2;xRlfs 2)TRLfs where f3 is the signal frequency
(100MHz-2GHz) . (4) The DC gain Aoc and the unity-gain bandwi dth fo of the
feedback |l oop is given by: ADC - [gnRro2j gmaroa] - [gm_2r02][grr5a] f 0 2xC2
(5) (6) where roa is the output resistance of the A . Since gnés Wa¥% 20 be
made |ow, roa should be made as high as.possible to maintain a reasonably
hi gh value of Ao. for accuracy of the feedback | oop. However, this is
easily achieved, even if the transistors of A are 9 2 5 MAY 2006 operat ed
with very | ow aurg.amus! bsangealtdseostibipubint1PLEan6tbel radeNeBl s@ilYg  wil
proportional tl’?avettct]ge Fnlélurjé %‘By biasing the internal transistors of A, (shown in FIG. 6 and

discussed below) with very low currents — operating in weak-inversion, if required. In

Fig 6, usually, T,, T;, T, and T, are identical transistors. So are T,, T, and also T, T,
However, by altering the circuit such that (W/L)g - (WIL), = (W/L),o - (WIL), = 1 N, itis

possible to reduce g, by N times, N being an integer.

Referring back to FIG. 3, the values of the coupling capacitors C, and C, are

determined from:

’t .
d C
2Rl T 2R

C1>

{4)

where f; is the signal frequenc_y (100MHz-2GHz).

The DC gain Apc and the unity-gain bandwidth fp of the feedback loop is given
by:

Apc = [9m2r02][9maroa] (5)

: 27C2 -
where 1, is the output resistance of the A,. Since 9ma has to be made low, 1, should

be made as high as possible to maintain a reasonably high value of A, for accuracy of

the feedback loop. However, this is easily achieved, even if the transistors of A, are




Anot her inportant fact to note is that the feedback through A is only
present at DC and at very |low frequencies. This stabilizes the DC voltage
at the drain of M2. However, at signal frequencies, A and C2 forma g. -C
| ow-pass filter - as given by (6) - which essentially renoves the feedback
so that the required gain as in (2) can be obtained. The resistor R

provi des the input inpedance. FIG 4 shows a differential CMOS oA B
driving R,_ = 1000. In the figures like parts are identified by |ike
designations. In this case, no coupling capacitor to the load is required.
To operate at such high frequencies, it is inevitable that one will have to
use the nini muopecianniel veheingtchrgpey, mnt:éeiécm}but el fERROhAGYe] dJ RbpdMionafld M.
However, the current sources |, and 12 will be inplenente as In FIG 5
di scussed bel ¢ WK transi stors havi ng | ong channel length for accuracy
of the bias currents. It is not difficult to see that for the circuit
topologies of FIG 3 and FIG 4, the bias voltages and currents of M and
M2, and, ther ef or eandthe ipgdranr faeine Rote's ﬂqﬁﬁh@féfeﬁl%ckffﬁo@hrﬂ)%orwms{eﬁ%ted by
the wunavoidabl e inaccuracies in etching of the m ni mim channel | engt

during fabricdi® 8 atvRe lew fre@icadiey. alhisovEBizea fieddC oditaft @& thddeonpii,. ses a

first buffer d buffer 4 Buf fers 40 and 41 are both
i dentical wi tﬁ-%“%()grc%& uencbefs ?‘gdl%? AR 9GP ePatsHltes At vaR bR ages to

the different ivaich@vESntaum rfaﬂbves'[ﬁ@f etk db tehenetirb$ odi gQupl i ng
capacitor C, is omtted and that tehe | oad rae5| s&%rEr RE Fggg]cg%lﬂ%& gd bet ween

the two out pute¥iaingdadbe (esistor Bp peuvidenths inpiut ingbfi@rced 1 are i dentified by
having their 10 2 5 MAY 2006 designations 'prined . The differential CMOS
buffer of FIG 4 provides unity gain at a signal frequency response f9 of

100MHz to 2GHz wheme. Rehdvs d difidr&dtal amdBLURBMARYR, = 100Q. In the figures like
parts are identified by like designations. In this case, no coupling capacitor to the load
is required. To operate at such high frequencies, it is inevitable that one will have to -
use the minimum channel length permitted by the technology for M, and M,. However,
- the eurrent sources |, and |, will be implemented, as in FIG. 5 discussed below, with
fransistors ﬁaving iong channel length for accuracy of the bias currents. It is not difficult
to see that for the circuit topologies of FIG. 3 and FIG: 4, the bias voltages and currents
of M, and M,, and-, therefore, the performance of the buffer is aimost unaffected by the

unavoidable inaccuracies in etching of the miinimum channel length during fabrication.

- The differential CMOS buffer of FIG. 4 comprises a first buffer 40 and a second
_ buffer 41. Buffers 40 and 41 are both identical with the CMOS buffer of FIG. 3 and
confer the same advantages to the differential CMOS buffer. The only difference is that
the coupling capacitor C, is omitted and that the load resistor R, is connected between

the two outputs v, and v,'. Components of buffer 41 are identified by having their .

10



which may range from80 to 120 ohm In FIG 5 is the sanme circuit as that
-of FIG 3, but current sources |, and 12 are shown inplenmented with
transistor as follows. Current source |, conprises NMOS transistors M and
M. The gate of M is coupled to the gate and the drain of M both sources
of M and M are coupled to ground (negative voltage supply).25hg egai n of
M is coupled to current source (BIAS, and the drain of Md is coupled to
~the source of ML.. The gate of Mb is coupled to the gate of M and the
source of M is coupled to ground. Current source 12 conprises PMOS
transistors Mo, Ms, and M. The gate of M is coupled to the gate and the
drain of M, bIFPEBUICRIETS We difrrenial GMESduiiel b 1G. @ trduirles poisi dainva avol t age
supply +V01. Thendlkad ' e drain of Mb, and the drain
of M is coupl eg to@dt]dtﬂiég%rregf@oﬁ{sg SCO(I\P/B.%@@Z {r(l%véFpe“srhcermf 'e'sg’r‘?@g/'g(@gi%'f“eb‘énd

pref erred i npl ehentray ramge Gbmtdoeo opeotahi onal  transconduct ance anplifier
(OTA) A as illustrated in FIG 6: First and second PMOS transistor T, and
T2 are a differential transistor pair, where the gates of T" T2 are

coupl ed to the neg@itivesan i L i I respectively, and
where the sources of T"5T29%?§§% %I{C\rélggg H%%fiﬂrlés};?”gﬁrcrugﬁ?tSSB%?%'ea'@ﬁiaE?orrpri ses

NMOS transi st oshown imgledefi&d witheargit® a8 fsliowslr aiirer®Eoulse I%cﬁnpﬁi@é@ﬁﬁb%d to the
gate of T9. The source of T9 is coupled to the negative voltage supply.
The dr ai n- sour E&SSRIHMpRndi,. | The gatanfddl ibetupisd o thhgairaad theatrail of lapdothhe

ANV b LU R T TR DS MR S A
' .is coupled to current source IBIAS, and the drain of M, is coupled to the source of M,.
The gate of M, is coupled to the gate of M, and the source of M, is coupled to ground.
Qurrent source [, comprises PMOS transistors M;, M, and M,. The gate of M, is
coupled to the gate and the drain of M, both sources of M, and M; are coupled to the

positive voltage supply +Vy,. The drain of M is coupled to the drain of M,, and the

drain of M, is coupled to the drain of M,.

We now describe one possible and preferred implementation of the operational
transconductance ampilifier (OTA) A, as illustrated in FIG. 6 |

First and second PMOS transistor T, and T, are a differential transistor pair,
where the gates of T,, T, are coupled to the negative and positive input IN-, [N+,
respectively, and where the sources of T,, T, are joined. |

A first current source CS1 comprises NMOS transistors T, and T,. fhe gate and
drain of T, are connected to the gate of Ty. The source of T, is coupled to the negative
voltage supp_ly. The drain-source path of T, is coupled between the drain of T, and the

negative voltag_e supply, respectively.



and drain of T. are connected to the gate of T,Q The drain-source path of
Ti. is coupled between output VF and the negative voltage supply,
respectively. The drain- source path of T8 is coupled between the drain of
T2 and the negative voltage supply, respectively Athird current source
CS3 conprises PMOS transistors T, and T,. The gate and the drain of T, are
connected to the gate of T3. The source-drain path of T, is éé M gpoe

bet ween the positive voltage supply (+V,,) and the junction of the sources
of T, and T2, respectively, and the source of T, is connected to the
positive voltage supply A current source IBIAS is coupled with one term nal

to the drain of TaalRdudMidrient iRt SLLARLN %%n%iggrs egat jfve?\éo%%g.?ﬁ

supply. A fourth current source CS4 conprise ransfstor¥
The gate andaphéragrdilpaefcotfecaudo twgmetidd,. tTae dhen-gake wih J6: idhe

source-drain path of T5 is oupl ed between the positive voltage supply an
the drain of %@“,p Ierdce)oseﬁ)%ecet”io\yéq“y\,/F %Wo‘ﬂ? ABIAUGYRiESE PRl rfeprectivels Tihe deabupl ed

bet ween the pesirkd yh YOT,lid8RipRARRINEARE Q4hBHE, M Aol SleYsup D
reference to FIG 7, Bl ocks f to 6, ewe descr!dj[fea bé e(r)r%%?ﬁ%dﬁ?r{%ﬁesﬂ’%ﬁ met hod
of providing maspredidelet or-1ess CMOS buffer anplifier with feedback, using
the steps of. a) stage with a first NMOS

provi di ng a source foll ower
transistor, its gft%“ ﬁ“rf?di‘g?ﬂ}‘ﬁ eatd BRTRPEHTNIRE tPngiiers df anchb. ChieBalsuifier
By providi ng & comorara nrsrage e oreat LR SGERA FRIT T Grouped gare
coupl ed between the positive voltage supply (+V,,) and the junction of the sources of T,and T,,
respectively, and the source of T, is connected to the positive voltage supply.
A current source IBIAS is coupled with one terminal to the drain of T, and with
the other terminal to the negative voltage supply.
A fourth current source CS4 comprises PMOS transistors T;and T,. The gate
and the drain of T; are connected to the gate of T,. The source-drain path of T, is
coupled between the positive voltage supply an the drain of T,, respectively, and the

source-drain path T, is coupled between the positive voltage supply and output V,

respectively.

With reference to FIG. 7, Blocks 1 to 6, we describe below the preferred method
of providing an inductor-less CMOS buffer amplifier with feedback, using the steps of:
a) providing a source follower stage with a first NMOS transistor, its gate in

communication with the input of the CMOS buffer amplifier, its source coupled fo

a first current source,
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to the source of the first NM3XS transistor, the drain of the second NMOS
transistor in comunication with an output, c) coupling the drain of the
second NMOS transistor via a second current source to a positive voltage
supply, d) formng a feedback | oop by coupling the positive input of ancI
operational transconductance anplifier (OTA) to the drain of the secon
NMOS transistor and coupling the output of the OTA via resi sﬁMé\f MBans to
the gate of the first NMOS transistor, e) coupling the negative input of
the OTA to a reference voltage, f) coupling the output of the OTA via
capacitive nmeans to a negative voltage supply, where the capacitive neans

toget her withhyhe (XhAdiH®ERbAMLHWaRAESyel ilhl feconONimB8iuaLilng gé’ LAt o
f eedback | oop the direct current drain voltage of the secon
transi stor such t Hathe frercestf thediest MVIQhieandisair thofrainhs treecond NVOS

: . . |
transistor is pre | to the reference voltage, and h) preferably
sel ecting the Iroef gt%%’g’}eér\%’gi%ﬁj%ué"c?%o"b%{hrﬁ”&wt’bet ween the positive and

negative volt age stoplhng thddinl BWelfsgiord NS RIS IR se%}%(p&ir %t éom?c (%Ut put.
Thg advant age gf this method is that the feedback loop 1's only pres‘?e?lt at

direct current ([0)os8ieNMoiRgeserpienci es. Transistors 'CI)'L thg OTAdare .
bl at I e ak inversjon region. e above descri be

%?Lg{japrgv?ggi aefgﬁ{i% %jﬂ Pgeaer\éo\er?B:%VF?%ﬁmg WﬁiPEﬁt"ged?PLﬁPf%o%r‘iﬁ@”@ihm | oad at

unity gain with a igngfmbudtseay gﬂéég(g‘%ﬁ(?@&% dﬁ"&?gftﬂgsecgﬁgmﬂc%otra%toEO 2,000

Mz (MHz = 106 Hertz). 13 2 5
and coupling the output of the OTA via resistive means to the gate of the first

NMOS transistor, .

e) coupling the negative input of the OTA to a reference voltage,

)] coupling the output of the OTA via capacitive means to a negative voltage
supply, where the capacitive means together with the OTA form a low pass filter,

Q) adjusting via the feedback loop the direct current drain voltage of the second
NMOS transistor such that the voltage at the drain of the second NMOS
fransistor is precisely equal to the reference vaoltage, and

h) preferably selecting the reference voltage to be midway between the positive and

negative voltage supply to allow for a maximum signal swing at the output.

The advantage of this method is that the feedback loop is only present at direct
current (DC) or low frequencies. Transistors of the OTA are preferably operated in their
weak inversion region. The above described method provides a CMOS buffer amplifier

which can drive a 50 ohm load at unity gain with a signal frequency response ranging

from 100 MHz to 2,000 MHz (MHz = 10° Hertz).
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A - i e o v o 4 1 e 21 uTH vt i 4o e Ty S Pusite B e T ben e et et R e L e o e e 1 o e A o o e 2 et AT Tt w5 A e R i TR T4 S s L T S

SI MULATI ON RESULTS Usi ng sone nunerical values from sinulation at 400MHz,

I, = 250m\, Iz =3m\, R = 15K4, C, =1 pF, Cz = 10pF, C3 = 100pF, gn2 =
20nS, rot =1 KG gma = 1 pS, roa = 500MegO. Wth these val ues, we can see
that (3) and (4) are satisfied and (5) and (6) vyield Aoc = 80dB and fo =
320KHz which are close to the respective sinulation values of 75dB and
270KHz. The phase margin in sinmulation is 700. In summary, the advantages
of the present invention are: 1) an inductor-less buffer anplifier which
can be integrated in CMOS 2) capable of driving at unity gain a 50 ohm of f
chip load; or a 100 ohmload for the differential version 3)2&apabige of

operating in the RF/IF frequency h@g%§g8&6%%$h%%%to 2GHz 4) providing a

| arge signal swing ( rail to rai Volt) Wiile the invention
has been particularly shown and described with reference to the preferred
enbodi ments thereof, it will be understood by those skilled in the art that
vari ous changes iH4¥"BGPRE AR wlYes fvaysipelatedet AAPMHoUL = 88Qvat. i -ngnAr om t he

spirit and gcopek@fc thgd pvengion. _ MAY .2Q06 Clajms 1. An
inductor-less’CNCS'bdf?g}'mith éégﬁbéé&%agﬁﬁp§9?%nb? éggﬁ%ﬁéﬂpéi%tnit with
an input vi a¢eMepl. Bhhese valucapRlcph Rge aat (3Npd (43 bgnalisil agdisfland @put Vi
and providing g buffered out%ut signal at said output vO, said buffer
circuit fur %ﬁlgrAUE(:)ﬁ%qu %qdrfg:: 20KHz which are close to the respective simulation values of

75dB and 270KHz. The phase margin in simulation is 70°.

In summary, the advantages of the present invention are:

1} an inductor-less buffer amplifier which can be integrated in CMOS

2) capable of driving at unify gain a 50 ohm off chip load, or a 100 chm load for the
differential version

3) capable of operating in the RF/IF frequency range of 100MHz to 2GHz

4) providing a large signal swing { rail to rail minus about 0.6 Volt)

_ 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 deparfing from the spirit and

scope of the invention.
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a positive and a negative voltage supply; a first NMOS transistor, having a
drai n-source path and a gate, in conmunication with said positive voltage
supply and said negative voltage supply, the gate of said first NMOS
transistor in comunication with said input v;; a first current source
coupl ed between the source of said first NMOS transistor and‘said negative
vol tage supply; a second NM3S transistor, having a draln-so§§ﬂﬁN. h and a
gate, in conmunication with said positive voltage supply and 'Sai'd " negative
voltage supply, the gate of said sechRd"™NMOS transistor coupled to the
source of said first NMOS transistor and said first current source; a

second curre SOWI C oupl e en said positive voltage supply and the
drain of sai3£secgﬁﬁﬁﬂﬁﬂggswgﬂ§53$ﬁ’W“@jFﬂﬂﬁgﬁﬁﬁap%ﬂWrent source thereby

C ; o . i .S aj ond, NMOS
bi asi ng said SECOQGUM&WH%b%&:EVE a\‘}@ﬁg%uﬂjntev dép%%&g%kll‘g)%gﬂ%%ﬁ% said

transistor is in communication wt sai d out plt v sai VO capabl e

of driving a a4 andRviss ofaronfesd QutpuBOgnb Ainsairt our!]mjt vy sgabaﬁergmd{[itan
operational t ance anplifier (OTA) with a transconductance gna,
hgving a posﬁpﬁgiggﬁ %géhegative i nput, and an output V., said OTA

roviding at said oubpuiitié artiRencaBRlel bitgR i |;erence_betmeen vo!tages
gpplied ?o said positive and said negaf?gg F%%ut, said OTA form ng part of

a feedback path from efiet iMaISTrapkiskni fdvieg enin-1Gr@ @t 2006 iINVOS
transistor to t hec %u%ic%Iionsv%jthdsJié ;gc)SsEtiveN %gé ESQpS:J asi;[dosrafd n?aggt%eegffa:ggl ve tnput
coupled to
supply, the gate of said first NMOS transistor in communication with said input v;;
a first current source coupled between the source of said first NMOS
trans_istor and said negative voltage supply;
a second NMOS transistor, having a drain-source path and a gate, in
- communication with said positive voltage supply and said negative voltage
supply, the gate of said second NMOS transistor coupled fo the source of said
. first NMOS transistor and said first current source;
a second current source coupled between said positive voltage supply
and the drain of said second NMOS fransistor, said second current source
- thereby biasing said second NMOS transistor;
where the drain of said second NMOS transistor is in communication with
said output v, said output v, capable of driving a load ranging from 40 to 60
+ohm at unity gain; and
.an operational transconductance amplifier (OTA) with a transconductance ¢,
having a positive and a negative input, and an output V., said OTA providing at said
output Vi the amplified difference between voltages applied to said positive and said

-negative input, said OTA forming part of a feedback path from the drain of said second
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the drain of said second NMOS transistor, said negative input coupled to a
voltage supply VR and said output V. of said OTA in conmunication with
the gate of said first NMOS transistor. 2. The CMOS buffer of claiml1,
wherein a first capacitive neans is coupled between said input vi and the
gate of said first NMOS transistor. 3. The CMOS buffer of claim1, wherein
a first resistive neans in series wiwth a second capacitive neans is

coupl ed between the gate of said first NMOS transistor and S@iq%ﬂgg@ti ve

o

vol tage supply, where said second capacitive neans is part of sai
f eedback path. The CMOS buffer of claim1l1, wherein a third capacitive nmeans

is coupled ﬁ&ltogf% IEI? dtai n of said second NMOS transistor and said
output vo. T SBIT toePe 8rteof sidret Ni@Retensistar. siig Ragitveret ennpjedrtes ponse
of said CMORelif 61 saicBRE6S fine® (LAGMHZ il \(%,-@ = J06 Hertz). 6.
The CMOS buffer of claim1. where n a di ?Jeglfzgaéﬁg&gm%F 0 Cf][tgﬁ% at the

drain of sapubryetond! OByt ¥asi siOPTA 1 detrarmmanedwibyths ahed TR Rt be
essentially Nﬁg)léql to, said voltage supply VR where said voltage supply VR

preferably i 8 “eXSetry nmi dway between the vol tage of said positive voltage

supply and said negative voltage supply. 16 2 5 MAY 2006 The CMOS buffer
of claim1, wherein a direct current (DC) biases for said first and said
second NMOS ¥t andP@ £ tifier eiedain i wbereinedinstatmiclive neenigi colygeci r cui t

topol ogy of sai db&b@n Q&H& fn%{tt'vi and the gate of said first NMOS transistor.

3. The CMOS buifer of claim 1, wherein a first resistive means in series with a
second capacitive means is coupled between the gate of said first NMOS

- transistor and said negative voltage supply, where said second capacitive means

is part of said feedback path.

4. The CMOS buffer of claim 1, wherein a third capacitive means is coupled

between the drain of said second NMOS transistor and said output v,

5. The CMOS buifer of claim 1, wherein a: - signal frequency response of said
CMOS butier ranges from 100 MHz to 2,000 MHz (MHz = 10° Hertz).

6. _ The CMOS buffer of claim 1, wherein a- direct current (DC) voitage at the drain
of said second NMOS transistor is determined by said OTA to be essentially
equal to said voltage supply V, where said voltage supply Vg preferably is

exactly midway between the voltage of said pos;iti,ve voltage supply and said

. hegative voltage supply.
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The CMOS buffer of claim7, wherein the CMOS buffer performance is,
therefore, unaffected by inaccuracies in etching of the m ni mum channel

|l ength of said first and said second NMOS transi stors during fabrication.
9. The CMOS buffer of claim1, wherein said OTA further conprises: a first
and a second PMOS transistor Tl and T2, respectively, each of said
transistors T1l, T2 having a source-drain path and a gate, said transistors
Ti, T2 arranged as a differential pair, the gates of said tr?ans,i stors T1,
T2 coupled to said negative and said positive input, respectiVif208nere
the sources of said transistors T1 T2 are joined, and where the drains of
sai d transistors ﬁ‘}?%\%’% are in communication wth said negative voltage
supply; a first cUFSAYS S8R EcriBht rorIetd dyliredsueant (EHtbidsas fdieaidriai n of
said transistor T sai ] r controll ed the drain
current of said trar?g‘i%s??%%g'rlbg?@%l&%ﬁgl%%§gtércfeger{{n'ns?gﬁf%”éatggﬁ%/r%qqtB%IC'Efy”tt he
current of currertpdaytenid BMAS busfai. d current source (Bl AS coupl ed bet ween
said positive and said negative voltage supplies; said third current '
source coupl ed between said positive voltage supply and said sources of
sai d transi SBors Thé.cmids béek QUL £ WhE SR S BIEE, G4 R 1 ed by said first
current source; said fourth current source rn series Wth $4i'd second
current source arktrreforgpliedectbe byvercusaicd ipeshibi vethanthisaindhae@akhye vol tage
suppl i es, respectjyvel f and 17 MAY 2006 said output Vr coupled to the
junction of said% fﬁ’ﬁgﬁt APl aeaoddirY ranvivterstduden febdcation

9. The CMOS buffer of claim 1, wherein said OTA further comprises:
a first and a second. PMOS transistor T1 and T2, respectively, each of said
transistors T1, T2 having a source-drain path and a gafe, said transistors T1, T2
‘arranged as a differential pair, the gates of said transistors T1, T2 coupled to said
negative and said positive input, respectively, where the sources of said transistors T1,
T2 are joined, and where the drains of said transistors T1, T2 are in communication |
with said negative voltage supply; - |
a first current source controlled by the current in the drain of said transistor Tt
a second current source controlled by the drain current of said transistor T2;
a third current sourcé controlled by the current of current source IBIAS, said
current source 1BIAS coupled betw_een said positive and said negative voltage supplies.

said third current source coupled betweeh said positive voltage supply and said

sources of said fransistars T1, T2.
a fourth current source controlled by said first current source?

said fourth current source in series with said second current source and coupled

between said positive and said negative voitage supplies, respectively; and
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10. The CMOS buffer of claim9, wherein said PMOS transistors Tl and T2 in
the OTA have identical channel dinensions. 11. The CMOS buffer of claim9,
wherein said PMOS transistors Ti and T2 in the OTFA are operated in their
weak inversion region. 12. An inductor-less differential CMOS buffer with
f eedback, conprising: a first buffer circuit with an input vi and an out put
vO, applylng an input signal at said input vi and providing a buffered
‘output signal at said output vO, said buffer circuit further conprising: a
positive and a negative voltage supply; a first NMOS transistof ymshawi ng a
drai n-source path and a gate, in conmunication with said positive voltage
supply and said _n voltage supply, the gate of said first NMOS
transistor in cgﬁﬁgﬁpgng8ﬁmﬁi?H“%&PﬁmPﬁﬁ&PdVwﬁhaﬂﬁsw@se@muteﬂﬂnsource
coupl ed betspenr the source of said first NMOS transistor and said negative
vol tage supply; a second NMOS transistor, having a drain-source path and a
gate, in comrunication with said positive voltage supply and sai d negative

voltage sSupply, Thd\eu@dt ek 0SS eson slor led to the
source of said 3 t?an§|§§ﬁ? an salém???%t ZEHWPsource 18 2 5

MAY 2006 a secon %éﬁ??ggwm§SWW8%dﬁﬁﬁﬁFéd bet ween sald positive vol tage
supply and the drain of said second NMOS transistor, said second current
source thereby biasing said second NMOS transi stor;

11. The CMOS buffer of claim 9, wherein said PMOS transistors T1 and T2 in the
OTA are operated in their weak inversion region.

12, Aninductorless differential CMOS buffer with feedback, comprising:
a first buffer circuit with an input v; and an output v, applying an input signal at

said input v; and providing a buffered output signal at said output v, said buffer circuit

further comprising:
a positive and a negative voltage supply;
a first NMOS transistor, having a drain-source path and a géte, in
- communication with said positive volta_ge supply and said negative V(.){tage
supply, the gate of said first NMOS transistor in communication with said input v;;
a first current source coupled between the source of said first NMOS
transistor and said negative voltage supply; |
a second NMOS transistor, havmg a drain-source path and a gate, in
commumcatton with said posifive voltage: supply and said negative voltage
~ supply, the gate of said second NMOS transistor coupled fo the source of said

first NMOS transistor and said first current. source;'
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‘where the drain of said second NMOS transistor is in communication wth
sai d out put vO; an operational transconductance anplifier (OTA) with a
transconductance gna' having a positive and a negative input, and an
output VF, said OTA providing at said output VF the anplified difference
bet ween voltages applied to said positive and said negative input, said
OTA forming part of a feedback path fromthe drain of said s&tumd20VOS
transistor to the gate of said first NMOS transistor, said positive input
coupled to the drain of said second NMOS transistor, said negative input
coupled to a voltage supply VR, and said output VF of said OTA in

communi cation with the gate of said first NMOS transistor; and a second
buffer circuit with an 7APAPNT GUERIY SecHeAUplad botween aqidhbesitivg veltege sprrtly si gnal
at said input v; a Ldi - r ut put signal at said output vo ,
where said second Sﬁﬁé;%h@lofgﬂ??&l%&ﬁ en {?%néS%tr’osag%ieao'}dﬁ“g?%ﬁﬁ'f'ﬁc‘ér
circuit, where sai dhérapudiadiig @eiiadcend 8R0G taf@stbr vV, , and sai d out put vo
equal s said output vO. 13. The differential CMOS buffer of claim 12,
wherein the output of s¥pJeHiefFaip ehtdihsecomMiBOBfahaistor i irospnwaindtabert witt Vo
to said output v0',,is, ﬁ%pﬁlﬂ? e of driving a" load ranging from80 to 120
ohm at unity gain. f9 7 Y 2006 14. The differential CMOS buffer of

claim 12, wherein a firstomapacaltiaison@atmct SmpiRH@D @Y wae b Wasoa@ fhnBput
vi and the gate of said first NMOS transistor. 15. The differential CMOS
buffer of claim 12 989 A PRSI 3 RegplivejipRut Ped A8 opiRut \setdi@8TH t h a

second capacitive rH?@thﬁng’ at s&id %Bipﬁﬂv}}ﬁé %S!ﬂ’ae& Q%e%ﬂggbé%\;vegna\iﬂag];c(aisra%E)lied {o

- said positive and said negative input, said OTA forming part of a feedback path
from the drain of said second NMOS transistor to the gate of said first NMOS
transistor, said positive input coupled to the drain of said second NMOS
transistor, said negative input coupled to a voltage supply Vg, and said output V

of said OTA in communication with the gate of said first NMOS transistor; and

a second buffer circuit with an input v;' and an-output v, applying an input signal
at said input v;' and providing a buffered oufput signall at said oufput v, where said
second buffer circuit is identical fo said first buffer circuit, where said input v;' equals

said input v;, and said output v’ equals said output V.
13.  The differential CMOS buffer of claim 12, wherein the output of said differential

CMOS buffer, from said output v, to said output vo’, is capable of driving 4 load

ranging from 80 to 120 ohm at unity gain.
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NMOS transi stor and said negative voltage supply, where said second
capacitive neans is part of said feedback path. 16. The differential CMOS
buffer of claim 12, wherein a direct current (DC) voltage at the drain of
sai d second NMOS transistor is determned by said OTA to be essentially
equal to said voltage supply VR where said voltage supply VR preferably
is exactly m dway between the voltage of said positive voltage supply and
sai d negative voltage supply. 17. The differential CMOS buffer of claim12,
wherein a direct current (DC) biases for said NMOS transi stor sz VERGHE M2
are determ ned accurately through the circuit topology of said CMOS

buffer. 18. e different.i buffer of claim17, wherein the CMOS
buf f er perfogﬂangﬁéef@%r@nbﬂ?% 0 ,eraﬁ%{?'f“e?‘t BO*BY & el ceracive ssapniset chi ng of

t he mi ni mum chaneelpidangbden Bfd sl d. dnlarsd A0 SR fﬁstwga Mk transistors
ML, M2 during fabrication. 19- The differential CMOS bufter of claim12,

wherein said OTA further conprises: 20 2 9 MAY a first and a second PMOS
transi stor Tl. an ' jvel ch of said transistors T1, T2 having
a_ sour ce-dr a?%h pgp %g'gﬁﬁﬁgﬁgﬁdﬁb@f 8te‘?"?‘@n1§@ PP afifst repitiveyppafitged as a
differential pai berickheth@akesmdapsah@ AR SLPES bdiheed e G €44 1Q; Sai d

negative and said positive input, respectively, where tﬁe sources of said
transistors T1, NFOSFanssiiraedisaihnenaifreydtagheupdlyaivinge odid sajcld bagmnsaivet or T1,

T2 are in comunigati @R Wil 82l RggRti ve vol tage supply;

16. - The differential CMOS buffer of claim 12, wherein a direct current (DC) voltage at the
drain of said second NMOS transistor is determined by said OTA to be

essentially equal to said voltage supply Vq, where said voltage supply Vg
preferably is exactly midway between the voltage of said positive voltage supply

and said negative voltage supply.

17.  The differential CMOS buffer of claim 12, wherein a direct current (DC) biases
for said NMOS transistors M1 and M2 are determined accurately through the

circuit topology of said CMVOS buffer.

18.  The differential CMOS buffer of claim 17, wherein the CMOS buffer performance is,
therefore, unaftected by inaccuracies in etching of the minimum channel length

of said first and said second NMOS transistors M1, M2 during fabrication.

19 -The differential CMOS buifer of claim 12, wherein said OTA further comprises:
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a first current source controlled by the current in the drain of said
transistor Ti; a second current source controlled by the drain current of
said transistor T2; a third current source controlled by the current of
current. source IBIAS, said current source (BIAS coupled between said
positive and said negative voltage supplies; said third current source
coupl ed between said positive voltage supply and said sources of said
transistors T1, Ti a fourth current source controlled by said first current
source, said fourth current source in series wth said seconts e egent
source and coupled between said positive and said negative voltage

suppl i es, respect Wel and said output Vf coupled to the junction of said
fourth and said %€ 35W§aéﬁ?TEH%wog8@?%%°V@0“ﬁﬂﬁe“ﬁpﬁﬂéﬁbN@P@bf%%Ifsbuffer of

claim19, wagrfdthsgal i nd T2 of s i d_OTA have
i denti cal channé|sd.&§EE¥EESL£§Q§‘§%QB%WE% 4 3% ngﬂﬁg(ﬁﬁgﬁép of claim 19,

wher ei n sai @rfnesap ﬁaﬂﬁf@r@mdm@lr‘ﬁhe ands oﬂ_s%tcﬂff“ar&&tods OTA2a66018Perafed in their
weak |nver5| mﬁgﬁhékm t2 5 MAY 2006 22. An inductor-less CMOS buffer
with feedbal conprl(%%ﬁlweQpbb§FP?W&ﬂéﬂ@egﬂﬁégﬁﬂﬁvéﬁvéﬁWageﬁs@ﬁply, a

First Currem aBQuh&e ah@wRE@VREE Rs Bl 851 HLI satd flrst current source
further conprising: an NVDS transistor %&S&h%lTzam”%ﬁ%ﬂTﬁ%%ﬂ?%gmbath and

a gate, thesﬁ%ﬂﬁﬁm&hﬁméﬂaﬂmpbf said transistor M3 coupl ed together, the
source of said tran
. Ea ﬁ?s %ur?en?source cantrolied by the current in the drain of said transistor T1;

a second current source controfled by the drain current of said fransistor T12;

a third current source controlled by the current of current source IBIAS, said
current source IBIAS coupled between said positive and said negative voltage supplies:

said third current source coupled between said positive voitage supply and said
sources of said transistors T1, T2.

a fourth current source controlled by said first current source:

said fourth current source in series with said second current source and coupled
between said positive and said negative voltage supplies, respectively: and

said output V¢ coupled to the junction of said fourth and said second current

source.
20. The differential CMOS buffer of claim 1 9, wherein said PMOS transistors T1 and
T2 of said OTA have identical channel dimensions,
21.

The differential CMOS buffer of claim 19, wherein said PMOS transistors T1 and
-T2 of said OTA are operated in their weak inversion region.
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~coupled to said negative voltage supply; an NMOS transistor M4, having a
drain-source path and a gate, the gate of said transistor M4 coupled to
the drain of said transistor M3, the source of said transistor M4 coupl ed
to said negative voltage supply; an NMOS transistor Mb, having a :
drai n-source path and a gate, the gate of said transistor Mo coupled to
the drain of said transistor M3, the source of said transistpsuhMagoupl ed
to said negative voltage supply; a current source (BIAS coupl ed between
said positi.ve voltage supply and the drain of said transistor M3; a buffer
circuit. with an input vj and an output vO, applying an input signal at said
input vl and peavi dinngduatdpieist enexh Bufcpulth etk @mphighgl out put v0, said
buffer circuit further conprising: a first NMOS transistor ML, having a
drai n-source path &RPSEVYyAa negstive Witagensuppblysai d transi stor ML coupled to
said positive volt h ate of. said transistor ML coupled via a
first IOcapaci tive ng‘gﬁsst%%?&{téo%%elﬁ |?1Vﬁ)aﬁeta Rjas cutieqt L spid e Grigent squrespigher
transi stor ML cowmgplsed: to the drain of said transistor M4; a second NMOS
transi stor M2, having a drain-source path and a gate, the drain of said
transi stor M2 coupl ed \ANMOE iapsisterddadiaving e dravassy @atoastd ghtaubigdte 22 2 5

MAY 2006 vO, the s .0 i.d t.ransistor oupled to said negative
vol t age supply, th%‘H& g‘%“e‘;‘c& ﬁstrglf](ﬂs‘c?rp@%g??{egrl\{g eé'&b‘b?‘é’dcet?fsﬁ'ﬁéra%ﬁw&@ of

said transistor M iogiediCsaahegithe GOMREghIAg a resistive nmeans Rl coupled
in series wth a
an NMOS transistor M4, having a drain-source path and a gate, the gate
of said transistor M4 coupled to the drain of said transistor M3, the source of said
transistor M4 coupled to said negative voltage supply;

an NMOS transistor M5, having a drain-source path and a gate, the gate
of said transistor M5 coupied to the drain of said transistor M3, the source of said
transistor M5 coupled to said negative voltage supply;

a current source IBIAS coupled between said positive voltage supply and the
_dr_ain of said transistor M3; |

a buffer circuit with an input v; and an output v, applying an input signal at said
input v; and providing a buffered output signal at said output v, said buffer circuit
turther comprising:

a first NMOS transistor M1, having a drain-source path and a gate, the
drain of said transistor M1 coupled to said positive voltage supply, the gate of
said transistor M1 coupled via é first capacitive means C1- to said input v;, and
the source of said transistor M1 cdupled to the drain of said transistor M4;

a second NMOS transistor M2, having a drain-source path and a gate, the

drain of said transistor M2 coupled via a third capacitive means C3 to said output
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second capacitive nmeans C2, said resistive neans Rl coupled to the gate of
said transistor ML and said second capacitive nmeans C2 coupled to said
negati ve vol tage supply, said RC network formng part of a feedback circuit
from the drain of said transistor M2 to the gate of said transistor M, a
second current source to provide a bias current 12 for said transistor M,
said second current source further conprising: a PMOS transi 2oy @s i
having a source-drain path and a gate, the gate and drain of said

transi stor .M6 coupl ed together, the source of said transistor M6 coupl ed
to said positive voltage supply, where the drain of said transistor M6 is

coupl ed to the draivp tief seiaiechf baia nahsdtarMMesuprd RV héqRGd @ﬂtﬁﬂ!}e Mooyh@ying a
source-drain path and a gate, the gate of said transistor cougl ed to
the drain of said ©SAEREPAE BrNsor Mbeoupled te e spursapthaid trammistosvdr M7 coupl ed

to said positive volta the drajn of sajd transistor M _
coupled to the drain o%%sﬁjg&%v%gﬁgﬁg?%?g ‘?\/83;3’8 o %%%Pg{1ic8HB'F§t”r5§H%WH%ct ance

anplifier (OTA) wi sheadcapraicondued GAGRIIEBstive RRUANE1 BolpRSith IS aNG a
negative input, and an output VF, said OTA providing at said output VF the
amplified differensddapsiEeM i and saisbsecapptaragitivegneasis € 2pwopled tosaand sai d

negative input, said, A QL pay; sald feedback circuit fromthe
drain of said secgﬁ% Nmﬁéﬁlﬁg{y'stéélq%ewgrkt ﬂr@"bga‘faétoFfﬁ%ﬂ%acﬁci'rfsg'ffr?{]‘!/os
transi stor, said po®idiivef sarpnsiswo M2l te thetgatd dieaditahdsof msai d second NMOS

transistor M2, said ne%ati ve input coupled to i 23 25 MAY 20G6
a second current source to provide a bias current |, for said transistor M2, said

second current source further comprising:

a PMOS transistor M6, having a source-drain path and a gate, the gate
and drain of said transistor M6 coupled together, the source of said transistor MG
coupied to said positive voltage supply, where the drain of said transistor ME is

-coupled to the drain of said transistor M5:

a PMOS transistor M7, having a source-drain path and a gate, the gate of
said transistor M7 coupled to the drain of said transistor M6, the source of said
transistor M7 coupled to said positive voltage supply, and the drain of said
transistor M7 coupled to the drain of said transistor M2:
an operational transconductance amplifier (OTA) with a transconductance Irmas

having a positive and a negative input, and an output Vi, said OTA providing at said
output V. the amplified difference between voltages applied to said positive and said
negétive input, said OTA formihg pait of said feedback ciréuit from the drain of said |
second NMOS transistor M2 fo the gate of said first NMOS transistor, said positive Input

Qoupled to the drain of said second NMOS transistor M2, said negative input coupled fo
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a voltage supply VR . and said output VF of said OTA coupled to the junction
between said resistive neans RI and said second capacitive neans C2. 23.
The CMOS buffer of claim22, wherein a direct current (DC) voltage at the
drain of said second NMOS transistor is determ ned by said OTA to be
essentially equal to said voltage supply VR where said voltage supply V.
preferably is exactly m dway between the voltage of said posi tl%/% 9kd age
supply and said negative voltage supply. 24. The CMOS buffer of "claim 22,
wherein , a direct current (DC) biases for said NMOS transistors M and M
are determ ned accurately through the circuit topology of said CMOS :

buf fer. 25, Hhan@iapbyhl et Alim 22 ST £LaRAd kAl Mgl s of oal d
first and said second current sources are inplenented channel

| engt hs for &eEifHdiye mernsBil dndaid sewnt emwitiv® Greaihe2. CMOS buffer of claim
25, wherein the CMOS buffer performance is, therefore, unaffected by
i naccuracies in etching of the m ninum channel | ength of said first and

sai d second MNDS tHeatMiDS bfS MuainMez Wiatdid of Diagd e, GMOS buf f er
of claim22, wherein said OTA further Gompri gllte?ésdtEl?rwf“?{?:)ct)%Oltaéf‘:“é1 B&cond PMOS

transistor Ti anoﬂfElTQOffFaééﬁf@@miNMC;Strzﬁacsmr&fdmduedbyaan@DEHA%SeTl T2 havi ng
a source-drain pat Sen a@i & g dsall d transistors Tl, T2 24 2 5 MAY 2006
arranged as a differen ac1u Sf’“ Vf’ltf’ege@éff"&\/@fw@&?Sd“dt‘foé{?%q%@@fvé’aTl T2

coupled to said pr&BRblyVEoa0 salvdy Sk d where
the sources of said trgnm stfé}(rs Y e VoRRULr S EBRRSEL {%gé’gupp?
and said negative voltage supply.

24.  The CMOS buffer of claim 22, wherein - a - direct current (DC) biases for said
NMOS transistors M1 and-M2 are determined accurately through the circuit

topology of said CMOS buffer.

25. The CMOS buffer of claim 22, wherein said transistors of said first and said

second current sources are implemented with long channel lengths for accﬁracy

of said bias currents.

26.  The CMOS buffer of claim 25, wherein the CMOS buffer performance 15
therefore, unaffected by inaccuracies in efching of the minimum channel length

of said first and said second NMOS transistors M1, M2 during fabrication.

- 27, The CMOS buffer of claim 22, wherein said OTA further comprises:
a first .and a second PMOS transistor T1 and T2, respectively, each of said

transistors T1, T2 having a source-drain path and a gate, said transistors T1, 72
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T1l, T2 are joined; a first current source conprising NMOS transistors T7,
T9, each of said transistors T7, T9 having a drain-source path and a gate,
where the gate and the drain of said transistor T7 are coupled to the gate
of said transistor T9, the source of said transistor T9 coupled to said
negati ve vol tage supply, the drain-source path of said transistor T7
coupl ed between the drain of said transistor Tl and said ne tlve vol t age
supply, respectively; a second current source conprising N ¥Aa%%i st or s
‘T8, T10, each of said transistors T8, T10 having a drain-source path and a
gate, wheré the gate and the drain of said transistor T8 are coupled to

th t f ai._n urce ath of said transistor
T10 Soupl ed betiBan Sat BB SEHY PR eaRE-cal o Tet pog TEA SgEe (Sesbl y
respectively, ﬁéggm@raaa R2id QUSSR RS, heﬁfec%\ﬂaﬁormé §1te%5ur-£§s &%Hﬂltr%%lggt veen

the drain of said transistor T2 and said negative vol tage sup
respectively; . ﬂﬂﬁﬁﬂomﬁﬂrent source conpri sing PMOS tranS|stors T3 T4,

each of said trans rLgrs ¥ @ § urce-drain path and a gate,
where the gate and®{RecH§ea Sr?”m(‘?fcog'gf’ﬂ“ PURS tergiptores (af e @Eupied to the gate

of sai d tr ansithkio3r7, UHRaRs BRnNGRIR B dha a3 delibaDSL 3Pl [y gOUP! ed

bet ween sai d positive voltage supply and the junhction o e sources of
said transi st cﬂf saif fransfstor We%@e@mlaﬂdb yhe dgatreofsaidricesistbr R itttk donapsk sdior T4
coupled to said

.8 Q% % Eﬁt ggs s%ﬁplyﬁ a current source (BIAS with a
first and a seCond t © 3T B°F1TS1OPeT Ry e ditbratrasth eatdr ai n - of
sai d transi st afandidtor SREHIPRAGRRR h &R lor SHMRARG: T 1SAH galalﬁgg?att bé’@oltaggl tage
supply; and 25

. supply, respectively;

a second current source comprising NMOS transistors T8, T10, each of said
transistors T8, T10 having a drain-source path and a gate, where the gate and the drain
of said transistor T8 are coupled to the gate of said transistor T10, the drain-source
path of said transistor T10 coupled between said output V,. and said negative voitage
supply, respectively, the drain-source path of said transistor T8 coupled between the
drain of said transistor T2 and said negative voltage supply, respectively;

a third current source comprisihg PMOS transistors T3, T4, each of said
transistors T3, T4 having a source-drain path and a gate, where the gate and the drain
6f said transister T4 are coupled to the gate of said transistor T3, the source-drain path

- of said transistor T3 coupled between said positive voltage supply and the junction of
the sources of said transistors T1, T2, respectively, the source of said transistor T4
~coupled to said positive voltage supply;

a current source IBIAS with a first and a second terminal, said first terminal

.cqupled to the drain of said transistor T4, said second terminal coupled to said negative

voltage supply; and
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2 5 MAY 2006 a fourth current source conprising PMOS transistors T5, T6,
each of said transistors T5. T6 having a source-drain path and a gate,
where the gate and the drain of said transistor T5 are coupled to the gate
of said transistor T6, the source-drain path of said transistor T5 coupl ed
bet ween said positive voltage supply and the drain of said transistor T9,
respectively, and where the source-drain path of said transistor T6 is
coupl ed between said positive voltage supply and said out put V,
respectively 28 . The CMOS buffer of claim27, wherein the Thamhélb
width-to-length ratio WL of said transistor T9 over said transistor T7

equal s the chan I | L . of id transistor T10 over
said transistor ré?gu‘?q%g@ggsgﬁgg?g%ﬁ&ﬁ #@ﬁg\(ﬁﬂ?’rﬁt réIT%aJr6 §9et oiNaidwher e said N

i's an int egeansis®@s TIOM6 Bing a ﬁarcgﬂ%tt%ah&lghgt% Qe h@g@}e@w’dt rtenenl h a
transconductance gnma i s reduced by N tines. fer o im27,
wher ei n sai o PIHREFSOF 3 arEzoHpigd fpﬁhejf)atsmf dalﬁfdhsrslttave mdemrté:a«lamqﬁ&nnel
di nensi ons 7, wherein said PMOS transistors Ti

and T2 of sai %t%gﬁez? 'ee(r%tbleg e”c?ﬁ el vediofieqsssuBp and e JGNIDSS ik f er  of

clai m 27, whetseion T8 abshectans bad Qiisie @fe SAtE STAAL S QREFALEY, 0, their weak
i nverS| on region.
coupled between said positive voltage supply and said output V., respectively.

28. " The CMOS buffer of claim 27, wherein the channet width-to-length ratio W/L of said
transistor T9 over said fransistor 17 equals the channel width-to-length ratio W/l

of said transistor T10 over said transistor T8 equals the ratio-of the numeral 1

over N, where said N is an integer.

29. . '
. The CMOS buffer of claim 28, wherein a ransconductance g, is reduced by N

times.

30. . The CMOS buffer of claim 27, wherein said transistors T5 and T6 of said OTA

have identical channel dimensions.

31 The CMOS buffer of claim 27, wherein said PMOS transistors T1 and T2 of said
QTA have identical channe! dimensions.

32. ,
The CMOS buffer of claim 27, wherein said transistors of said OTA are operated

in their weak inversion region.

26



26 2 5 MAY 260E 33 The nethod of providing an inductor-less CMOS buffer
anplifier wwth feedback, conprising the steps of: providing a source -
foll ower stage with an input and a first NMOS transistor, the gate of said
first NMOS transistor in comunication with said input, the source of said
first NMOS transistor coupled to a first current source; providing a common
drain stage with an output and a second NMOS transistor, the gate of said
second NMOS transistor coupled to the source of said first NMGS:xy o006
transistor, the drain of said second NMOS transistor in communication with
said output; coupling the drain of said second NMOS transistor via a second

current sourc t It vol tage supply, farmng a feedback | oop by
coupling the %dsi ? P%g{é ?%Btl?# h{%fngﬁé aBgf':;“edru 5‘??%3’%’ Mogrbé'ﬁgc%?fa'ﬂ%ft‘ﬁﬁé‘ée%ﬁmi fier
(OTA) to the drai pomfristaitle seensfd NMOS transi stor and coupling the output
of said OTA via resistive neans to the gate of said first NMOS transistor,;
coupl i-ng the negaPiVEngRFgtcefolisupost@BAvithandnuw et @ AGENMOIStRGSstoE @upl | Ng

t he out put of j i aciti.ve neans to a negative voltage supply,
where said ca %%Pﬁa{%@%yﬁ@sgﬁ %éséstt?{é'? COMTHNEAPY T 2 B esowepatsrid i | ter ;

adj usting vi irsaiMo$ easthasicoliePro Pt Jufeh selickent drain vol tage of said
second NMOS transistor such that the voltage at the drain of said second

NMOS transi st or i BOViginggicsempndimbtagewiaadoutediene acecanal NMOS ra@itdor,

sel ecti ng sai ence vol.t 0 be m dway between said positive and
sai d g tqe 5§E%F said” Second I\R%S Eransllostor coupled fo the source of said ﬁPst NMQOS

transistor, the drain of said second NMOS transistor in communication with said output;
coupling the drain of said second NMOS transistor via a second current source
to a positive voltage supply;
forming a feedback loop by coupling the positive input of an ocperational
transconductance amplifier (OTA) to the drain of said second NMOS transistor and
cotpling the output of said OTA via resistive means fo the gate of said first NMQS
transistor;
coupling the negative input of said OTA to a reference voltage;
coupling the output of said OTA via capacitive means to a negative voltage
| supply, where said capacitive means together with said OTA form a low pass filter;
adjusting via said feedback loop - a. direct current drain voltage of said second
-NMOS transistor such that the voltage at the drain of said second NMOS transistor is
precisejy equal to said reference voltage; and
selecting said reference voltage to be midway Betwéen said positive and -said

negative voltage supply to aliow for a maximum signal swing at said output.
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negative voltage supply to allow for a maxi mum signal sw ng at said output.
27 2 5 MAY 2006 34. The nethod of claim 33, wherein said CMOS buffer
anplifier drives a 50 ohm |oad at unity gain. 35. The method of claim 33,
wherein the signal frequency response of said CMOS buffer anplifier ranges
from100 MHz to 2,000 MHz (MHz = 106 Hertz). 36. The nethod of claim 33,
wherein transistors of said OTA are operated in their meak_'nverﬁ%on
region. 37. The nethod of claim 33, wherein said feedback | MAYS nly
present at direct current (DC): 38. The nethod of claim 33, wherein said
feedback |l oop is only present at very low frequencies. 28

34.  The method of claim 33, wherein said CMOS buffer amplifier drives a 50 ohm

load at unity gain.

35.  The method of claim 33, wherein the signal frequency response of said CMOS

buffer amplifier ranges from 100 MHz to 2,000 MHz (MHz = 10° Hertz).

36.  The method of claim 33, wherein transistors of said OTA are operated in their

weak inversion region.

37.  The method of claim 33, wherein said feedback loop is only present at direct

current (DC).

38. The method of claim 33, wherein said feedback loop is only present at very low.

frequencies.
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