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1 A RAIL - TO - RAL
OPERATI ONAL TRANSCONDUCTANCE AMPLI FHER | & BACKGROUND OF
THE INVENTION Field of the Invention - The present invention
relates to anplifiers, and nore particularly to a rail-to- rail |ow voltage
| i near operational transconductance anplifier. Brief Description of the
Prior Art State of the art | C dest&n requires operation at |ow
power supply voltages because af the trend toward mniaturization, and a
need for portabl e equi pnent povered by conventional batteries. The
relatively | ow voltages supplied by cABSYRAGQTal batteries cause
performance difficulties. A lower supply voltage results in | ower signal
dynam ¢ range and an increased signal to noise ratio. In

A RAIL - TO - RAIL LOW VOLTAGE
OPERATIONAL TRANSCONDUCTANCE AMPLIFIER

.LOW VOLTAGE

A CMOS operational fransconductance amplifier (OTA) having an input
voltage vs output current relationship that is linear for an input voltage range
extending from one power supply rail to another power supply rail. - The input
transconducting CMOS transistors operate in the non-saturation region with a
feedback loop for precisely holding the drain to source voltage constant. A pair of
complementary circuits, each having an OTA designated OTAN having n-MOS
input transistors; and an OTA designated OTAP having p-MOS input transistors,
in conjunction with n-MOS transistor and p-MOS trénsistor current mirrors, are
connected in parallél to implement a single ended OTAP having rail-to-rail voltage
input and push-pull current output. Two of these pairs, with complementary input
transistors, are used with their outputs paralleled to provide a differential input rail-
to-rail OTA. The basic OTA circuit provided is capable of o'perating at a supply
voltage larger than two times the MOS transistor threshold voltage VT. When the
supply voltage is 2V and the MOS transistor threshold voltage is 0.7V, the output
current deviation from perfect linearity is less than 0.2'% over the rail-to-rail input

voltage range.

(Fig.2 is to be published.)



order to i nprove perfornance, recent de5|gns have attenpted to nmaxim ze the

dynam c range by incorporating rai -t d-rai I 'i nput/out put capability.
Rail-to-rail performance by definition exists in a transconductance
anplifier when the output current is directly proportional to i.e. |inear

with variation of the input voltage over the full range of voltage

avail abl e fromthe power supply. There hdve been several reports on the
design of rail-to-rail |ow voltage Operational Anplifiers, as noted by
Sakurai and Ismail "Low Vol fage CMOS Operational Anplifiers”, Kluwer
Academ ¢ Publishers, Boston, 1995. A disadvantage of the anplifiers
reported in this publication is that none of them have linear differential
node i nput voltage to output current over the full range of supply voltage.
In other words, they@re not capable of true linear rail-to-rail operation.
Therefore, they cannol be used '?g[err] -C active filter synthesis.

2 The problemw th the pr art devices is that CMOS operati onal
transconduct ance anpl ij#i e Ve q;gt ed froma sinple differential pair
exhibit a linear transCo ndge behavior only over a very . limted
differential input vol o-f-o-aldbew hundred mllivolts. This is

di scussed by Kardontch ‘ ‘the Design of

Transconduct ance- Capaci 20 24Kl uwer Academ c Publications, Boston,
1992. The i nproved dédi‘gee; Mli scussed in Kardontchi k's book, have
extended the |inear inptﬁgvb’r‘% age range to a fe G but the range does
not include the power supply rails, and theref e70 y/do not provide true
rail-to-rail performance. U S. Pat. No. 5,208,552 by Ryat discloses a
device referred to as a rail-to-rail OTA However, this circuit only has a
rail-to-rail




common node input range. The differential input linear range is only a few
hundred mllivolts, and therefore is seriously limted in filter _
applications. The circuit of Ryat is actually a rail-to-rail input stage of
an Operational Anplifier, as described by Sakurai and Ismail, rather than a
rail-to-rail input Iinear OTA U S. Pat. No. 4,656,436 by Saari describes a
CMOS transconductance circuit with triod® node i nput. However, there are
two serious limtations of the circuit reported by Saari. First, a sinple
cascode circuit configuration is used so that the input MOS transistor
~drain to source voltage changes with the input signal, and as a result the
linearity of the transconductance woul d be poor. Second, the |inear input

range is not rail-to-rail, and fherefore not suitable for IOé/voItage
appl i cations. In vi e\g@f the pri oGt described, £8ere is a cl ear
need for a transconductance anpl MJ¥DDW th a linear rail -¢o-rail input

vol t age speci fi caf+ens= Aot~ can-bdbp-m det set rm rowWoTtage “anal og and

m xed signal inte raréd“'cﬁ(?m*t'g AM SYSTENs, particularly in |ow v'ol t age
glerr]-C active f]lters T PTOVEd perTpr nmace.
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3 ' It is a further object of the present invention to provide a
single ended rail- to-rail operational transconductance anplifier.

It is a still further object of the present invention to provide a
differential input rail-to-rail operational transconductance anplifier.

I't is another object of the present invention to provide a transconductance
bi as voltage supply circuit for a rail-tb-rail operational transconductance
anplifier. Briefly, a preferred enbodi mnent of the present invention
i ncludes a CMOS operational transconductance anplifier (OTA) having an

i nput voltage vs output current relationship that is |inear for an input

vol tage range extendi'ng fromone power supply rail to another power supply

rail. The input transconducti CMOS transistorsgoperate in the
non-saturation region wt : eci sely holding the drain
to source vol tage constang. y i [ each havi ng
an OTFA desi gnat ed OTAN hayi ng 00 i NS & aiy.an OTA -
desi gnat ed OTAP havi ng p- i - i n wth n- MOS
transi stor and p-MOS trangi sor currg 4 e d, ig parallel
to inplenent a single end ‘ ‘ i iInpu® and
push-pul | current out pyt= ra i nput
transistors, are used WtHh e :g‘
differential input rail}j-tg [ ovi ded
capabl e of operating at] a tfhan t§£ tinﬁs[the
transistor threshold vqdltgge}Vvl. Wen the supplb vol t age s ngand t kg, MOS
transi stor threshold vzltage is 0.7V, the output current deyijation f{pm
perfect linearity is lgssjthan 0.2% o the rail-to-gail |naut vol t ag
range. _ N
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I'N THE DRAW NG Fig. 1 is a block diagramof an OTA; Fig.2

Is a nore detail ed bl ock diagramof the OTA of Fig. 1, Fig.3is a

di agram of an OTAN, ' 4
Fig.4 shows further detail -of the OTAN of Fig. 3; Fig.5is a
detail ed schematic of an OTAP; Fig.6 is a diagramof a bias circuit;
Fig. 7 illustrates the use of the bias #ircuit of Fig. 6 to bias a
plurality of OTAs; and Fig. 8 shows a differential input OTA
Description of the Preferred Enbodi gent Referring nowto Fig. 1 of
the draw ng, an operational transcorductance anplifier 1 t he

pur pose of introducing the basic opératlon of the present] i nvent§on. The
- anplifier 10 has inputs 12 and 14, nd an out put 16. There is a supply

* voltage input 18, and r , jct dnce control inputs
22 and 24 are used to ipput vol t ageq for cj ¥rol of tHe llevel of
anplification/transconductance. 2
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In operation, control voltages VCP and VCN are applied to inputs 22 and 24,
a supply . voltage V[err] on input 18, and a ground connection to term nal
20. Input 14 has a fixed voltage V[err]/2 applied. The anplifier 10

provi des an output current 1, at 16 in response to a voltage Vin at input

12 according to equations (1) and (2). ITerr] =1[err] =- (Merr]
* Klerr] * VDSN) (VMerr] - V[err]/2) whed V[err] > or = V[err]/2 (1)
I[err] =1[err] =- (Merr] * Klerr] * VDSP) (Vlerr], - V[err]/2) when
Vlerr] <or = V[err]l2 (2) The ternms (Merr] * Kler] * VDSN) and

(Merr] * Klerr] * VDSP) are constants, the factors of which wll be
defined in the follow ng specification. The constants VDSN and VDSP depend
on the control voltages VCN and VCP respectively. The circuitry internal to
anplifier 10 acconplishing the rail-to-rajlgperformance indicated by
equations (1) and (2) will be fully desc}@Hdd in reference to the following
figures of the draw ng. >3 5
The OTA of Fig. 1 is shown in further Al in Fig. 2, and includes an OTA
26, designated as OTAP, and an OTA 28|degi gqnated as OTAN. The OTAN has two
inputs 30 and 32 for receiving inpu *ol&ages Vlerr] and V[err] , and an
out put 34 . i -
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for output of a current I[err]. Input 36 is connected to 18 for application
of voltage VDD, and terminal 38 is connected to ground term nal 20.

Term nal 24 receives the control voltage VCN. The output I[err] is related
to the input voltage Vierr] and V[err] accordin§ to equation (3).

I[err] =- (Merr] * Klerr] * VDSN). (V[err]-V[err]) when-V[err] > V[err]
(3) = 0 when V[err] < V[err] . OTAP 26 is simlar to OTAN
28 except that the transistors used in OTAN 28 are opposite in type to
those in OTAP 26. Forvigxanpl ,V@ptransistor at a particular place in the
circuit of OTAP 26 th type will be a p-type in the correspondi ng
place in the OTAN 28., The|&ii Landog)' | eVingr s_4i nif WN and OTAP are used to
indicate that the i stots of th re p-type, and the input
transi stors of the are Jn-type.
recei ving voltages V29 and V3N espectiVehy.
18 for voltage VDD. |Input 46 is connect to gr,
sinks current |op according to equation (4) . I[eﬂ%b
Klerr] * VDSP) (V[err] - V[err]) when V[err] < V[err] =
when V[err] > V[err] (4) The ba¥fN
bui I di ng bl ock pertaining to the presentp i i

s tion is the_structure of the
OTAs 26 and 28. This structure is uuk%ﬁgﬁf bed in Fig. 3,
illustrating the OTAN 28.. The st \Efyre of Lo d be obtai ned by
si mply changi ng von
{outpy;)

t 44 is conn

ut
und termn nal -

e 7




// ty

all n-MOS transistors to p-MJS, and all p-MOS transistors to n- R?Cg’q'fh?
inputs 30 and 32 to the gates of n-type input transistors M and Wme%L
appl i cation of 6 i nput

vol tages V[err] and V[err]. The drain-source voltages V[err] and V[err] of
transistors Merr] and Merr] are held cgnstant through use off\ feedback

net wor ks 50 and 52. A vol tage source vDsN 54 provi des the necessary -vol t age
reference for the networks 50, 52. A first current mrror 56 receives the

vol tage VDD t hrough input 36, and according to principles well known to
those skilled in the art, provi des a current I[err] at output 58 when a

current I[err] is present at The mrror input 60 is
hOWNBLTRGR,

connected to network 50 and S stantially equal to
and identified as th ALe [ out put 58 of
mrror 56 is connect eaﬁ?ﬁpﬁl rlk?gﬁ(“v%‘?cﬁ g'rgﬁvtrghaéécar“pﬂelﬁlﬁﬁﬁerr]
substantially equal to the drain current of transistor Merr] Qutput 62

passes the difference between the two drain currents I[err] - I[err] to the
second current mirror 64, WRASKGROWINIAIRAOEMNENESNent | on equal to
I[err] - I[err] times a constant rrultlpllcatlve factor IMN at out put 34.
This is expressed by equation (5). I[err]= Merr] (I[err] - I[err])
(5) Wﬂﬁﬁ@r ks 50, 52 contain anplifiers 66, 68 and

transi stors , respectively. The anplifiers 66, 68 receive the

reference voltage VDSN, and maintain the drai n-source voltage V[err] of.
Merr] equal tOTKQSeregent mver(t]tlon retlacte to ampln\‘I iers, and more particularly to a rail-to-

rail low voltage linear operational transconductance amplifier.

State of the art IC design requires operation at low power supply voltages
because of the trend toward miniaturization, and a need for portable equipment
powered by conventional batteries. ‘The relatively low voltages supplied by
conventional batteries cause performance difficulties. A lower supply voltage
results in lower signal dynamic range and an increased signal to noise ratio. In
order to improve performance, recent designs have attempted to maximize the
dynamic range by incorporating rail-to-rail input/output capability. Rail-to-rail
performance by definition exists in a transconductance amplifier when the output
current is directly proportional to i.e. linear with variation of the input voltage over
the full range of voltage available from the power supply. There have been
several reports on the design of rail-to-rail low voltage Operatiohal Amplifiers, as
noted by Sakurai and Ismail “Low Voltage CMOS Operational Amplifiers”, Kluwer
Academic Publishers, Boston, 1995. A disadvantage of the ampilifiers reported in
this publication is that none of them have linear differential mode input voltage to
output current over the full range of supply voltage. In other words, they are not
capable of true linear rail-to-rail operation. Therefore, they cannot be used in g,-C

active filter synthesis.



ST
VDSN. The basic principle of operation of. the OTAN is explained as follows.
The MOS input transistors Merr] ahd Merr] are operated in the
non-saturation region with a fixed drain to source voltage and serve as
transconducting el enents suitable for |ow voltage operation. The |-V
equation of an n-MOS transistor in its non-saturation region is expressed
by I[err]= Kn (Verr] - V[err]) V[err]2 (1/2)Kn * V[err] (6)

I[err] is the I n t itV | - et :
5 the drai ntoT0eLPEABIBET ! B lpddh B JRices do BidC TMOIS Aseralipfiar
n- MOS t r angagécindudtghce amplifiers constructed from a simple differential pair exhibit a 7
Kn = ([err] / t[err]) (WL) err|

it ﬁ t Ee el ehr}ea:rgrans@ot ndquagsacbefr@wiqr qsqlw?vqrea Very lgr;)ée@ H'e‘quémiﬁlﬁgs{me\{%ﬁaa%’

i ckness o [ e.,oxide, r. ti ] ]

and _channeﬁaqggn%ft%?%‘?’ hungr r'ﬁ'?@ﬁ%i n{'%r'g 4'%%‘%%%9 :b\)é{( §T&‘{F‘§%'ﬁﬁg?ﬁ§é‘?%§“ron
condition @f {e DeMdh t6RMPatisebndidctance-Capacitor Filters”, Kluwer Academic

Publications, Boston, 1992. The improved designs, also discussed in

Kardontchik’s book, have extended the linear input voltage range to a few volts,
but the range does not include the power supply rails, and therefore they do not
provide true rail-to-rail performance. U.S. Pat. No. 5,208,552 by Ryat discloses a
device referred to as a rail-to-rail OTA. However, this circuit ohly has a rail-to-rail
common mode input range. The differential input linear range is only a few
hundred millivolts, and therefore is seriously limited in filter applications. The
circuit of Ryat is actually a rail-to-rail input stage of an Operational Amplifier, as
described by Sakurai and Ismail, rather than a rail-to-rail input linear OTA. U.S.
Pat. No. 4,656,436 by Saari describes a CMOS transconductance circuit with
triode mode input. However, there are two serious limitations of the circuit
reported by Saari. First, a simple cascode circuit configuration is used so that the
input MOS transistor drain to source voltage changes with the input signél, and as
a result the linearity of the transconductance would be poor. Second, the linear
input range is not railto-rail, and therefore not suitable for low voltage

applications.

In view of the prior art described, there is a clear need for a
transconductance amplifier with a linear rail-to-rail input voltage specification, that
can be widely used in low voltage ahalog and mixed signal integrated circuits and

systems, particularly in low voltage g,,-C active filters with improved performance.

SUMMARY OF THE INVENTION

it is therefore an object of the present invention to provide an improved rail-

to-rail operational transconductance amplifier.



.

Merr] < (Merr] - Verr]) (8) The
drain currents of transistors Merr] and Merr] are expressed by equations

(9) and (10) I[err] = Klerr] (Merr] - V[err]) V[err] - (1/2) Klerr] *
Vlerr] (9) I[err]= Klerr] (V[err] - V[err]) V[err] - (1/2) Kl err] * V[err]
- (10) The feedback networks 50, 52 hold V[err] = V[err] = VDSN, if

- the gain of the anplifier Al (A2) is |ardge enough. The current output

Ler] - VLere] oG dhietd e Hre et AR Wivide s il rpleiRRY Y

(11) to-raiVbgérationabPftnsdoniduttaice dmgiifient € vol tages of input
transistors Merr] and Merr] respectively. The source voltages of Merr]

and Merr] are the sane. It can be seen from equation (11) that I[err] -
I[err] is linear W|th respect St n-VDSN i s onst ant
From equation (&S AtStlly ﬁprﬁ\g @fﬁ’é?‘f(txf; é{e r&%ﬁﬂ?ﬂg Spr@y%e gn%ﬁ%@a
hold to e”ﬁﬂftﬂ rafiLfo- rﬁi b@éﬂa&‘oﬁ&l t?é’r\é%bhaﬂctﬁﬁééamplﬁbﬁ”] > MVerr] + VDSN
(12) V[err] > V[err] + VDSN (13)

It is another object of the present invention to provide a transconductance

bias voltage supply circuit for a rail-to-rail operational transconductance amplifier.

Briefly, a preferred embodiment of the present invention includes a CMOS
operational transconductance amplifier (OTA) having an input voltage vs output
" current relationship that is linear fof an input voltage range extending from one
power supply rail to another power supply rail. The input transconducting CMOS
transistors operate in the non-saturation region with a feedback loop for precisely '
holding the drain to source voltage constant. A pair of complementary circuits,
each having an OTA designated OTAN having n-MOS input transistors, and an
OTA designated OTAP having p-MOS input transistors, in conjunction with n-
MOS transistor and p-MOS transistor current mirrors, are connected in parallel fo
implement a single ended OTA having rail-to-rail voltage input and push-pull
current output. Two of these pairs, with complementary input transistors, are used
with their outputs paralleled to provide a differential input rail-to-rail OTA. - The
basic OTA circuit provided is capable of operating at a supply voltage larger than
two times the MOS transistor threshold voltage VT. When the supply voltage is 2V
and the MOS transistor threshold voltage is 0.7V, the output current deviation from
perfect linearity is less than 0.2% over the rail-to-rail input voltage range.

N THE DRAWING
Fig. 1 is a block diagram of an OTA;

Fig.2 is a more detailed block diagram of the OTA of Fig. 1;
Fig.3 is a diagram of an OTAN;
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8 In order for I[err] - I[err] to be positive, and allow output 34
to sink current, V[err] nust be greater than V[err] i.e. V[err] > V[err]

I[err] will therefore be equal to I[err] = Merr] (lI[err] - I[err]) when
Vierr] > V[err] (14) I[err] = 0 when V[err] < V[err]

This can be expressed in terns of voltages V[err] and V[err] using equation
(11) with equation (14). I[err]4: Merr] Klerr] VDSN (V[err] -

v when V et deta ‘of Fig. 3: = 0 when V <
Vo)) e VP shousfutier detal or e AN ot g L (1 "ana (19

si ngl e OTAN dod<dghas astetailed sthematiaiof anIAPper f ormance. I n order to
extend the inpuyt, ra.nga(ra to cov?r the full rail-to-rail supply voltage, a
conpl ement ary g3 diggram of gRias ciCYibnj unction with the OTAN circuit, as

was shown in FiFﬁg. ?-inq&F‘at&f e‘ijsreCH{ tnd Bia@eéii'é(ﬂdoifF Ng B bl ;ﬁlpfaﬁlﬁktofby
replacing all n-Type transrstors w p-type transistors, and a p-type
transistors w tOTAsiamk transistors, and by swapping the polarities of the

supply rails. The resulting network was _described in general ternms in
reference to Fifig. 8 shawg apdifferantiphinp§OTdhd current quantities of OTAP
satisfy the foll ow ng equati ons:

Description of the Preferred Embodiment

Referring now to Fig. 1 of the drawing, an operational transcondubtance
amplifier 10 is shown for the purpOSe of introducing the basic operation of the
present invention. The amplifier 10 has inputs 12 and 14, and an output 16.
There is a supply voltage input 18., and return connection 20. Transconductance
control inputs 22 and 24 are used to input voltages for control of the level of

amplification/transconductance.

In operation, control voltages VCP and VCN are applied to inputs 22 and
24, a supply voltage Vpp on input 18, and a ground connection to terminal 20.
Input 14 has a fixed voltage Vpp/2 applied. The amplifier 10 provides an output
current |, at 16 in response to a voltage Vin at input 12 according to equations (1)
and (2).

lo = lon = - (M, + K, « VDSN) (Vi - Vipp/2) when Vi, > or = Vipp/2 (1)
o= lop = - (M, « K, « VDSP) (V;, - Vpp/2) when Vi, < or = Vpp/2 @)

The terms (M, « K, « VDSN) and (M - K, . VDSP) are constants, the factors
of which will be defined in the following specification. The constants VDSN and
VDSP depend on the control voitages VCN and VCP respectively. The circuitry
internal to amplifier 10 accomplishing the rail-to-rail performance indicated by
equations (1) and (2) will be fully described in reference to the following figures of

the drawing.



Ii[err]' =(Merr] * K[errl] * VDSP) (V[err] - V[err]) when V[err] <

V[err] (15) = 0 when V[err] > V[err] Vierr] < V[err] -
V[err] -VDSP : (16) Vlerr] < V[err]
- Vierr] - VDS P (17) Klerr] =
([err]/t[err]) (WL) (18)

9 V[err] and V[err] are the gate voltaged of the two input p-MOS

transi stors M9y ]

transi stors. [erri 'S éﬁf'ﬁo?g%@ﬁpmﬁﬁw&&%gh{nﬁ o éogbgﬁc@g%neog t he
i nput trang2éstesigniitithas OTAP, ﬁd@ntomtm’dbsnghbted as (YFAN. n‘EthJ‘RAN has
The out put current I[err]lsF of the OTA of Fig. 2 can then be expressed b%/

| [err] = | [ e jnputs 30\prg B¢ for K?@Mpgﬂnmﬁsm;ltageﬁe\fm]and Vees @nd2an eHtut\g
> or = V] ®fdr ]&ﬁput of a current |l,,. Input 36 is connected to 18 for application of voltage

re]

Vpp, and terminal 38 is connected to ground terminal 20. Terminal 24 receives the
control voltage VCN. The output 1, is related to the input voltage Vg and Vg,
according to equation (3).

n == (M, «K,+VDSN) (Vg2-Vq) when Vg > Vg, (3)

= 0 when VG1 < VGZ

OTAP 26 is similar to OTAN 28 except that the transistors used in OTAN
28 are opposite in type to those in OTAP 26. For example, a transistor at a
particular place in the circuit of OTAP 26 that is n-type will be a p-type in the
corresponding plaee- in the OTAN 28. The "P” and “N" letters in OTAN and OTAP
are used to indicate that the input transistors of the OTAP are p-type, and the
input transistors of the OTAN are n-type.

The two inputs 40, 42 are for receiving voltages V29 and V39 respectively.
Input 44 is connected to input 18 for voltage VDD. Input 46 is connected to
ground terminal 20. Output 48 sinks current lop according to equation (4) .

op =~ (Mg « K, « VDSP) (V39 - Vigzg.) When Vigag < Viggg
=0 when Vgze > Vo (4)

The basic building block pertaining to the present invention is the structure
of the OTAs 26 and 28. This structure is more fully described in Fig. 3, illustrating
the OTAN 28. The structure of OTAP 26 would be obtained by simply changing
all n-MOS transistors to p-MOS, and all p-MOS transistors to n-MOS. The inputs
30 and 32 to the gates of n-type input transistors M, and M2 are for application of



I[err] =1I[err] =- (Merr]* Klerr] * VDSP) (V[err] - V[err]/2) when V[err]
<or =Verr]/2 (19) The bounds i nposed by equations (12) (16)
(13) (17) can now be replaced by a unified bound of power supply voltage:
Vierr] > V[err] + V[err] + VDSN + VDSP

. (20) In principle, the magnitudes of VDSN and VDSP may be arbitrarily
~close to zero. Their values are deterninfd by the transconduct ance val ues

depicted ij j ( : i\g.can N=t=1¢] | of
tho more dopa iegBs Y3} and! o 2" TRE Brdifisolired YRHALOE Oy WRANSERLYT To)
that in ortiansistoreMyard M,razertield constant throagh use of ferpback négteorks 50 and

t ransconduct ances, of OTAN P nmust be equal. Denoting this

T aneconduss S WoAgasspurte UISN,54 aibvides She O8aessat, vOKBY reibrence fardhey +
Klerr] * VESWNor r : ant ST 5t ; tion
(ELQ) ]can now ggk grvg\?lr ??t énﬁg{:&%']&%'gt ri“on r(%@%e&est %hee ‘é%lﬁgreeVPg ﬁ'}%gg'r] ai |

i nput vol t3gjeandhageording ke prihciplesGve(l \Known to thdserskKilled) in the art, provides a

(22) current IDQ at output 58 when a current Ip, is present at the input 60. The current
mirror input 60 is connected to network 50 and passes a current I, substantially
equal to and identified as the drain current of transistor M,. The output 58 of
mirror 56 is connected to network 52 which draws a current Ip, substantially equal
to the drain current of transistor M,. Output 62 passes the difference between the
two drain currents ,Ip, - Ip, to the second current mirror 64, which provides an
output current lon equal tb Ip1 - Ip2 times a constant multiplicative factor My, at

output 34. This is expressed by equation (5).

on= My (-l (5)

Feedback networks 50, 52 contain amplifiers 66, 68 and transistors M;, M,
respectively. The amplifiers 66, 68 receive the reference voltage VDSN, and
maintain the drain-source voltage Vg, of M; equal to Vpg; of M, equal to the value

VDSN. The basic principle of opei’ation of the OTAN is explained as follows.

The MOS input transistors M, and M, are operated in the non-saturation
region with a fixed drain to source voltage and serve as transconducting elements
suitable for low voltage operation. The -V equation of an n-MOS transistor in its

non-saturation region is expressed by
Ip = Kn (Vgs - Vin) Vs (1/2)Kn « Vg (6)

Ip is the drain current, Vgg is the gate to source voltage, Vpg is the drain to

source voltage, Vqy is the threshold voltage of the n-MOS transistor, and



10 Figs. 4 and 5 show further details of the construction of the OTAP
.26 and OTAN 28 circuits. In the OTAN 28 circuit of Fig. 4, the anplifiers
Al (66) and A2 (68), included in feedback networks 50 and 52, are shown to
be constructed fromtransistors M/ - ML1 and ML2 - ML6, respectively, as
well as transistors M3 and M4. Transistor. M0 and current source |IRN and
the associated circuitry provide biasi ng7for Merr] and Merr]. The drain
to source Ltage i nput transistors ML and is determ ned by the
resistor Rﬁﬂangﬂ'f%gaavgﬁ'\)ol tage VCN of ML7. The c&?fent mrror 64 includes
ML8 - ML9 and has two functions. First, the current mrror 64 only allows
the OTAN output to sink_current when V[ierr] > V[err]. Wwen V[err] is |less
than or equal t&h@reri is the elestran mahilitynande aadolx aredBenpermigivitiand o

source curgen hi g .l egkte riyvet f kel )

expl ai ned ﬁ'i‘?%’?es—gsié'h% g%t%é’g@{ﬁ’ﬁggag%ﬁ‘gr V'I;v/ll d M@&%ﬁ%géﬁ%@ﬁ#&

nul ti pli caich@fnelllefgfi B tHe MOSUrdrisito Fbspettivelyd eTRé Honesatdationccdrmdfifios M
which nmay be larger than unity. Merr] is the ratio of the channel widths
of ML9 to Kifthe N-MQO® trapsistartisinnel | ength. A | arge MN val ue inproves the
efficiency of the power consunption of the circuit and the output voltage
range. The current mrror 56 discussed in the context of Fig. 3 includes
the transi gt QrésnM. apdyM6 shown in Fig. 4. The inpygs 30, 32 and outputs 62
and 34 wer e i s%@sed"i)n reference to Fig. 3, and &’Z all noted in Fig. 4
for reference. : The OTAP circuit 26, as explai ned above, functions

[ il to the OTAN ci it 28, t f the diff d
![ 2 ? h:‘ (Tl f ? rer gﬁ? t{é[gmﬁ? gg%@nﬁﬁgehgalu{s?s%rs M, angxl\ﬁ;a Bre e)(();;ressgd %Iy eqeura%rtl)(r:\gs(Q) ue
and (10) .
Ip1 = Kq (Vast - Vin) Vst - (1/2) Ky « Vps; )
Ip2 = Ky (Vas2 - Vrn) Vbsz - (1/2) Kn?_ Vbs2 (10)

The feedback networks 50, 52 hold Vpgy = Vps, = VDSN, if the gain of the
amplifier A1 (A2) is large enough. The current output lp, - Ip, provided by OTAN,
as explained above, is then expressed by equation (11).

o1 - Ip2 = (Ky « VDSN) (Vg1 - Vi) (1

Vg, and Vg, are the gate voltages of input transistors M; and M,
respectively. The source voltages of M, and M, are the same. It can be seen from
equation (11) that Iy - Ip; is linear with respect to (Vg4 - Vg2) when VDSN is a
constant. From equation (8), it can be easily shown that equations (12) and (13)

must hold to ensure the validity of equation (11):

Vg > Vi + VDSN (12)
Vg > Vi + VDSN (13)



and voltage. Fig.5. shows the two input transistors M9 and M39 and i nput
vol tages V[err] and V[err]. VDSP is the source to drain voltage of the

i nput transistors M29 and M39, and is controlled by the voltage VCP. The
OTAP can only source current when V[err] <V[err]. The conplete rail-to-rail
OTA is shown in Fig. 2 with the OTAN and OTAP circuits connected in '
-parallel. V& in the OTAN and V[err] in 8he OTAP are connect ed together to

t he common vol t - ' N | @ e
connect ed toget ersr(%%qéfe!?éi yéze{OLQée PE]SD{':JIPE’V%HJ'[\?&}@” u\e(éﬁﬂ 5‘? Q{rﬁgﬁa&%\_’t, %"@

out put cur must befgreater than Vg, eeLv}, * ¥4, hd,swilhtlhérefdre beuequaitts from t he OTAN
and the OTAP. Wen V[err] i s higher than VDD/ 2, the OTAN ‘out put

- sinks current and the OTAP output current is zero. Wien Vin is |ower than

Vierr], thF Q%Bﬁbhgéqﬁ]e%eﬁvswwed by the OTAP and the O‘I'mc)out put

current is®°2ero er word®,” tR2 output is a push-pull circuit.

The bi asi ng unmﬁa/%{% Fig. 4) and VDSP (Fig. 5) cannot be selected
independentry_if equation (21) is to be satisfied. Fig. 6 shows a circuit

which will produce a VDSN satisfying equation (21) with a given VDSP.

Referring back . Figs,. 4 _and Jdt t «y hat t\he | .VDSN,\and
VDSP ar 6 det or miRiEcea e aPlitaudh b BPRGHRBES Vo Bl Y ehn 28RBEOE )
respecti veyith etfiR%Bn/(¢4pt i onshi ps were al so di scussed above in reference to
the figures of the draw ng. The novel biasing circuit of Fig. 6 uses an
OTAP and an OTAN to determ ne the proper voltage VCN with a given VCP.
Si nce OTAPs and, OTANs A sp, t he, subj ec to

lon =My N\?Dgh (Q/ '%Gz). en Vgy. > Vg, (14)

lon = 0 when VG1 < V(.;z

Owing to the bounds imposed by equations (12) and (13), a single OTAN
does not show rail to rail input performance. In order to extend the input range to
cover the full rail-to-rail supply voltage, a complementary OTAP circuit is used in
conjunction with the OTAN circuit , as was shown in Fig. 2. The OTAP circuit is
derived from the OTAN circuit by replacing all n-type transistors with p-type
transistors, and all p-type transistors with n-type transistors, and by swapping the
polarities of the supply rails. The resulting network was described in general
terms in reference to Figs. 1 and 2. The voltage and current quantities of OTAP

satisfy the following equations:

lop = (M « K « VDSP) (V39 - Vigag) When Viz < Vigag (15)

=0 When VG29 > V(;3g
Va2 < Vop- |Vrpl - VDSP (16)
Va3 < Voo - | Vel - VDS P (17)

Ko = (un e /150 (WIL) (18)



be bi ased, the proper voltage VCN is derived with a high degree. of
accuracy. Accuracy is further enhanced when the various OTAPs and OTANs are
~all fabricated on the sane chip, since they will then be as identical as
possi bl e, not being subject to wafer-to-wafer variations. The present

I nvention, however, is not limted to any particular constructi on nethod.

- The operation of the circuit of Fig. 6, ¥s explained as follows: A voltage

- VCP i s applie 70 . A . i ol dto
VDD whi © o YoRaTBhViks i £ i Noltdoed bt el Rl inblCR MOS Bitidistols MRIRRIEE 4
76 is to pypvistheahidshold voltagegofithie pAROSttharisistors. ﬁ,f’allsslhetl’ﬁﬂe ondbility. Ther ent

and therefore transconductance of an OTAN to be equal to the output current
of the OTAlrain tp spuksei Yoltage efthednppt trappistads Maand Mionpeld @MDﬁFahu ther by

outputting.lLerr] Ller = Gn V[err], where Gmis the transconductance of
t he OTAP gﬁﬁéﬁa?%nfwcg[(%'] * Klerr]* VDSP) The voltage across resistor RS1

Is Vp = RS1 GV[err]. The OTAN outputs current I[err] which is
dependent on VCN. I[err] is reflected by current mrror 80 to a current
|[err] passing Tie outpgutR8arent f, ofthe QTA of Fig. 2]can thende& expressedpyanp 78
(i.e.VCN) will be high. VCN is feedback to OTAN 74. As a result, I[err] 34
(see Fig.4) wll decrease. The decrease in I[err] wll be mrrored by

current myrrof - _ KL - : = 12 80 to
cause V[ erIP] [06' et Ka VESN) Yy Q{DD(%)V{')-['eenrY]" ><O'i/p,VDPIe2dback net work 82
and current

lo =lgp = - (M, « K « VDSP) (V;, - Vpp/2) when V;, < or = Vpp/2 (19)

The bounds imposed by equations (12) (16) (13) (17) can now be replaced
by a unified bound of power supply voltage:

Vo > Vi + Vyp + VDSN + VDSP (20)

In principle, the magnitudes of VDSN and VDSP may be arbitrarily close to zero.
Their values are determined by the transconductance values depicted in equation
(19). This can be clearly understood by inspection of the more detailed Figs. 4
and 5.

it can be seen from equation (19) that in order to ensure linearity over the
entire range of V,,, the transconductances of OTAN and OTAP must be equal.
Denoting this transconductance as GM, it can be seen from equation (19) that,

My <K, « VDSN = Mp . K, « VDSP = GM (21)

Equation (19) can now be rewritten as equation (22) for the entire rail-to-rail input

voltage range,

lo =~ GM (Vi - Vpp/2) (22)



mrror 80 will cause V[err] to increase. The equilibriumpoint is thus
V[err] = V[err]. Referring again to Fig. 6 and equation (19), I[err]
=(Merr] * Klerr] * VDSP) VDD/2 and the voltage across the resistor R err]

is Verr] = Rerr] (I\/[err]* Klerr] * VDSP) V[err]. The voltage across the
resistor Rlerr] is V[err] R err] (I\/[errL * Klerr] * VDSN) V[err]. For
Rl err] R err], we have I\/[err] * Klerr]1® vDSP = Merr] * Klerr] * VDSN

sat sfying caualgigR 4 3hlt s show furthePhBER! ot (18 ARG o INEBTH 28 d S

system many |den |ca are neede he circulrt In can now be
used as a r@BANI28 cirsuitdCNIrgthecOTANY 28 leirguit of Figyst, aheallmllﬁeas AfndB6} andoi2 of
several OTAs biiased by a sjingle nmaster_bias. Voltsge \VCP aﬁﬁl‘Jsts th

t r anscondud®8hdrclyded in faedback metwerkss5Q and 52, AR § wn tpibe, ﬂ@»“ﬁ%@g%r
tuning the t?ddg?st§|%nﬁl9anh1f1 én@M‘fg 871 t‘f%#&ﬁfvbﬁpats well as trafifst aﬁ@r

described has onl'y a single en oWeve can be ex en e

di fferenti ai4] MihsietRML0 and cuﬁaﬂw@mum ﬂ'i@hséacﬁateﬂfa'l%wtg_srpm in
Fig. 8 In Fig. 8 two operational transconductance anplifiers A and

OTA are udigsinglier ¥yaand NtaegThe drain; teesaiiee: vekagmé/momnmtgra@lstqrwl i s

orap | < ote R i despftuned by 8 pRRton RR! o 8 bt VOHABE VR HY, T
except t hatcuh‘é?\t Mrwtmcrﬁcwas B OM1g aﬁd Wddhvd TanttionkO! Birdfl the cwh%htl S

replaced by a current mrror consisting of two P-MXS transistors ML8P-M 9P
wi t h sour canimooBdeanly allows\the QTAN Thudpulf torsink CItent whew \Veguor Ves WhenVg;,

SVl orr) "COF RSB GBI U AN ca dhe GURILGNTEY BrI650, Aineeytirg S LOBRIC Fhe
out put  cur I edTelifrght, (ﬁﬁé ida %{éﬂ%ﬁﬁé@tﬁ@l&@?fﬁé oTAN ?\%%\P I bé %é&?ﬁaﬁ @&ed

by a current mrror consistin transi stors W th
sour ces corkaect Sedondt tee gunendmimmMﬂSl MiDepretides ot naurtiplicatioks The put

current when V&9 > VG39, and the out pyt current ual s ero g/n qg@& @‘L
Vier ] OTARMEH oSmpltplication s fsferained by-ihe taetor MN whieh gnay beda

OrA', h

Vin. T\r,1wet ou tMd‘hirglr[)ftlal‘tr?t'ca ? %@%{F&n}% ﬁ{]—étb.sa(gq\ldgéqﬂer e@ﬁ&t twg%gt%%‘

Iength A large My value improves the efficiency of the power consumption of the

circuit and the output voltage range. The current mirror 56 discussed in the
context of Fig. 3 includes the transistors M5 and M6 shown in Fig. 4. The inputs
30, 32 and outputs 62 and 34 were discussed in reference to Fig. 3, and are all

noted in Fig. 4 for reference.

The OTAP circuit 26, as explained above, functions in a similar manner to
the OTAN circuit 28, except for the differences due to the different fransistor type
and voltage. Fig.5. shows the two input transistors M29 and M39 and input
voltages Vgyg and Vgze. VDSP is the source to drain voltage of the input
transistors M29 and M39, and is controlled by the voitage VCP. The OTAP can
only source current when Vgy9 < 'Vg3e. The complete rail-to-rail OTA is shown in
Fig. 2 with the OTAN and OTAP circuits connected in parallel. Vg, in the OTAN
and Vg3 in the OTAP are connected together to the common voltage Vpp/2. Vg4
in the OTAN and Vg, in OTAP are connected together to receive the input
voltage V;, of the OTA. The output current of the OTA is equal to the sum of the
currents from the OTAN and the OTAP. When V,, is higher than Vpp/2, the OTAN



13 I[err] =GM (V+ - V-) (14) The OTA or DOTA circuit has been
sinmul ated by SPICE, using SPICE |level 2 with 3 mcron CMOS technol ogy

devi ce paraneters.

VT = 0. 7V, the peak error fromperfect linearity is less than 0.2%for
rail-to-rail input voltage range. The design of a rail-to-rail |
vol tage single ended input OTA and a raillto- rail low voltage

4t f Cinp . _
char act er | QP Rifis S font 3p¥ine LIPAP JIRGGE SRRt is 2205 WHHACGRK IGNERfifan
and the civpy thes oatptlclirent isopouriedrisy the @ TAPVand/the OTAN batput CuRent is

provided that V[err]

MOS t r ansi Zete sin athaiiwerds the eutput és a pashepkciioud. peak devi ation from

perf ect
Vierr] =

linearity is less than 0.2% for rail-to-rail input voltage with
2V. Al t hough the above discl osure has presented the

When VDD is 2V and the MOS transistor threshold voltage

a
ow

Is |larger than two tines the threshold voltage of the

preferred enbothatsiasing vonages WIDSNO(Fig.v4y and VIDSPYFYY. 8)ecatitivt b seleetdd10se
skilled in the art. For exanple, other feedback circuitry can be ]
subst i t ut ethdependently ifrequation5@1) ipto bacatisfied. Hg& sbowsranniscuit whichcwill be

sred, S aighic4 S5ok ol cRpeBRRLE b BSOS | Moo

Figs. 4 and 5, it is apparent that the voltages VDSN and VDSP are determined by
the values of the control voltages VCN and VCP respectively. These relationships
were also discussed above in reference to the figures of the drawing. The novel
biasing circuit of Fig. 6 uses an OTAP and an OTAN to determine the proper
voitage VCN with a given VCP. Since OTAPs and OTANs are also the subjects to
be biased, the proper voltage VCN is derived with a high degree of accuracy.
Accuracy is further enhanced when the various OTAPs and OTANs are all
fabricated on the same chip, since they will then be as identical as possible, not
being subject to wafer-to-wafer variations. The present invention, however, is not

limited to any particular construction method.

The operation of the circuit of Fig. 6, is explained as follows: A voltage VCP
is applied at 70 to an OTAP 72. Note that OTAN 74 input is connected to Vpp
while OTAP 72 input is connected to ground. The function of the circuit 76 is to
provide a VCN, for a given VCP, that will cause the output current and therefore
transconductance of an OTAN to be equal to the output current of the OTAP. In
circuit 76, the OTAP responds to the input VDD/2 and VCP by outputting I,,. o, =
Gm Vpp/2, where Gm is the transconductance of the OTAP equal to (Mp « K -

- VDSP) The voltage across resistor RS1 is Vp = RS1 GmVpp/2.

The OTAN outputs current i,, which is dependent on VCN. |,, is reflected
by current mirror 80 to a current l,, passing through RS2. If V,, >V, the output of
op-amp 78 (i.e.VCN) will be high. VCN is feedback to OTAN 74. As a result, |,

34 (see Fig.4) will decrease. The decrease in |,, will be mirrored by current mirror

are



In the clains: 14

CLAI V5 1. A single ended rail-to-rail operational
transconduct ance anplifier conpri sing: (a) an OTAN i ncl udi ng

(1) a first plurality of transistors and a second plurality of

transi stors wherein said first pl uralitgzof transistors are of n type, and
said second plurality of transistors are“of p type, and wherein said first

pl ural ity 8oftoldzARei B! @) Gedraaseld irhifatiyt iV, 283 Stéiback net work 82 and Clirént
first feedback means' for naintaining a cohstanht drain to source voltage of

sai d i npumitronrB0 svibreguse V, to increase(i i The equilibriofmpaint faithus V, = M)

an OTAP c | enent ar.,y .tq.sajd AN ' id first lit f

transi st O%@F@g@gqﬁ@B:ég.:ﬁg,@ng;rﬁqyagégkﬁéﬂp 02 Ir’=a(Mllt ;&of %%@s*’@glg(r)@dﬁr@ of n
type, and ﬁ%é’eggﬁ? | s 5 enei n ' ' AP
a)rlg connec‘:’tae I N pasra weﬁ&f)s?@viﬁgﬁ\égvgﬁa:%iséi(%lé Iﬁ‘é@?ﬁaﬁ@o% ?at#
having a acragsethenrdeidtorRytis Vy = Rs, (Mg« Ky «NHDSN) V921 #Fdr RJTA R, wechaved i n

claim1l wherein L .
M; «K; « VDSP = My« Ky « VDSN satisfying equation (21).

Since in an analog or mixed signal VLS| system, 'many identical OTAs are
needed. The circuit in Fig. 6 can now be used as a master bias VCN generator.
Fig 7 shows a complete application of several OTAs biased by a single master
bias. Voltage VCP adjusts the transconductance value of all the OTAs

simultaneously. It can be used for tuning the time constant for a filter application.

The OTA so far described has only a single ended input, however it can be
‘extended to a differential input operational transconductance amplifier DOTA, as
shown in Fig. 8. In Fig. 8, two operational transconductance amplifiers, OTA and
OTA' are used. The OTA of Fig. 8 is the same as the OTA of Fig. 2. OTA’ is
identical to the OTA in Fig. 2 except that OTAN is replaced by OTAN’ and OTAP
is replaced by OTAP’ . The OTAN’ is identical to the OTAN in Fig. 4 except that
the output current mirror (the N-MOS transistors M18 - M19) is replaced by a
current mirror consisting of two P-MOS transistors M18P-MIOP with sources
connected to Vpp. Therefore, OTAN’ only sources output current when Vg, > Vg,
and the output current equals zero when Vg, < Vg, Correspondingly, OTAP’ is
identical to OTAP in Fig. 5 except the output current mirror (the p-MOS transistors
Ms,; - Mag.) is replaced by a current mirror consisting of two n -MOS transistors
Ms;N - MagN with sources connected to the ground terminal. Therefore OTAP
only sinks output current when Vg9 > Vgae, and the output current equals zero
. when Vg, < Vgzg OTAN' and OTAP’ are connected in parallel as in Fig. 2 to form
an OTA', with the - input connected to Vpp/2 and the + input connected to Vin.
The output current of the DOTA of Fig. 8 is therefore:



(a) said OTAN further includes first OTAN current mrror means providing
a first current indicative of the difference between a drain current of a
first OTAN said input transi.stor and a drain current of a second OTAN said
I nput transistor; and (b) said OTAP further includes first OTAP
current mrror nmeans conplenmentary to-said first OTAN current mrror neans,
and said OTAP having a first OTAP i nput 13 ansistor and a second OTAP I nput
transistoryg = (V+-?’\'l- A rail hg-rail OTA as recited in claim2 wherein
(a) sai d OTA furthe|) i ncl ude(.s‘l econd OTAN current mrror mnmeans
responsive to said first current for sinking current when a gate voltage of
said first L . 15 OTAN i nput
transistor is glfBatQFAQEROTASIcHIthgsthaan gmulated by-SBIE.cising SRIGE level

transi storg g ; h P . ' d nd. P ent
mrror nea sﬁ'@‘g‘hapmfcrﬁ%ﬂ@?st ge%bgp@-@e%%‘ﬁ%é g%m%&#e??héﬁ?%&'s%?ﬁg&ﬁr
sour ci Ng CNIOS Riandior thréshicld vorthge WO W €7V, the Pedkf erfért fréMhAstrfett Yinearity
transistor is greater than a second gate voltage to said second OTAP i nput
t ransi st or is less than 02% forsa rail-io-rad -input voliage aangecited in claim 1 further
conprising nmeans for setting the value of said drain to source voltage of
said input transistor to be nmaintained constant by said feedback neans.

The design of a rail-to-rail low voltage single ended input OTA and a rail-to-
rail low voltage differential input DOTA have been described. The
transconductance characteristic with respect to inpu_t. voltage is linear from rail-to-
rail, and the circuit is capable of operating at a low supply voltage Vpp provided
that Vpp, is larger than two times the threshold voltage of the MOS transistors.
Simulation results show that its peak deviation from perfect linearity is less than

0.2% for rail-to-rail input voitage with Vpp = 2V.

Although the above disclosure has presented the preferred embodiment of
the invention, variations will be apparent to those skilled in the art. For example,
other feedback circuitry can be substituted for the circuits 50, 52, and other types

~ of transistors can be used. Such variations that will be apparent to those skilled in

the art are also included in the spirit of the present invention.

In the claims:



5. Arail-to-rail OTA as recited in claim1l wherein said OTAN sinks
currentMut when said OTAP sources zero current to said
OTAP oum i1 OTAN sinks zero current from said OTAN out put when
said OT mﬂmﬂ%lﬁ to said OTAP out put. 6. An operational
t ranscondlctance i r conprising (a) first and second i nput
transistors (b) feedback neans f ob4 mai'nt ai ni ng a constant drain to
source voltage of said first and secongi Ajppgt transistors; (c) first

current mrror nmeans providing a first current indicative of the difference
between a drain current of said first input transistor and a drain current

of said second input transistor; and . (d). second current mrror
means responsi ve totsaid i r¥pgleyrendad f@"‘tér')é(}i GPREAUGD uErEUFQ ce
7. An operational

proporti ongbﬁl‘i@gpg@%ﬁi%&gt current.

t ranscondu  as recited in claim 6 wherein said
out put current (@) cuaheDTABN ingluding 8. An operational
transconductance anplifier as recited in claim erein said

6 wh
output current is cufbent asdistciphyality of transistors and a second plurality of
transistors wherein said first plurality of transistors are of n type, and said second

plurality of transistors are of p type, and wherein said first plurality of transistors
include input transistors,

(i) first feedback means for maintaining a constant drain to
source voltage of said input transistors;,

(iii) an OTAN output;

(b) an OTAP complementary to said OTAN wherein said first plurality of
transistors are of p type and said second plurality of transistors are of n type, and
said OTAP having an OTAP output; wherein said OTAN and said OTAP are
connected in parallel providing said single ended rail-to-rail OTA having a single

ended input.

2. A rail-to-rail OTA as recited in claim 1 wherein

(@) . said OTAN further includes first OTAN current mirror means
providing a first current indicative of the difference between a drain current of a
first OTAN said input transistor and a drain current of a second OTAN said input
transistor; and '

(b) said OTAP further includes first OTAP current mirror means
complementary to said first OTAN current mirror means, and said OTAP having a
first OTAP input transistor and a second OTAP input transistor.

3. A rail-to-rail OTA as recited in claim 2 wherein
(@) said OTAN further includes second OTAN current mirror means

responsive to said first current for sinking current when a gate voltage of said first



16 A differential input operational transconductance

anplifier c (a) a first rail-to-rail single ended
oper at i onal Tmmmﬂ:mu“llli“'“ anplifier including (1) a
first OTAN pro%idtng® operati onal transconductance anplification having
(a) first and second input transistors of a first type;

(b) f eedback means for nmintaining a cbhstant drain to source vol tage of

L X : orom
iﬁlr r e'n{”;ou oAy ﬂpﬂt‘)&aﬁ-ﬁlslt?r |sagrqalt?rsgha8mgatel% S/é{;t?%e ﬁ%%gdpégg?ﬁd @‘Mﬁ input
t ransconduttaasistorpamd i fi cati on having (a) f| rst and

second input transistors of a second t
f eedback nmeans fRr néfieh QTrﬁ%dUEhébr@@Mﬂ?S dfesendt QTﬁﬁJrQ!@%ImH&f Bealw d

unr i n' sapemPRTEN AR said seopng QAN ErrentR, ffant Kirtolitafl Eens, FiC

said firstwheh!atfirst ?ate voltgge tonskid firse CTARIIAput transietordisCyreatsr than a
anplifier, and said first operational transconductance anplifier having a

first railseepndgateakgoe tosaishseqnndOiTAR-Nput iaRsisionuct ance anplifier
I nput and a first operational transconductance anplifier output; and
(b) a second rail-to-rail single ended operational transconductance

anplifier incluging A rajl-to-rail OTA @s) recitéd in icldifn PiutheéshipAing means for
operational transconductance anplification having

first and seftiogdhenyaluet ofasaidsdiains tofsauree voltage pof, said input transistor to i:e( b)
f eedback rrean for, mai ?t atlbnl na?d? &ns ant dral n to source voltage of said
i nput t r an@12tgined constant by said feedback 1peans. \o o< 't or sourcing current:

5. A rail-to-rail OTA as recited in claim 1 wherein sai_d OTAN sinks
current from said OTAN output when said OTAP sources zero current to said
OTAP output, and said OTAN sinks zero current from said OTAN output when
said OTAP sources current to said OTAP output.

- 6. An operational transconductance amplifier comprising
(a) first and second input transistors
-(b) feedback means for maintaining a constant drain to source voltage
of said first and second: input transistors;

(c) first current mirror means providing a first current indicative of the
difference between a drain current of said first input transistor and a drain current
of said second input transistor; and

(d) second current mirror means responsive to said first current for

providing an output current proportional to said first current.

7. An operational transconductance amplifier as recited in claim 6

wherein said output current is current sinking.

8. An operational transconductance amplifier as recited in claim 6

wherein said output current is current sourcing.
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(a) first 'c m”mumt ransi stors of a second type;

(b) feedback mearts f'or Smarntaining a constant drain to source voltage of
said input transistors; (c) means for sinking current;
and wherein said first OTAN and said fi#&t OTAP are connected in paral | el

to provide sai dgsecond raibrerial 2ijhpiit n%g‘éraqm%ﬂ qr‘é‘ris%‘ohﬁﬂéianoe amplifier

transconduct ance ‘anplifier, sald second Operationa ransconduct an
anplifier lcomprigirg:second rail-to-rail single ended operational
transconductance anplifier input and a second operational transcondugtance
anpl i fier output@ and fEtraikte-raflsingle paded pperationakiranseongductance-amplifier
operati onalil?]é'ﬁﬁﬂgconduct ance anplifier input and said second rail-to-rail
si ngl e ended opePati onal transconductance anplifier input provide a

differential input fqp saig dirdtf COFAN alprendingt | operfativhans e@ndosndustance
anplifier, and wherein said first operational transconductance anplifier
out put i s eomHlisation WRVRYsai d second operational transconductance anplifier

output to provids a d\{f eugt! SrorthRl SR hnlf GURSBRLES ATRE AR 11ET
inclaiml further conprigbng FeddiRfoknehedinsClart maiftainity & cbAstant idrain to
control voltage to output a second control voltage, said first control
vol t age f osourcesveltpgeofsaist kput rapsistars; a first current and said second
control voltage for biasi rzg) sai Crlnt-g)aTr'\AéNfotr%in?(iinrbkc&rent;
(i) a first OTAP providing operational transconductance
amplification having _
(a) first and second input transistors of a second type;
(b) feedback means for maintaining a constant drain to
source voltage of said input transistors;
(c) means for sourcing current; and wherein said first
OTAN and first OTAP are connected in parallel to provide said first rail-to-rail
single ended operational transconductance amplifier, and said first operational
transconductance amplifier having a first rail-to-rail single ended operational
transconductance amplifier input and a first operational transconductance
amplifier output; and
(b) a second rail-to-rail single ended operational transconducténce
amplifier including | _
(i) a first OTAN' providing operational transconductance
amplification having
(a) first and second input transistors of a first type;
(b) feedback means for maintaining a constant drain to
source voltage of said input transistors;
(c) means for sourcing current;
(ii) a first OTAP' providing operational transconductance

amplification having
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r equal to said first current. 11. An operation
trans mmﬂﬁgwﬂﬂmmr ler as recited in claim 10 wherein said biasing
circuity (a) a bias circuit OTAN having an input voltage
equal to VDD 2; (b) a bias circuit OTAP having an input voltage
equal to VDD 2; (c) a VCP input to said bias circuit OTAP for
receiving said first control voltage; ant/ (d) a biasing circuit

f eedback network for adju | ngf%i"aﬂd%%%eﬁd ﬁﬂﬁttféﬂsiéfa}st&%sé&)rfdi&ﬁﬁ;sai d

second current to equal s d flrst curre

(b) feedback means for maintaining a constant drain to
source voltage of said input transistors;

(¢)  means for sinking current; and wherein said first OTAN’
and said first OTAP’ are connected in parallel to provide said second rail-to-rail
single ended operational transconductance amplifier, said second operational
transconductance amplifier having a second rail-to-rail single ended operational
transconductance amplifier input and a second operational transconductance
amplifier output; and wherein said first rail-to-rail single ended operational
transconductance amplifier input and said second rail-fo-rail single ended
operational transconductance amplifier input provide a differential input for said
differential operational transconductance amplifier, and wherein said first
operational transconductance amplifier output is connected with said second
operational transconductance amplifier output to provide a differential operational
transconductance amplifier output.

10. An operational transconductance amplifier as recited in claim 1
further comprising a biasing circuit responsive to a first control voltage to output a
second control voltage, said first control voltage for biasing said OTAP to source a
first current and said second control voltage for biasing said OTAN to sink a

second current equal to said first current.

11.  An operation transconductance amplifier as recited in clairh 10
wherein said biasing circuit inc;ludes |

(@)  a bias circuit OTAN having an input voltage equal to VDD/2;

(b) abias circuit OTAP having an input voltage equal to VDD/2;

(c¢) a VCP input to said bias circuit OTAP for receiving said first control
voltage; and

(d) a biasing circuit feedback network for adjusting said second control

voltage to cause said second current to equal said first current.



