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APPARATUS AND NETHOD FCR FREQ ENCY"_’_’= CEU ST COVPENSATI NG AN

OPERATI ONAL AMPLI FI ER 5 v i g : -YField of the
| nventi on , The Epreseﬂt I nvent l"on rel ates. generally to
operational . anplifi er~§ and;sebre: part’?(lﬁul ar.| y, X% an apparatus and

met hod for frequency »éorrpensatl ng an weper at i onal arrpl ifier. 10
Background of the Invention: - - -

APPARATUS AND M.'ETHOD FOR FREQUENCY
COMPENSATING AN OPERATIONAL AMPLIFIER

The present invention relates generally to operational
amplifiers and, more particularly, to an apparatus and method
for frequency compensating an operational amplifier.

10

Background of the Invention

FIG. 1 illustrates, by example, a block diagram of a
conventional operational amplifier 100 (hereinafter referred to as
15 "amplifier") and a load 110. The amplifier 100 is a basic analog
building block for may types of analog signal processing
applications. These applications may include active filtering,
signal amplification, and voltage regulation to name a few.

The amplifier 100 of FIG. 1 generally includes a

20 transconductance stage 101, a compensation network 102 and an
output driver 103. FIG. 1 also illustrates an output load 110.

The interconnection of the blocks of the amplifier 100 and
operation thereof is described as follows. The transconductance
stage 101 is coupled to receive input signal 105 and input signal

25 106 and operative to produce an amplified signal at line 107. The
compensation network 102 is operative to frequency compensate
the amplified signal at line 107. The compensation network 102
may optionally be coupled to receive an output signal at line 109.
The output driver 103 is coupled to receive amplified signal 107

30 and operative to produce output signal 108 to drive the output load
110.

The operation of the amplifier 100 is described as follows. A
differential input signal between input 105 and input 106 is
amplified in transconductance stage 101 and converted to a

35 current signal at line 107. The compensation network 102
provides frequency compensation of the amplified current at line
107 by converting the current signal to a voltage signal by way of
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FIG 1 illustrates, by exanple, a block diagramof a conventi onal

operational anplifier 100 (hereinafter referred to as 15 "anplifier™)
and a load 110. The anplifier 100 is a basic anal og bui | di ng bl ock
for may types.of anal og signal processin applications. These
applications may include active filterimg- signal anplification
and voltage regulation to name a few The anplifier 100 of

FIG 1 generally includes a 20 sC ugj.ance sta e 10

conpensati on né-%llﬁd elée@camp%nwdes fﬁneg,@g Eﬁh%lp m}’r i@% 1 al so

Ib: | Uit r a]E eShan pi'Ulﬁrmf@s \}dlﬁégeléﬂd/or current gain to ﬁt&amﬁlﬂeﬂfm@a&l Ia@rhn'éb E:Ihe
ocks of the ifier e ereg ri bed as

follows. The t ‘%@58%%??581%*3 output S@% {q%lﬁ?gﬁ & lg?lé%aﬁ%gs%gl& ve i nput

signal 105 and loaxbaﬂOSl’@maloaﬂSnO mayObaved complex iageveld apraorkade an

anpl if|e si gngl, chgeasgggmtJ %nth it. conpensation network 102 is
operatlve to frequency corrpe the anplified signal at |ine 107.

The conpensation netAophifiess may be configprediasoppen er 5o €8 to receive
an out put si gna{Amplifiers Ha¥8%ain defined B; Qhé"l*émﬁorﬁhhy%tﬂr@&l'thecoum ed to

rlgge![ \c/)ed?[relal I @ﬁh%@ 1p§g an(()i outpu%n %Ea?rtx éreqt?r odu epenéé)ngct signal
amplitude and phase. In order for the amplifier to be
10 unconditionally stable in a closed loop configuration, the
amplitude of the open loop gain versus frequency must drop below
unity before the open loop phase exceeds 180 degrees. Phase
margin is defined as 180 degrees minus the open loop phase at the
frequency at which the amplitude of the open loop gain drops
15 below unity. A phase margin of 45 degrees is usually considered
adequate. It is often desirable for the phase margin to be at least
45 degrees over a wide range of load impedance's.
A problem with the conventional amplifier 100 is that the
output driver 103 may be a physically large device with associated
20 large input capacitance. The large input capacitance appears in
parallel with the compensation network 102 and can severely alter
its desired frequency compensation characteristic.
Another problem with the conventional amplifier 100 is that
in some applications, such as voltage regulators, the complex
25 impedance associated with the output load may be significant.
This complex impedance may add additional phase shift to the
open loop gain and degrade the phase margin of the amplifier. If
the performance of the compensation network 102 is severely
altered by the output driver's input capacitance, then the range of
30 values for acceptable load impedances may have to be severely
restricted in order to guarantee sufficient phase margin for stable
operation.
A solution to these problems involves reducing the
bandwidth of the amplifier by reducing its unity gain open loop
3B frequency. However, a disadvantage of this solution is that the
amplifier 100 can't amplify high frequency signals because of the
reduced bandwidth. Further, reducing the bandwidth may
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110. ) The operation of the anplifier 100 is described as

follows. A differential input signal between input 105 and i nput
106 is . . anmplified in transconduct ance stage 101 and converted to a
35, current signal at line 107. The cqnpensation network 102

provi des frequency conpensation of the afplified current at line

127 by convertinﬁ the current signal to a voltage signal by way of
provi des vol tagéqlgﬁlﬁl;gg‘r &ﬁ@eiﬁrggga%‘fﬁfqeﬁﬁg sé‘ﬁﬁf%%l%aacgf%ﬁg g tl ?Llever 103
further, the amplifier 100 is susceptible to high frequency noise on
the power supply or ground to the amplifier.
Accordingly there is a need for an apparatus and method
5. for frequency compensating an operational amplifier
advantageously providing wider bandwidth and improved stability
with complex low impedance loads.

Brief Description of the Drawings
10

FIG. 1 illustrates a block diagram of a conventional
operational amplifier having a load.

FIG. 2 illustrates a block diagram of an operational
amplifier having a transimpedance circuit in accordance with the

15 present invention.

FIG. 3 illustrates a block diagram of a transimpedance
circuit in accordance with an alternate embodiment of the present
invention.

FIG. 4 illustrates a block diagram of a voltage regulator

20 including the operational amplifier of FIG. 2 in accordance with
the present invention.

FIG. 5 illustrates a flow chart illustrating the steps for
frequency compensating the operational amplifier 200 of FIG. 2
and the voltage regulator 400 of FIG. 4 in accordance with the

25 present invention.

FIG. 6 illustrates a schematic diagram of the operational

amplifier 200 of FIG. 2 in accordance with the present invention.

Detai ription mbodimen

In accordance with the present invention, the foregoing
need is substantially met by an improved apparatus and method
for frequency compensating an operational amplifier. According
to the present invention, a transimpedance circuit has an input

35 terminal coupled to receive an amplified signal and an output
terminal operative to produce a buffered amplified signal. An
input terminal of the transimpedance circuit presents a resistive
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107 and broduces t he out put signaf 108 whi ch appears across the

| oad 110. The |l oad 110 may have a conplex as well as a real 5

i npedance associated with it. . Anplifiers may be configured
as open or closed | oops. Anplifiérs have gain defined by the

rel ati onshi p between the anplifi®r's input and output. The gain
has frequency dependent anpl i tude and phase In order for the
anplifier to be 1 uncondi,t i onal t abl closed | oop

confi guration, iRyt impedance £1argR LﬁFa afB T versus

flrsgqgggfgegust stbspaiidallynear an ?pemiodp/uhﬂ:ycgaintfneqmmy ofcthe phat:et ﬁ)écgggrs]
| oop phase at [‘(%g?atmnal aml?l}r%éque?g a.tﬂs Wﬁ%ﬁdm alligsobﬁﬁ?;eg{ea e open

| oop gai n dr opsontplex impsdancerifian mptnmﬂ;'mmai Qfﬂnoﬁutmtdhgv%s The usual ly
consi der egl preseﬁ‘@I n hﬂvhﬁtﬂebﬁglgdﬁfdvﬁagé g?fi?"bahla%ﬁgﬁl%%dmr ginto

be at | east egrees over ange I.mpedance' s.
A probl em with Sltﬁblecm%quﬁ’ath ioasls having low camples uppgdance out put

driver 103 may be am?kééﬂdt)&nlvéhﬁan%\ﬂ b€ nYériehfudlys @@scaibédv’&&h | arge

i nput capaci tancgﬁI The m g‘%;p‘g_’c‘%g #lg}e&eﬁlﬁf%e‘% glock d1agrax%ar al | el

with the conperdSih
of an operational amplifier 200 having a tran51mpedance circuit

10 in accordance with the present invention. The operational
amplifier 200 generally includes a transconductance stage 101, a
transimpedance circuit 201, and an output driver 103.
Individually, the transconductance stage 101 and the output
driver 103 are generally well known in the art; hence, no further

15 discussion will be presented except to facilitate the understanding
of the present invention. The transimpedance circuit 201 and its
operation with the operational amplifier 200 is considered novel
and will be described and illustrated in detail below with reference
to FIGS. 2-5, in accordance with the present invention.

20 The transconductance stage 101 may be implemented, for
example, using a single stage of a Signetics NE5517 dual
operational transconductance amplifier. The output driver 103
may be implemented, for example, using a p-channel metal oxide
semiconductor field effect transistor (p-channel MOSFET).

25 The operational amplifier 200 drives a load 110. The load
110 has a complex impedance having a value selected from a wide
range of values. A load which has a complex impedance is not
purely resistive but instead generally has a capacitive or inductive
component. In the preferred embodiment, the load has a parallel

30 capacitive component.

The operational amplifier 200 has an open loop unity gain
frequency. The open loop unity gain frequency is defined as the
frequency at which the gain of the operational amplifier 200 drops
to unity, when operated in an open loop configuration. Open loop -

35 configuration means without feedback.
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its desired frequency conpensation characteristic. - Anot her

problemw th the conventional anplifier 100 is that I n sone
applications, such as voltage regulators, the conplex 25 i npedance
associ ated with the output |load may be significant. - Thi s .conpl ex

i npedance nmay add additional phase shift™®o the open | oop gain and

1(:jﬁgr ade the phase margin of the anplifier. If t he performance of
driver 5 1 mput capadiieiranscondnetanes sidep 10} hag ot EfnBal ST RS
I 3:?ain {rggdglrjl;s ??ﬁﬁ?mmled toereseiveriaipyt signals andebaving an output der to
%\ solution to ttﬁ’é[?én%p%@?§R§natg%/é;ﬁ/§{sﬁm?&e‘%3%ﬁ?r?§wlﬁged sPé}?dlfit I gﬂd i dth of the
anpl i fier by redtemuagively, termipal 20h mpEnforezamele, be  doy n@&&g‘ﬂov\ever ., a
g' sadvant@age ofgiihl-eh 59l ’sighQP ﬁg}xéﬁtaéhé.ﬂ%ing the operatidhi df tiie prieqan’ t
mplify high frequency sidgnals becauge.o he. . .. r educed, bandw dt h.
Further, reduciinyentienpaf OFfy signals within the operagional
amplifier 200 may, alternatively, be double-ended signals. The
transconductance stage 101 is a circuit which produces a current
at its output terminal 205 which is generally linearly related to the
10 voltage at the input terminals 105 and 106. The gain of
transconductance stage 101 is the ratio of the current at its output
terminal 205 to the voltage at its input terminals 105 and 106.
The transimpedance circuit 201 has an input terminal 205
coupled to receive the amplified signal and an output terminal 206
15 operative to produce a buffered amplified signal. The input
terminal 205 of the transimpedance circuit 201 presents a resistive

input impedance to the amplified signal at a frequency
substantially near an open loop unity gain frequency of the
operational amplifier 200. The transimpedance circuit 201

20 receives a current at input terminal 205 and produces an output
voltage at output terminal 206. The purpose of having the resistive
input impedance to the amplified signal at a frequency
substantially near an open loop unity gain frequency of the
operational amplifier 200 is to eliminate a negative phase shift at

25 input terminal 205 which would reduce the phase margin near
the unity gain frequency.

The output driver 103 has an input terminal 206, having a
complex impedance, coupled to receive the buffered amplified
signal and having an output terminal 108 operative to produce an

30 output signal to drive the load 110. The amplified signal at
terminal 205 is buffered from the complex impedance of the input
terminal 206 of the output driver 103. In the preferred
embodiment, the output driver 103 is a PMOS FET and has a
complex input impedance consisting of a large parallel input

35 capacitance. The amplified signal at terminal 205 is buffered
from the large input capacitance of output driver 103, which
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-3 - ‘ require physically | arge conponents such as capacitors.

Still further, the anplifier 100 is susceptible to high frequency
noi se on t he power supply or ground to the anplifier.

Accordingly there is a need for an appargjus and nethod 5 for
frequency conpensating an operati onal an%'lfier advant ageousl y
provi di ng wi der bandw dth and i nproved stability with conpl ex | ow

i npedance | oads. SC i on .of the
i ngs 10 Hheans that the pmglified signal js,pat Idadsrchy. thE rih Bt
conventional capacitanpgeofibutput driveat 108.er havi ng a | oad.

The transimpedance circuit 201 generally includes a
compensation network 202 and a buffer amplifier 203.

5 "Individually, the compensation network 202 and the buffer
amplified 203 are generally well known in the art; hence, no
further discussion will be presented except to facilitate the
understanding of the present invention. The combination of the
compensation network 202 and the buffer amplifier 203 and its use

10 in the operational amplifier 200 is considered novel and will be
described and illustrated in detail below with reference to FIGS. 2-
5, in accordance with the present invention.

The compensation network 202 may be implemented, for

example, using a resistor 207 and a capacitor 208 in accordance

15 with well known design techniques. The buffer amplifier 203 may
be implemented, for example, using an operational amplifier
such as a Motorola MC1741.

According to the preferred embodiment of the present
invention, as shown in FIG. 2, the buffer amplifier 203 has input

20 terminal 205 of the transimpedance circuit 201 coupled to receive
the amplified signal, and has the output terminal 206 of the
transimpedance circuit 201 operative to produce the buffered
amplified signal. The compensation network 202 has the input
terminal of the transimpedance circuit 201 coupled to receive the

25 amplified signal 205 and operative to frequency compensate the
amplified signal 205. Frequency compensation of the amplified
signal 205 refers to the modification of the amplitude and phase
versus frequency of the amplified signal 205 to produce a desired
amplitude and phase versus frequency in the overall open loop

30 gain of amplifier 100. The desired open loop gain has a phase
margin of generally at least 45 degrees.

FIG. 3 illustrates a block diagram of a transimpedance
circuit 201 in accordance with an alternate embodiment of the
present invention. The transimpedance circuit 201, in accordance

35 with the alternate embodiment, generally includes a feedback
amplifier 301 and the compensation network 202. Individually the
feedback amplifier 301 and the compensation network 202 are
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FIG 2 illustrates a block diagram of an operational anplifier

having a transi npedance circuit in accordance with the 15 pr esent

i nvention. . FIG 3 illustrates a block diagramof a

t ransi npedance . circuit in accordaPce with an alternate enbodi nent

of the present I nventi on. FIG 4 illustrates a bl ock
di agram of a voltage regul ator 20 I ncl udi ng the operational anplifier

of FIG 2 in accord resent iavant i

FIG 5 illustrH%98r YIVS EWMD R |t¥}§tar"§u ﬁ’ﬁﬁ‘é @Jrscussmn will
frequency conpédsespiasentéd excqptr‘tatfaaﬂlﬁhteaﬂm uhderstaﬁ(hng of-th@ pfesent and
the voltage re r_ 4 ] resent

i nvent i on. %L,sﬁﬁon oﬂﬁ {:gxﬁb%qtf éégéegﬁg gﬁ a‘%ﬁ;ﬁﬁéﬁﬁgfr%%% 0 eo

oper at i onal compenaagionf hetwabo202 ande:hezr 1ge an@be@@ncetlomh the pr esent
| nventi org amplifier 200 fFR?tf?i &rdd Rovel arfdl will Betd&dcrédETOdi ment
30 and 1 gs%ggtre in taalﬁl;I ltowew1trhe§ee ererllcre]evt%nlg‘i(gg tg] $n' OTeg0I Ng
accordance with the alternate embodiment of the present
invention.

The feedback amplifier 301 may be implemented, for

10 example, using an operational amplifier such as a Motorola
MC1741.

The feedback amplifier 301 has input terminal 205 of the
transimpedance circuit 201 coupled to receive the amplified
signal, and has the output terminal 206 of the transimpedance

15 circuit 201 operative to produce the buffered amplified signal. A
feedback configuration is a method for coupling the output of an
amplifier to its input. An advantage of a feedback configuration is
the low output impedance which it produces.

The compensation network 202 is coupled between the input

20 terminal 205 of the transimpedance circuit 201 and the output
terminal 206 of the transimpedance.circuit 201, and operative to
frequency compensate the amplified signal at the input terminal
205 responsive to the buffered amplified signal at the output
terminal 206. The compensation network 202 is placed in the

25 feedback path of the feedback amplifier 301 to provide a current to
voltage conversion function. The input to the feedback amplifier
301 acts as a virtual ground so that no voltage appears at its input.
No current flows into the input of the feedback amplifier 301. All
of the current flows into the compensation network 202. The

30 output of the feedback amplifier 301 has a low impedance because
of the feedback action.

FIG. 4 illustrates a block diagram of a voltage regulator 400
including the operational amplifier 200 of FIG. 2 in accordance
with the present invention. The voltage regulator 400 generally

35 includes the operational amplifier 200 and a feedback circuit 402.
The feedback circuit 402 is generally well known in the art;
hence, no further discussion will be presented except to facilitate
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need is éubstantially met by an irfproved apparatus and net hod for

frequency conpensating an operational anplifier. According ' to the
present invention, a transinpedance ci rcui t has an input 35 t erm nal
coupled to receive an anplified signal g an out put t erm-nal

operative to produce a buffered anplifietd®Signal. An I nput term nal
of the tranS|npedance circuit presents a resistive

stantial 1y 08 o SBISRAE, At BB R BAL he Pachabh SREY
oper ati onal anphiafyi ¢ implementdd, fforéxample) with bedistors cisfisoweHd known
in the art.

The operational amplifier 200 is coupled to receive an input

5 signal at terminal 105 from a voltage reference signal source 401,
and operative to produce an output signal at terminal 108 having a
regulated voltage to drive the load 110. The feedback circuit 402 is
coupled between the input terminal 106 of the operational
amplifier 200 and the output terminal 108 of the operational

10 amplifier 200.

The advantages of using the operational amplifier 200 in the
voltage regulator 400 is that the voltage regulator 400 can be
provided with wider bandwidth, for improved power supply
rejection, and improved stability with complex low impedance

15 loads.

FIG. 5 illustrates a flow chart illustrating the steps for
frequency compensating the operational amplifier 200 of FIG. 2
and the voltage regulator 400 of FIG. 4. Generally, steps 501-506
describe the operation of the voltage regulator 400 of FIG. 4.

20 Generally, steps 502-505 describe the operation of the operational
amplifier 200 of FIG. 2. Generally, steps 503 and 504 describe the
method of frequency compensating the operational amplifier 200
of FIG. 2.

The flowchart begins at step 500.

25 At step 502, an input signal 105 from the voltage reference
signal source 401 is amplified to produce an amplified signal 205.

At step 503, the amplified signal 205 is frequency
compensated. Frequency compensating presents a resistive input
impedance to the amplified signal 205 near the unity gain

30 frequency of the operational amplifier 200.

At step 504, the amplified signal 205 is buffered to produce a
buffered amplified signal 206 appearing across a complex
impedance.

At step 505, an output signal 108 is produced having a

3H regulated voltage to drive the load 110 responsive to the buffered
amplified signal 206.
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conpl ex i npedance of an input terminal of an output driver. The 5

present invention advantageously provi des w de bandw dt h and stabl e
operation with | oads having | ow conpl ex i npedance. The
present invention can be nore fully described with reference to
FIGS. 2-5, wherein FIG 2 illustrates a bPock di agram - of an
operational anplifier 200 having a transi npedance circuit 10 I n
accordance with the present_inyention, The_qper.ational ) anplifier
200 general |y incl uddtsten 506, WGEFEMtlﬁgés E@‘lll;iaeé to the input

transi npedance gghgl106.201, and an output driver 103. I ndi vi dual |y,
t he transconduct ance,rﬁt %ge k%han& tgetouég t driver 103 are
generally well known f LORE engR Ak &MV furt her 15 di scussion w ||
be presented except FIGf@dllustmtes ahschemisic diagtiamy of the operationak present

I nventiong The | [ [ él%lar%.@ ' 1on with

t he operati onalééﬁpﬁﬁegwllé‘séggnéscf ere gvg%/tg{the present gﬁgé%ﬁﬂ? be '
described and iTheiransconduatancetagedildwthe transimpesdanse circuit 20dy FI Gs,
2-5, in accor dajiefonipif dridferPI0E; $RE buffee dhehfier 908, and the freqtficy

i ngle st age. of oRSTRRSeT: BoRFerk 308 e Outlined ingetch sag gorrespond’ ' "9
transconduct ancie ¢helreferarice Minmesalspfor theibletksIIBFIG. 2. The schematic
10 of the operational amplifier 200, as shown in FIG. 6, is
implemented using conventional components using bipolar
‘devices, metal oxide semiconductor field effect transistors
(MOSFET), capacitors, resistors, and current sources. The
current sources are also implemented using bipolar and MOSFET
15 devices; however, the current sources are shown in FIG. 6 as
ideal for the sake of simplicity.

Thus, the present invention advantageously provides an
apparatus and method for frequency compensating an operational
amplifier 200. According to the present invention, a

20 transimpedance circuit has at least one input terminal coupled to
receive at least one amplified signal and at least one output
terminal operative to produce at least one buffered amplified
signal. The at least one input terminal of the transimpedance
circuit presents a resistive input impedance to the at least one

25 amplified signal. The at least one amplified signal has a
frequency substantially near an open loop unity gain frequency of
the operational amplifier. The at least one amplified signal is
buffered from a complex impedance of the at least one input
terminal of an output driver. The present invention

30 advantageously provides wide bandwidth and stable operation
with loads having low complex impedance. With the present
invention, the problems of low bandwidth and unstable operation
with low complex impedance loads of the prior art are
substantially resolved.
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may be ifrpl enented, for exanple, using a p-channel netal oxide

sem conductor field effect transistor (p-channel MOSFET). 25 The
operational anplifier 200 drives a |load 110. The | oad 110 has a
conpl ex i nmpedance having a val ue sel ect eg froma w de- range of

val ues. A load which has a conpl ex inped fce is not purely

resistive but instead generally has a capacitive or inductive
conponent. In the pn rred e | Een %‘g h ral.tel 30
capacitive corrponentme the pr@%gﬂ{; ﬁ‘ﬁeﬁg’l &éﬁ%gﬂa&%ﬁ%gafﬁh 200 has an
open | oop uni t yefprence to illustrative esnbydinfénts dheredfpitpisumitt intemded f r equency
is defined as . : t i aj : o] i onal
amplifier 200 }rﬂgt ;,he mvené&?ggum ?y?_%@ﬁ%ﬁ@?‘gﬁgcr%&%ﬁ%ﬁéh%‘%
confi gurati on. s@ﬁed indbe3st will racegniper thatovamations andrmedificatinnsck .

5 ‘can be made without departing from the spirit and scope of the

present invention as set forth in the appended claims.

What is claimed is:
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-5 - ' - The transconductance stage 101 has input term nals 105
.and 106 coupled to receive input signals and having an out put

term nal ﬂ roduce an arrpl [ f i ed signal.
Alternativ Hmmﬂlﬂl amh p may, for be a doubl e-ended. 5
differential segna oWt changi ng the peratlon of the present
invention. Furthernore, all signals within the operational

anplifier 200 nmay, alternatively, be d@tﬁﬁéended signals. The
transconduct ance stage 101 is a cirecui h produces a current at
|tistoutput tﬁrm nal 205 which is generally linearly related to the 10

vol tage at the inpu I

t ransconduct ance st;geﬁig}f%q)e%?égﬁ?g?&ﬁ %e%c%enfgﬁ%?d Ih[ay%%ta t
ternminal 205 t complex idnpedence hiaving ﬂpYﬂlu?éeﬂﬁﬁad Jram= yride mamee &t

The Fra”t%h”ped@gﬁgesc \iidteln ¢Ad ogﬁf‘aﬁﬂnhr‘ﬂﬂi plifRirhafbm2ffen loop unitgoup! ed to

receive e anp st ghal _and, an out ({erm nal
gain frequency, wherein a transcon ctance stage as at least

one input terminal coupled to receive at least one input signal and
has at least one output terminal operative to produce at least one

amplified signal, wherein an output driver has at least one input

10 terminal coupled to receive at least one buffered amplified signal
and has at least one output terminal operative to produce an
output signal to drive the load, an apparatus for frequency
compensating the operational amplifier comprising:

a transimpedance circuit having at least one input

15 terminal coupled to receive the at least one amplified signal and at
least one output terminal operative to produce the at least one
buffered amplified signal, wherein the transimpedance circuit
has a transfer function represented by the voltage of the at least
one buffered amplified signal divided by the current of the at least

20 one amplified signal, and wherein the transfer function has a
zero at a frequency substantially near the open loop unity gain
frequency, and wherein the at least one amplified signal is
buffered from a complex impedance of the at least one input
terminal of the output driver.

2. An apparatus according to claim 1 wherein the
transimpedance circuit further comprises:
a buffer amplifier having the at least one input terminal of
the transimpedance circuit coupled to receive the at least
30 amplified signal and having the at least one output terminal of the
transimpedance circuit operative to produce the at least one
buffered amplified signal; and
" a compensation network having the at least one input
terminal of the transimpedance circuit coupled to receive the at
35 least one amplified signal and operative to frequency compensate
the at least one amplified signal.
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15 operative to produce a buffered anplified signal. The input

‘term nal ﬂmﬂ npedance circuit 201 presents a resistive

i nput i mﬁ@‘ﬂ““t“‘“\ Ml ified signal at a frequency

subst anti akl yc netar *an Sopen | oop unity ga'gg frequency of the :
operational anplifier 200. The transi npédénce circuit 201 20 receives a

current at input termnal 205 and produces an out put vol t age at

out put term nal 206., The purpose of haxing the. resistive I nput

i npedance to the ampyi 2\%8"2&6&5? %Fo@pggzaﬁmezswierem Bstantial ly near
an open | oop urbompeymsiatiolr ngtweorly faftherecomprises: operati onal anplifier 200
Is to elimnate a n L Vi€ l at 25 I nput term nal 205 which
woul d reduce the ph%gggﬁétrﬁﬁagﬁsggﬁbq’ Lhd the unity gain frequency.

The output driver 168 laastene capaditoreoripled tothee atledstgne resistor in @onpl ex

| npedanc COURLERst ﬁfg@% g he buffered anplified si gnal and
havi ng a? out put tgr mn;a 1 operative to produce an 30 out put si gnal
to drive the load 110. The anplified signal at termnal 205 is

buffered fromthe caphAexap 88 &RcofdihB&oi dd@ith 1 wherein tieg m nal 206 of
t he out put dri enbodi nent, the out put

driver 103 is ig éﬂé%g) nrh‘it‘?dgiﬁ'géﬁgﬁ{r%ﬁgr comprises:
a feedback amplifier having the at least one input terminal
10 of the transimpedance circuit coupled to receive the at least one
amplified signal and having the at least one output terminal of the
transimpedance circuit operative to produce the at least one
buffered amplified signal; and
a compensation network coupled between the at least one
15 input terminal of the transimpedance circuit and at least one
output terminal of the transimpedance circuit, and operative to
frequency compensate the at least one amplified signal responsive
to the at least one buffered amplified signal.

20 5. An apparatus according to claim 4 wherein the
compensation network further comprises:
at least one resistor; and
at least one capacitor coupled to the at least one resistor in a
series arrangement.

6. In an operational amplifier that drives a load having a-
complex impedance having a value selected from a wide range of
values, wherein the operational amplifier has an open loop unity
gain frequency, wherein at least one input signal is amplified to

30 produce at least one amplified signal, wherein an output signal is
produced to drive the load responsive to at least one buffered
amplified signal, a method for frequency compensating the
operational amplifier comprising the steps of:

frequency compensating the at least one amplified signal;

35 and
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conpl ex input inpedance consisting of a large parallel input 35

capacitance. Th i ofi mPnal at termnal 205 is buffered from
the large i n[ﬂ“\i&% “ﬁ‘“mu out put -driver 103, which

-6 - o vthat the* anplified sjgnal is not |oaded by the | arge

I nput capaci tance of output dri'vet™ 103. The

transi npedance circuit 201 generally includes a o conpensati on
Conpensat i on' net or RUBEE: e ficiengt pop amplified siafitoabe HE at e, oy 1
wel | known in Idagt ane; buffered, amplified signal; and
wherein the steps of frequency compensating and buffering
produce a transfer function represented by the voltage of the at
5 least one buffered amplified signal divided by the current of the at
least one amplified signai, wherein the transfer function has a
zero at a frequency substantially near the open loop unity gain
frequency.

J
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further -di scussion will be presenfed except to facilitate the
under st andi ng of the present invention. The conbi nation of the

conpensati on network 202 and the buffer anplifier 203 and its use 10 in
t he operational anplifier 200 is consideyed novel and will be

described and illustrated in detail beloWwWwth reference to FIGS. 2-

5, in accordance with the present invention. The conpensati on

network 202 rmay be i resi stor 207

and a capacitor 208 %@%&@m&’wm@m@ gn techni ques.
The buffer anplifi eCOMPENSATING ANIQPERATIONAN AMBPLEIER| e, using an
operational anmplifier such as a Motorola MC1741.

According to the preferred enbodi nent of the present i nvention, as
shown in FIG 2, the buffer anplifier 203 has input 20 term nal 205 of

the trangi rrpedance circuit 201%&?&_&%&@@ the anplified
signal, and has the output termna 0 e t ransi npedance
circuit 201 operative to produce the buffered anplified signal. The

conpensation networ i #dashapediificd birvhit (201), and ehethed tindrefdrs
transi npedancegcircuit 201 cougl ed to recei Vgampehfger Thearrpl I fied signal

205 and oper at [FOAUPBCY COTRENSATES, AR ARCTAHOPA

transimpedance circuit (201) has an input terminal (205) coupled

10 to receive an amplified signal (205) and an output terminal (206)
operative to produce a buffered amplified signal. The input
terminal (205) of the transimpedance circuit (201) presents a
resistive input impedance to the amplified signal at a frequency
substantially near an open loop unity gain frequency of the

15 operational amplifier (200). The amplified signal is buffered from
a complex impedance of an input terminal (206) of an output
driver (103). The present invention advantageously provides wide
bandwidth and stable operation with loads having low complex
impedance.
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anplified'signal 205. Frequency conpensation of the anplified
signal 205 refers to the nodification of the anplitude and phase
versus frequency of the anplified signal 205 to produce a desired

anpl i tude and phase versus frequency in the overall open |oop 30 gain
of anplifier 100. The desired open | oop gain has a phase mar gi n of
generally at |east 45 degrees. FIG 3 illustrates a bl ock

di agram of a transi npedance circuit 201 in accordance with an

al ternat e enbodi nent of the prege nvention. The transi npedance
circuit 201, in accordance 35 with tHfe alternate enbodi ment, generally
I ncl udes a feedback anplifier 301 and the conpensation network 202.
I ndi vidual ly the feedback anplifier 301 and the conpensation

net wor k 202 are

105

TRANSCONDUCTANCE
STAGE

110

COMPENSATION
NETWORK

TRANSCONDUCTANCE.
STAGE

OUTPUT

;
o) —
| d207] ; DRIVER
N | '
101 Iy [-208 l
l L | —
L] — 2202 " B
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Lo —_ o — - R |
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-7 - ' generally well known in the art; hence, no further

di scussion w ||l be presented except to facilitate the understanding
of the present i nvention. The conbination of the feedback anplifier
301 and the . conpensation network 202 and their use in the
operational 5 anplifier 200 of FIG 2 is considered novel and wll be
descri bed and illustrated in detail ,oelow with reference to FIGS.
3-5, in accordance with the altefhaf @enmbodi nent of the pr esent

i nvention. The feedback anplifier 301 nmay be inplenented, for
10 exanpl e, using an operational anplifier such as a Mtorola

MC1741. The feedback anplifier 301 has input term nal 205 of
t he transi npedance circuit 201 coupled to receive the anplified

signal, and has the output term nal 206 of the transi npedance 15
circuit 201 operative to produce the buffered anplified signal. A
f eedback configuration is a nethod for coupling the output of an

- 1

FEEDBACK
CIRCUIT

401

106
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anplifier toits input. An advantage of a feedback configuration is

the | ow out put inpedance which it produces. The conpensati on
network 202 is coupl ed between the input 20 term nal 205 of the

transi npedance circuit 201 and the out put term nal 206 of.the
transi npedance circuit 201, and operative to frequency conpensate
the anplified signal at the input term nal ' 205 responsive to the

buffered anplified signal at the outpufd / 4 term nal 206. The
conpensation network 202 is placed in the 25 f eedback path of the

feedback anplifier 301 to provide a current to vol t age conversi on
function. The input to the feedback anmplifier 301 acts as a virtua
ground so that no voltage appears at ‘ii!;qﬂi No current flows
into the input of the feedback anpli 1 AII of the current
flows into the conpensation network 202. |The 30 - out pigppf the feedback
anplifier 301 hasra +ow-+rpedance- becadsg- — — — — ~of~ -t ke~ eedlback—act i on.

FIG 4 illustratels a block diagramof a

i ncl udi ng the opdratlo

with the present linven msmfog gL' pge“atAor GoPa@enegal Iy 35
I ncl udes the operhtionc EﬁtﬁﬁE NKEjfszﬁ PEIEF' F C 5
TO PRODUCE AN AMPLIFIED SIGNAL

ol tage regul ator 400

THE AMPLIFIED SIGNAL IS 503

FREQUENCY COMPENSATED

THE AMPLIFIED SIGNAL IS BUFFERED TO
PRODUCE A BUFFERED AMPLIFIED
SIGNAL APPEARING ACROSS A
COMPLEX IMPEDANCE

AN OUTPUT SIGNAL IS PRODUCED
HAVING A REGULATED VOLTAGE
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TO THE BUFFERED AMPLIFIED
SIGNAL
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The feedback circuit 402 is generally well known in the art; hence,

no further discussion will be presented except to facilitate

-8 - t he understandi ng of the present invention. The feedback
circuit ' may be inplenented, for exanple, with resistors as is well
known in the art. The operational anplifier 200 is
coupled to receive an input 5 signal at termnal 105 froma voltage
ref erence signal source 401, and operative to produce an out put

signal at term nal 108 having a
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regul at ed volfzage to drive t He load 110. The feedback circuit 40Pofg— s
coupl ed betwegn 't he input tefm nal 108 of the operational

anplifier 200,and the. out put % erni nal “f8 of the operational 10
anplifier 200: : - %.The advant ages of using the operational
anplifier 200 in the vol t age reguhiqtor 400 is that the voltage
regul at or 400 can be -~ gfimpvi ded with wi der bandwi dth, for inproved

power supply rej gf,tp’ ' -Q'il‘@rl\@ﬁgi Paﬂ) i;?%tﬁ?@ | ex | ow
I npedance 15 | oads. ‘ﬂQATb@ I |6 IusLHra es a Ig‘\jr\;pchart

illustrating the steps f{PMPENSATINGANAPERASFHOMNAL AMBIHETESR at i onal

anplifier 200 of FIG -2 and the voltage regul ator 400 of FIG 4.
General ly, steps 501-506 descri be the operation of the voltage
regul ator 400 of FIG 4. 20 General |y, steps 502-505 describe the
operation of & he operati onal Faaiplofthedn2@ftiof FIG 2. CGenerally,
steps 503 and 504 describe the nmet hod of frequency conpensating the
operational anplifier 200 of FIG 2. The fl owchart

begins at step 500. 25 The present inyertiaspraletes genarafyttosingaationab from t he
vol tage reference amplifiers and, more particularly, to an apparatus and method

for frequency compensating an operational amplifier.

10
Background of the Invention
FIG. 1 illustrates, by example, a block diagram of a
conventional operational amplifier 100 (hereinafter referred to as
15 "amplifier") and a load 110. The amplifier 100 is a basic analog

building block for may types of analog signal processing
applications. These applications may include active filtering,
signal amplification, and voltage regulation to name a few.

The amplifier 100 of FIG. 1 generally includes a

20 transconductance stage 101, a compensation network 102 and an
output driver 103. FIG. 1 also illustrates an output load 110.

The interconnection of the blocks of the amplifier 100 and
operation thereof is described as follows. The transconductance
stage 101 is coupled to receive input signal 105 and input signal

25 106 and operative to produce an amplified signal at line 107. The
compensation network 102 is operative to frequency compensate
the amplified signal at line 107. The compensation network 102
may optionally be coupled to receive an output signal at line 109.
The output driver 103 is coupled to receive amplified signal 107

30 . and operative to produce output signal 108 to drive the output load
110.

The operation of the amplifier 100 is described as follows. A
differential input signal between input 105 and input 106 is
amplified in transconductance stage 101 and converted to a

35 current signal at line 107. The compensation network 102
provides frequency compensation of the amplified current at line
107 by converting the current signal to a voltage signal by way of
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sighal source 401 is anplified to produce an anplified signal 205.

At step 503, the anplified signal 205 is frequency conpensat ed.
Frequency conpensating presents a resistive input i npedance to the
anplifired signal 205 near the unity gain 30 frequency of the
operational anplifier 200. At -8tep 504, the anplified signal
205 is buffered to produce a buffered anplified signal 206

Ut put S'gnal 108 T BRBBARRSE ifAFPHIIeR e 107 ¢l A6t drvanddo dr ive
the load 110 respoprivides oolthge bud/er €fkrent gain t&fRk s pldfied 8ial 208ine
107 and produces the output signal 108 which appears across the
load 110. The load 110 may have a complex as well as a real
impedance associated with it.

Amplifiers may be configured as open or closed loops.
Amplifiers have gain defined by the relationship between the
amplifier's input and output. The gain has frequency dependent
amplitude and phase. In order for the amplifier to be
10 unconditionally stable in a closed loop configuration, the

amplitude of the open loop gain versus frequency must drop below
unity before the open loop phase exceeds 180 degrees. Phase
margin is defined as 180 degrees minus the open loop phase at the
frequency at which the amplitude of the open loop gain drops
15 below unity. A phase margin of 45 degrees is usually considered
adequate. It is often desirable for the phase margin to be at least
45 degrees over a wide range of load impedance's.
A problem with the conventional amplifier 100 is that the
output driver 103 may be a physically large device with associated
20 large input capacitance. The large input capacitance appears in
parallel with the compensation network 102 and can severely alter
its desired frequency compensation characteristic.
Another problem with the conventional amplifier 100 is that
in some applications, such as voltage regulators, the complex
25 impedance associated with the output load may be significant.
This complex impedance may add additional phase shift to the
open loop gain and degrade the phase margin of the amplifier. If
the performance of the compensation network 102 is severely
altered by the output driver's input capacitance, then the range of
30 . values for acceptable load impedances may have to be severely
restricted in order to guarantee sufficient phase margin for stable
operation. _
A solution to these problems involves reducing the
bandwidth of the amplifier by reducing its unity gain open loop
35 frequency. However, a disadvantage of this solution is that the
amplifier 100 can't amplify high frequency signals because of the
reduced bandwidth. Further, reducing the bandwidth may

94}
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-9 - At step 506, the output signal 108 is coupled to the

I nput signal 106. The flowchart ends at step 507.
FIG 6 illustrates a schematic diagram of the operational 5 anplifier
200 of "FIG 2 in accordance with the present invention. The
transconduct ance stage 101, the transi npedan8e circuit 201, t he
output driver 103, the buffer anplifier 203, and the frequency
conpensation network 202 are outlined in hatch and correspond to

the reference nunerequre physicallyl lazge componenty sughasseapagitors Hoill  of
the operational a”ﬁlﬂtﬁéﬁrthgoﬂn BfieP 'lgl’)’rls'sﬁsgér@ibl@ to'l‘ﬁgh fre%uennég’m%l &AL ed

usi ng conventi onal onents Usin devi ce OXIde
seni conductor fi el EheeP WET SHPRASPS %ncfto the amplifiesT) | capacitors,
resistors, and current Aotyrdixsgly fthere is a need furr £mtappaviaiesand ene?tlh%a
| mpl ement ed gsing g‘r%%&ﬁe@ydc%gggating an operational amplifier
P
advantageously providing wider bandwidth and improved stability
with complex low impedance loads.

Brief D e f the D .
10

FIG. 1 illustrates a block diagram of a conventional
operational amplifier having a load.

FIG. 2 illustrates a block diagram of an operational
amplifier having a transimpedance circuit in accordance with the

15 present invention.

FIG. 3 illustrates a block diagram of a transimpedance
circuit in accordance with an alternate embodiment of the present
invention.

FIG. 4 illustrates a block diagram of a voltage regulator

20 including the operational amplifier of FIG. 2 in accordance with
the present invention.

FIG. 5 illustrates a flow chart illustrating the steps for
frequency compensating the operational amplifier 200 of FIG. 2
and the voltage regulator 400 of FIG. 4 in accordance with the

25 present invention.

FIG. 6 illustrates a schematic diagram of the operational

amplifier 200 of FIG. 2 in accordance with the present invention.

Detailed Descrintion of a Preferred Embodi

In accordance with the present invention, the foregoing
need is substantially met by an improved apparatus and method
for frequency compensating an operational amplifier. According
to the present invention, a transimpedance circuit has an input
35 terminal coupled to receive an amplified signal and an output
terminal operative to produce a buffered amplified signal. An
input terminal of the transimpedance circuit presents a resistive
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15 devi ces; however, the current sources are shown in FIG 6 as

i'deal for the sake of sinplicity. Thus, the present invention
advant ageousl y provi des an apparatus and net hod for frequency
conpensati ng an operati onal anplifier 200. According to the present
I nvention, a 20 transi npedance circuit hgs_ at |east one input term nal
coupled to receive at |least one anplified signal and at |east one
out put term nal operative to produce at |east one buffered

anpl i fied %gﬁelxmpzaan@é tb €Rel éd‘@i—gtnatl%ftrﬂ feluehcy he

t ransi npedance circ resents resistive i.nput 1 np Fg}aence to the
at | east one 25 substan ?—@H%?ﬁﬁé‘lweﬂq OR{URiEY, SIR) fREANSAEY £ si gnal has

a fr equencmmbﬁbﬁm aﬁi;iliﬁareafrharanmpleﬁedi @(gnalristtmfmea fisouency of

but fored from a coRgFesior ipRtaates of Bhyistaf REBLbAl fEaT (BBRe bhiver. The
term nal of alm out resemt menti‘mea Prantageously arovisiesagide bandwidthaambus! y

provi des wi de band%gm @;ﬂh&ia&foab%ﬁhomaatnmng low com Plek N cBaving I ow
conpl ex i nmpedance. Wth resent ILhvent i the problens of |ow

bandwi dt h and unstabl e Hf‘?st?ﬁ‘t invention Gapbe Bgre é)‘?s‘F% ¥RER | oads
of the prior art armreference to FIGS. 2-5, wherein FIG. 2 illustrates a block diagram

of an operational amplifier 200 having a transimpedance circuit

10 in accordance with the present invention. The operational
amplifier 200 generally includes a transconductance stage 101, a
transimpedance circuit 201, and an output driver 103.
Individually, the transconductance stage 101 and the output
driver 103 are generally well known in the art; hence, no further

15 discussion will be presented except to facilitate the understanding
of the present invention. The transimpedance circuit 201 and its
operation with the operational amplifier 200 is considered novel
and will be described and illustrated in detail below with reference
to FIGS. 2-5, in accordance with the present invention.

20 The transconductance stage 101 may be implemented, for
example, using a single stage of a Signetics NE5517 dual
operational transconductance amplifier. The output driver 103
may be implemented, for example, using a p-channel metal oxide
semiconductor field effect transistor (p-channel MOSFET).

25 The operational amplifier 200 drives a load 110. The load
110 has a complex impedance having a value selected from a wide
range of values. A load which has a complex impedance is not
purely resistive but instead generally has a capacitive or inductive
component. In the preferred embodiment, the load has a parallel

30 . capacitive component.

The operational amplifier 200 has an open loop umty gain
frequency. The open loop unity gain frequency is defined as the
frequency at which the gain of the operational amplifier 200 drops
to unity, when operated in an open loop configuration. Open loop

35 configuration means without feedback.
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substantially resol ved. -
10- Wil e the present invention has been described with
reference to illustrative enbodi ments thereof, it is not intended

that the invention be limted to these specific enbodi nents. Those
skilled in the art will recognize that variatktions and nodifications 5
can be nmade wi thout departing fromthe spirit and scope of the

The transconductance stage 101 has input terminals 105
and 106 coupled to receive input signals and having an output
terminal 205 operative to produce an amplified signal.
Alternatively, terminal 205 may, for example, be a double-ended

5 differential signal without changing the operation of the present
invention. Furthermore, all signals within the operational
amplifier 200 may, alternatively, be double-ended signals. The
transconductance stage 101 is a circuit which produces a current
at its output terminal 205 which is generally linearly related to the

10 voltage at the input terminals 105 and 106. The gain of
transconductance stage 101 is the ratio of the current at its output
terminal 205 to the voltage at its input terminals 105 and 106.

The transimpedance circuit 201 has an input terminal 205

coupled to receive the amplified signal and an output terminal 206

15 operative to produce a buffered amplified signal. The input
terminal 205 of the transimpedance circuit 201 presents a resistive
input impedance to the amplified signal at a frequency
substantially near an open loop unity gain frequency of the
operational amplifier 200. The transimpedance circuit 201

20 receives a current at input terminal 205 and produces an output
voltage at output terminal 206. The purpose of having the resistive
input impedance to the amplified signal at a frequency
substantially near an open loop unity gain frequency of the
operational amplifier 200 is to eliminate a negative phase shift at

25 input terminal 205 which would reduce the phase margin near
the unity gain frequency.

The output driver 103 has an input terminal 206, having a-
complex impedance, coupled to receive the buffered amplified
signal and having an output terminal 108 operative to produce an

30 . output signal to drive the load 110. The amplified signal at .
terminal 205 is buffered from the complex impedance of the input
terminal 206 of the output driver 103. In the preferred
embodiment, the output driver 103 is a PMOS FET and has a
complex input impedance consisting of a large parallel input

35 capacitance. The amplified signal at terminal 205 is buffered
from the large input capacitance of output driver 103, which
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present invention as set forth in the appended cl ai ns. What

is claimed is: C ai s
1. In an operational anplifier that drives a |oad having a conpl ex
| npedance having a val ue selected froma w de range of

-6-

means that the amplified signal is not loaded by the large input
capacitance of output driver 103.

The transimpedance circuit 201 generally includes a
compensation network 202 and a buffer amplifier 203.

5 Individually, the compensation network 202 and the buffer
amplified 203 are generally well known in the art; hence, no
further discussion will be presented except to facilitate the
understanding of the present invention. The combination of the
compensation network 202 and the buffer amplifier 203 and its use

10 in the operational amplifier 200 is considered novel and will be
described and illustrated in detail below with reference to FIGS. 2-
5, in accordance with the present invention.
The compensation network 202 may be implemented, for
example, using a resistor 207 and a capacitor 208 in accordance
with well known design techniques. The buffer amplifier 203 may
be implemented, for example, using an operational amplifier
such as a Motorola MC1741.
According to the preferred embodiment of the present
invention, as shown in FIG. 2, the buffer amplifier 203 has input
20 terminal 205 of the transimpedance circuit 201 coupled to receive
the amplified signal, and has the output terminal 206 of the
transimpedance circuit 201 operative to produce the buffered
amplified signal. The compensation network 202 has the inpuf
terminal of the transimpedance circuit 201 coupled to receive the

25 amplified signal 205 and operative to frequency compensate the
amplified signal 205. Frequency compensation of the amplified
signal 205 refers to the modification of the amplitude and phase
versus frequency of the amplified signal 205 to produce a desired
amplitude and phase versus frequency in the overall open loop

30 . gain of amplifier 100. The desired open loop gain has a phase
margin of generally at least 45 degrees.

FIG. 3 illustrates a block diagram of a transimpedance
circuit 201 in accordance with an alternate embodiment of the
present invention. The transimpedance circuit 201, in accordance

35 with the alternate embodiment, generally includes a feedback
amplifier 301 and the compensation network 202. Individually the
feedback amplifier 301 and the compensation network 202 are

&
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5 val ues, wherein the operational anplifier has an o
gain frequency, wherein a transconductance stage has at
i nput term nal coupled to receive at |east one input sig

pen | oop unity
| east one
nal and has

at | east one outpu
anplified signal,

termnal coupled t
and has at least o
signal to drive th

t termnal operative to produce at |east one
wherein an output driver hds at |east one I nput 10
o0 receive at |east one buffered anplified signal

Bon Rl el i BRoR Y/ Refendy L el Lshiignantl ng

t he operational anpéipresentedrsxcept tofacilitate the understaadimginftingpprisent

circuit having at

| east one anplifie
operative to produ
wherein the transi
represented by the
signal divided by

and wherein the tr
substantially near

the at | east one a%‘f

| f: Qnemi N . ' Vi, ot he at
e dnacion ok ARl R ek Ogh
cemphpsation agsvorn802 and theipyse dpdaeapsrafiord signal
Hgﬁ&liﬁg&zz%q 5151;1@. 2 is con?idbﬁéd Aobéladrsd W‘illfbén&écficﬁ'&eld_ o

, at.. least . one red anplifie
?ﬂg thgVéﬁ?d s %FF?él h?ﬂﬁ“é?ﬂfh E@ferenceowgf" 2%1 ?T}’ élgpsi gnal ,
at@rdantemdth ohe biteraate embodimenvofithepteseqtency

.the%ftg)&en | oop unity gain frequency, and wherein
iI'fied signal is buffered from a conpl ex

i npedance of the at | ea¥hedredbankuamplifier 301 may be implemented, for

10

example, using an operational amplifier such as a Motorola
MC1741.

The feedback amplifier 301 has input terminal 205 of the
transimpedance circuit 201 coupled to receive the amplified
signal, and has the output terminal 206 of the transimpedance
circuit 201 operative to produce the buffered amplified signal. A
feedback configuration is a method for coupling the output of an
amplifier to its input. An advantage of a feedback configuration is
the low output impedance which it produces.

The compensation network 202 is coupled between the input
terminal 205 of the transimpedance circuit 201 and the output
terminal 206 of the transimpedance circuit 201, and operative to
frequency compensate the amplified signal at the input terminal
205 responsive to the buffered amplified signal at the output
terminal 206. The compensation network 202 is placed in the
feedback path of the feedback amplifier 301 to provide a current to
voltage conversion function. The input to the feedback amplifier
301 acts as a virtual ground so that no voltage appears at its input.
No current flows into the input of the feedback amplifier 301. All
of the current flows into the compensation network 202. The
output of the feedback amplifier 301 has a low impedance because
of the feedback action.

FIG. 4 illustrates a block diagram of a voltage regulator 400
including the operational amplifier 200 of FIG. 2 in accordance
with the present invention. The voltage regulator 400 generally
includes the operational amplifier 200 and a feedback circuit 402.
The feedback circuit 402 is generally well known in the art;
hence, no further discussion will be presented except to facilitate
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termnal of the output driver. 25 2. An apparatus according

to claiml1 wherein the t ransi npedance circuit further conprises:
a buffer anplifier having the at |east one input term nal of ~ the
transi npedance circuit coupled to receive the at |east 30 anplified

signal .and having the at |east one output term nal of the

transi npedance circuit operative to producegthe at | east one

buffered anplified signal; and a conpensati on network havi ng
the at | east one input term nal of the transinpedance circuit
coupl ed to recei vehe mdatst3mding of ¢hetpresentamyentioad The feddbacH coreifat i ve

to frequency comPAILE implementbdtodlexaBAt, Wfh AR5 R 908 known
in the art.

The operational amplifier 200 is coupled to receive an input
signal at terminal 105 from a voltage reference signal source 401,
and operative to produce an output signal at terminal 108 having a
regulated voltage to drive the load 110. The feedback circuit 402 is
coupled between the input terminal 106 of the operational
amplifier 200 and the output terminal 108 of the operational
10 amplifier 200.

The advantages of using the operational amplifier 200 in the
voltage regulator 400 is that the voltage regulator 400 can be
provided with wider bandwidth, for improved power supply
rejection, and improved stability with complex low impedance

n

loads.

&

FIG. 5 illustrates a flow chart illustrating the steps for
frequency compensating the operational amplifier 200 of FIG. 2
and the voltage regulator 400 of FIG. 4. Generally, steps 501-506
describe the operation of the voltage regulator 400 of FIG. 4.

2 Generally, steps 502-505 describe the operation of the operational
amplifier 200 of FIG. 2. Generally, steps 503 and 504 describe the
method of frequency compensating the operational amplifier 200
of FIG. 2.

The flowchart begins at step 500.

25 At step 502, an input signal 105 from the voltage reference
signal source 401 is amplified to produce an amplified signal 205.

At step 503, the amplified signal 205 is frequency
compensated. Frequency compensating presents a resistive input
impedance to the amplified signal 205 near the unity gain

30 . freq'uency of the operational amplifier 200. _

At step 504, the amplified signal 205 is buffered to produce a
buffered amplified signal 206 appearing across a complex
impedance.

At step 505, an output signal 108 is produced having a

35 regulated voltage to drive the load 110 responsive to the buffered
amplified signal 206.
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-12- 3. An apparatus according to claim 1 wherein the

transi npedance circuit further conpri ses: a
f eedback anplifer having the at l|east one 5 I nput
term nal of t he transi npedance circuit coupl ed to receive
the at |east one anplified signal and having the at | east one
out put -term nal of the transi npedance circuit operative to
produce the at | east one buffered -9- anplified signal; and 10
a conpensati on network coupl ed between the at Ieast one
I nput term nal of the transinpeda ce ci rcu,itaft at | east one
out put. term nal of the 4% é‘i@@?ﬁ% 4apeutput signal 108 is coupled e thePWper at i ve
to frequency conpegjgﬁglelco@e at | east one anplified signal
responsive to the at eﬁ?t ﬂgevechart ends at step S@Pffer ed anplified signal.
FIG. 6 illustrates a schematic diagram of the operational
S amplifier 200 of FIG. 2 in accordance with the present invention.

The transconductance stage 101, the transimpedance circuit 201,
the output driver 103, the buffer amplifier 203, and the frequency
compensation network 202 are outlined in hatch and correspond
to the reference numerals for the blocks in FIG. 2. The schematic
10 of the operational amplifier 200, as shown in FIG. 6, is
implemented using conventional components using bipolar
devices, metal oxide semiconductor field effect transistors
(MOSFET), capacitors, resistors, and current sources. The
current sources are also implemented using bipolar and MOSFET
devices; however, the current sources are shown in FIG. 6 as
ideal for the sake of simplicity.
Thus, the present invention advantageously provides an
apparatus and method for frequency compensating an operational
amplifier 200. According to the present invention, a
20 transimpedance circuit has at least one input terminal coupled to
receive at least one amplified signal and at least one output
terminal operative to produce at least one buffered amplified
signal. The at least one input terminal of the transimpedance
circuit presents a resistive input impedance to the at least one

25 amplified signal. The at least one amplified signal has a
frequency substantially near an open loop unity gain frequency of
the operational amplifier. The at least one amplified signal is
buffered from a complex impedance of the at least one input
terminal of an output driver. The present invention

30 . advantageously provides wide bandwidth and stable operation
with loads having low complex impedance. With the present
invention, the problems of low bandwidth and unstable operation
with low complex impedance loads of the prior art are

substantially resolved.

&



4. In an operational amplifier that drives a |load having a

conpl ex i npedance having a val ue selected froma w de range of

val ues, wherein the operational anplifier has an 20 open | oop unity

gai n frequency, wherein at |east one input signal is anplified to
produce at |east one anplified signal, wherei n an out put. signa

is produced to drive the | oad rei8onsive to at | east one buffered
anplified signal, a met hod fof *Yfrequency conpensati ng t he

operational 25 anplifier conprising the steps of:

frequency conpensatin e at | east, one | {.f1 . ..1. signal; and
buffering the at |east & @ﬁrﬁﬁ%?@ﬁl%ﬁeﬁgﬂh t‘%é Eg?’)ﬁﬁi&éc’nbed ‘_Mth t he at
| east one buf f er agferente to ddustrgtizk enMfodiments theregficitds mot intendedt eps  of
frequency conpe ing; . .y j 'h%éﬁﬁ:’ transd er
function repr ese%?%%lltﬂg u;l/mon tfe hm“lted_ttﬁeth\gg ?g%dgﬁglﬁ t ater%leseas_t gne
buffered anplifi ekileddaithe art will recognize\thad yasiations and maedifisations at

| east one agplifigd be made without depadting\Bherhethe spifie andogtdberoffthact i on has
a zero at a . . . .
present invention as set forth in the appended claims.

What is claimed is:
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35 frequency substantially near the open |loop unity gain

frequency. -13 5. An
operational anplifier for driving a load having a conpl ex
i npedance hayy ted froma w de range of val ues,
wherein the :{mm’mmm"ﬂﬁwuigl er has an open | oop unity gain
frequency, the operationa lifier 5 -11- conpri si ng: a
t ransconduct ance stage having at |east one input t erm nal

coupled to receive at |east one input signal

" 1. In an operational amplifier that drives a load having a
complex impedance having a value selected from a wide range of
values, wherein the operational amplifier has an open loop unity
gain frequency, wherein a transconductance stage has at least
one input terminal coupled to receive at least one input signal and
has at least one output terminal operative to produce at least one
amplified signal, wherein an output driver has at least one input
10 terminal coupled to receive at least one buffered amplified signal
and has at least one output terminal operative to produce an
output signal to drive the load, an apparatus for frequency
compensating the operational amplifier comprising:
. a transimpedance circuit having at least one input

15 terminal coupled to receive the at least one amplified signal and at
least one output terminal operative to produce the at least one
buffered amplified signal, wherein the transimpedance circuit
has a transfer function represented by the voltage of the at least
one buffered amplified signal divided by the current of the at least

20 one amplified signal, and wherein the transfer function has a
zero at a frequency substantially near the open loop unity gain
frequency, and wherein the at least one amplified signal is
buffered from a complex impedance of the at least one input
terminal of the output driver.

(9]

2. An apparatus according to claim 1 wherein the
transimpedance circuit further comprises:
a buffer amplifier having the at least one input terminal of
the transimpedance circuit coupled to receive the at least
30 . amplified signal and having the at least one output terminal of the
transimpedance circuit operative to produce the at least one
buffered amplified signal; and
a compensation network having the at least one input
_ terminal of the transimpedance circuit coupled to receive the at
35 least one amplified signal and operative to frequency compensate
the at least one amplified signal.
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and' havi ng at | east one out put term nal operative to pr oduce

| east one anplified signal; 10 a transi npedence circuit
haV| ng ate”wnﬁlcﬂ ”ll,lr"ptm termnal coupled to receive the at
| east on signal and at |east..one output terninal
operative to produce at | east,gne buffered anpl- i fied si gnal ,
wher ei n the transi npedence cifcuit has--a- transfer. f__unct i on
15 itied si rlepgl_es_egted by the voltage of the at |east one buf f er ed
anplified signal divi one
anplified signal, and wherei #ﬁ%&é{lg %%? égﬁcc?&éﬂh%herem the has a
zero at a frequenmpm&m aBtwwkéuﬂ é copeprises: | oop unity
gai ntf{equ_encly and 20 4t Jeast one refiftorO4huUt driver having at |east one
I npu erm nal , having.a co eda cou t.0
receive the a t at least 0499%@3%??5 %%L@%%T %SE&HE. 8?115 O
having at | emst series arrangemoéxst.out put terninal operative to produce an
out put signal to drive the | oad, wherein the at |east one 25
anplified signal is buffered from the conplex

i npedance of the at | edst Aoneppanatus aseonding tofclaige 1 wherein the
transimpedance circuit further comprises:

a feedback amplifier having the at least one input terminal
10 of the transimpedance circuit coupled to receive the at least one
amplified signal and having the at least one output terminal of the
transimpedance circuit operative to produce the at least one
buffered amplified signal;, and
a compensation network coupled between the at least one
15 input terminal of the transimpedance circuit and at least one
output terminal of the transimpedance circuit, and operative to
frequency compensate the at least one amplified signal responsive
to the at least one buffered amplified signal.

20 5. An apparatus according to claim 4 wherein the
compensation network further comprises:
at least one resistor; and
at least one capacitor coupled to the at least one resistor in a
series arrangement.

6. In an operational amplifier that drives a load having a
complex impedance having a value selected from a wide range of
values, wherein the operational amplifier has an open loop unity
gain frequency, wherein at least one input signal is amplified to

30 . produce at least one amplified signal, wherein an output signal is
produced to drive the load responsive to at least one buffered
amplified signal, a method for frequency compensating the
operational amplifier comprising the steps of:

frequency compensating the at least one amplified signal;

35 and
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out put driver. An operational anplifier according to claim 5

term nal of
the at |east anplified si gnal and having the

wherein 30 nS|npedance circuit further conprises:
a buffer e”" !’ ,[Iyiml "M t he at | east one i nput
' ce circuit coupled - to receive
*T”W”“ -at;l.east. one

out put term nal of the transinpedance 35 e Teyit Operat Tve to
produce the at | east one buffered .13. amplifi edisi ‘gnal ; and

a conpensation network having the at |east one I nput
term nal of the transinpedance circuit coupled to receive

at | east one arrpbuﬁ’eﬁﬁg thiegdtaleadtlofle 4nplified signal tOpesdlide/the 49

frequency conpengal gone%uﬁ‘erefé‘rﬁ%h%eﬁ signal; and anplified signal.

“wherein the steps of frequency compensating and buffering
produce a transfer function represented by the voltage of the at
5 least one buffered amplified signal divided by the current of the at
least one amplified signal, wherein the transfer function has a
zero at a frequency substantially near the open loop unity gain
frequency.
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-13a- 7. An operational anplifier according to claim 5 wherein

the transinpedance circuit further conprises: a feedback
anplifier having t he at | east one i nput term nal of

t he transi npedance circuit coupled 5 to receive the at |east one
anplified signal and having the at | east one output term nal
of the transi npedance circuit operative to produce the at

| east one buffered anplifiedldi-gnal ; and a
conpensati on network coupl ed between the at |east 10 one i nput
term nal of the transinpedance circuit and at | east one

out put terninal of the ARRARAEUSAND METHOD FOR JENGYd operative

to frequency conpensat@OMPENSATING AN OPERATIONAIRMPRIFTERI Si gnal

responsive to the at |east one

5 Abstract of the Disclosure

A transimpedance circuit (201), and method therefor,
frequency compensatesian operational amplifier. The
transimpedance circuit (201) has an input terminal (205) coupled

10 to receive an amplified signal (205) and an output terminal (206)
operative to produce a buffered amplified signal. The input
terminal (205) of the transimpedance circuit (201) presents a
resistive input impedance to the amplified signal at a frequency
substantially near an open loop unity gain frequency of the

15 operational amplifier (200). The amplified signal is buffered from
a complex impedance of an input terminal (206) of an output
driver (103). The present invention advantageously provides wide
bandwidth and stable operation with loads having low complex

impedance.

FIGURE 2
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buffered anplified signal. 15 8. A vol tage regulator for driving a

lI'oad having a conpl ex i npedance having a value selected from a
wi de range of val ues, the voltage regul ator conpri sing:

an operational anplifier having at |east one input 20 term na
and at |east one output termnal, and having an open | oop
unity gain frequency, the operational anplifier conprising:
a transconductance stage having the at | east one i nput
termnal of the operational anplifiér 25 coupled to
receive at | east one input signal from a vol t age
reference signal source and having at | east one out put
term nal operative to produce at |east one anplified
si gnal ; a transi npedance circuit having at |east one

i nput 30 term nal éﬁ led to receive the at |east one
anplified signal mant at +east—ore tput—termnal — — — — 4

operative 106~ pr,od buffere I
71 TRANSCONDUCTANCE | 797 | outpur |98, N
| STAGE DRIVER T ~
J l
106 '
|
101 103 L o
L
I
|
!

l
|
| 02~ compensation | <799 ! 1] Loa
| NETWORK
|
b e o e e e e e e e - — — —— J i
—PRIOR ART—
201
valy g05m — L= 2037 2067
TRANSCONDUCTANCE ) aureer
101 ! ! |
' Ly 72081 I
[ g | .
- — 202 f ;
| L | 10N Loao |
J S|

e

F76¢.2 =

L3 o e Teplacement Shee.

16 JAN WS¢

Date:



(3

anpfified signal, wherein the transinpedance
has a transfer function represented by the 35

the at | east one buffered
the current of the at | east one
wherein the transfer function has
substantially near the open

anplified

circuit
vol t age of
signal divided by
anplified signal
a zero at a frequency
| oop unity gain frequency;

and 40 an out put driver having at | east one input
termnal, having a conplex inpedance,Zcoupl ed
- 13b-
201
r — L= — — 5027
| F———— 5 l
| 208, |
| 207 ) l |
I a |
205, Q———w L~ 206
|
!
I RGe
|
105 200
401 r‘J"ﬂ
| LOAD |10
FEEDBACK L——=
CIRCUIT J_
= 402 =
400
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to receive the at | east one buffered anplified si gnal and

havi ng the at | east one output term nal of the
operational anplifier operative to produce an out put
signal having a regul ated voltage to 5 drive the | oad,
wherein the at | east one anplified signal is buffered
formthe conpl ex inpedance of the at | east one input
term nal of the output driver; and a
feedback circuit coupled between the | east one 10 I nput
term nal of the operational anplifiervand the at | east one
output termnal of the operational anplifier. 9. A voltage regul ator
according to claim 8 wherein the transi npedance circuit 15
further conprises: : a [ |§§dfier havi ng t he at
| east one I nput terfm t'he transi npedance circuit
coupl ed to receive the-s oot anplified sjignal and havi ng
the _at |east _Oﬂe_Qprut_t_T_r m nal of the #¥8si npedance

| |

| I

! AN INPUT SIGNAL FROM A VOLTAGE § .., |

, REFERENCE SIGNAL IS AMPLIFIED |

| TO PRODUCE AN AMPLIFIED SIGNAL |

i |

{ / I

: THE AMPLIFIED SIGNAL IS 503 ;

| FREQUENCY COMPENSATED |

1 . I

I i

| |

_: THE AMPLIFIED SIGNAL IS BUFFERED TO :

| PRODUCE A BUFFERED AMPLIFIED 504

I SIGNAL APPEARING ACROSS A i

{ COMPLEX IMPEDANCE !

| !

I i

! |

| I

| AN QUTPUT SIGNAL IS PRODUCED [

l HAVING A REGULATED VOLTAGE 505 !

| TO DRIVE THE LOAD RESPONSIVE !

‘ TO THE BUFFERED AMPLIFIED |

: SIGNAL :

| I

| I

e e e e e e e e et e et e e e o e e G - o m— - m —— — o

CO.UPLING THE OUTPUT SIGNAL
AND THE INPUT SIGNAL
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20 circuit operative to produce the at |east one buffered

anplified signal; and a conpensation network having the
at | east one input termnal of the transi npedance circuit
coupl ed to receive the at least one anplified signal and
25 operative to frequency conpensate the at |east one
anplified signal. 10. A voltage regulator according to claim 8
wherein the transi npedance circuit 30 further conprises:
a feedback anplifier having the at |east one i nput
termnal of the.transinpedance circwft coupl ed to receive
the at | east one anplified signal and having the at | east one
output term nal of the transi npedance 35 circuit operative to
produce the at |east one buffered anplified signal; and

a conpensation network coupl ed between the at |east one

i nput termnal of the transinpedance circuit and
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at | east one output terminal of the transinpedance 40 Clgfebblg zpes
and operative to frequency conpensate the a t

-13c- | east one anplified signal responsive to the at

| east one buffered anplifiped signal. 11. A nethod
for operating an operational anplifier that 5 drives a | oad

havi ng a conpl ex i npedance having a value selected forma w de

range of val ueg, whgrei rhﬁﬁ;ﬁ.aﬂgeraéédy}ain?npl ithi ef1afi@s &N wherein the

transimpedance circuit further

comprises:
a feedback  amplifer having the at least one
5 input terminal of  the transimpedance circuit coupled

to receive the at least one amplified signal and having
the at least one output terminal of the transimpedance
circuit operative to produce the at least one buffered
amplified signal; and

10 a compensation network coupled between the at least
one input terminal of the transimpedance circuit and
at least one output terminal of the transimpedance
circuit, and operative to frequency compensate the at
least one amplified signal responsive to the at least one

15 buffered amplified signal.

4. In an operational amplifier that drives a load having
a complex impedance having a value selected from a wide
range of values, wherein the operational amplifier has an

20 open loop unity gain frequency, wherein at least one input

signal is amplified to produce at least one amplified signal,
wherein an output signal is produced to drive the load
responsive to at least one buffered amplified signal, a
method for frequency compensating the operational

25 amplifier comprising the steps of:
frequency compensating the at least one amplified
signal; and
buffering the at least one amplified signal to produce
the at least one buffered amplified signal;

30 wherein  the steps of frequency compensating and
buffering produce a transfer function represented by
the voltage of the at least one buffered amplified signal
divided by the current of the at least one amplified
signal, wherein the transfer function has a zero at a

35 frequency substantially near the open loop unity gain
frequency.
v o _ :;; i;m , n}n.rsc,' 2y 132
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open |l oop unity gain frequency, the nmethod for operating t he

operational anplifier conprising the steps of: 10 anpl i fying
at | east one input signal to produce a't | east one
anplified signal; frequencyps-conpensating the at |east one
anplified si gnal ; buffering the at | east
one anplified signal to produce 15 at | east one buffered
anplified siggal, Waer&bdatiddal amplifier for did¥ ¥ 10a8IUSEIN
conpensati ng and uf n

ri . roduce .a transfer fuﬁctlaon
represent ed by the ¢OPPagE itipedance having oft gﬁﬁ‘eatsqlﬁ%@fi oﬁi@nbu?f%(rlgﬁ

anplified signal diranged &f walues, wherein the toperationabnamyilifiee has aaast

one anplified sigppén lodp unity gain HERIGiY,! tBet opesdonilnghiphifisas a
zero at a fgequencycom risine: substantially near the open |oop unity
gai n frequency; P g [

nd ) produci ng an
output signal to drivd trga%corptglggance stage having r%%ptj?ﬁ& veong o 1D ot
| east one buffered anptérmisdl c28pled to receivegmablleast one input signal

and having at least one output terminal operative to
produce at least one amplified signal;

10 a transimpedence circuit having at least one input
terminal coupled to receive the at least one amplified
signal and at least one output terminal operative to
produce at least one buffered amplified signal, wherein
the transimpedence circuit has a transfer function

15 represented by the voltage of the at least one buffered
amplified signal divided by the current of the at least
one amplified signal, and wherein the transfer function
has a zero at a frequency substantially near the open
loop unity gain frequency; and

20 an output driver having at least one input terminal,
having a complex impedance, coupled to receive the at
least one buffered amplified signal and having at least
one output terminal operative to produce an output
signal to drive the load, wherein the at least one

25 amplified signal 1is buffered from the complex
impedance of the at least one input terminal of the
output driver.

6. An operational amplifier according to claim 5 wherein
30 the transimpedance circuit further comprises:
a buffer amplifier having the at least one
input  terminal of the transimpedance circuit coupled
to receive the at least amplified signal and having the
at least one output terminal of the transimpedance
35 circuit operative to produce the at least one buffered
amplified signal; and
a compensation network having the at least one
input terminal of the transimpedance circuit coupled
to receive the at least one amplified signal and
40 operative to frequency compensate the at least one
amplified signal.
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12. A method for operating a voltage regulator for driving a

| oad having a conpl ex i npedance having a val ue sel ected froma
wi de range of values, the nethod for operating the 30 vol t age
regul at or conprising the steps of: -13a- operating an
operational anplifier having an open | oop unity gain
frequency, the nethod for operating t he operati onal

anplifier conpgising th f: . o : g&miif [

| east one [ Zp)ut gsl}i gﬁ%?lta%@oaq gglph.fler. according tor 3 uce %t a’lgheears?? hone
anplified signal; the  transimpedance %F@Hﬁeﬂh"&h%rﬁ%ﬁEﬂﬁ?ﬁg the at | east
one anplified a feedback samplifier having the at Imakferong the

at | east one anplified ixﬁhﬁnaker‘hﬁnal of the transimped2h@8UiRcuit! cob@FiRl one
buf f er ed lified signal Ceive49he at least one a m:%rel n Epe agegs of
Iﬂq ? ir?églé) 03_ ehgving

frequency conpensating d® . L
transfer function repretihtaigleast one ougput termipal of the”transimpedance

circuit operative to produce the at least one buffered
amplified signal; and
a compensation network coupled between the at least
10 one input terminal of the transimpedance circuit and
at least one output terminal of the transimpedance
circuit, and operative to frequency compensate the at
least one amplified signal responsive to the at least one
buffered amplified signal.
15
8. A voltage regulator for driving a load having a complex
impedance having a value selected from a wide range of
values, the voltage regulator comprising:
an operational amplifier having at least one input
20 terminal and at least one output terminal, and having
an open loop unity gain frequency, the operational
amplifier comprising:
a transconductance stage having the at least one
input terminal of the operational amplifier
25 coupled to receive at least one input signal from a
voltage reference signal source and having at least
one output terminal operative to produce at least
one amplified signal;
a transimpedance circuit having at least one input
30 terminal coupled to receive the at least one
amplified signal and at least one output terminal
operative to produce at least one buffered
amplified signal, wherein the transimpedance
circuit has a transfer function represented by the
35 voltage of the at least one buffered amplified
signal divided by the current of the at least one
amplified signal, wherein the transfer function has
a zero at a frequency substantially near the open
loop unity gain frequency; and
40 an output driver having at least one input
terminal, having a complex impedance, coupled
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- 13d- by the voltage of the at |east one buffered

anplified signal divided by the current of the at | east
one anplified signal, wherein the transfer function has
a zero at a frequency substantially 5 -13b- near the open | oop
unity gain frequency; and produci ng an out put signal
to drive the |oad responsive to the at | east one

tc)g”oﬂﬁg ?Lﬂe)l :alzllegast one off recelve t an ﬁé’{td one buffered amplified
gFr)la avmg the ataleast one output terminal
of the operatmnal amplifier operative to produce
an output signal having a regulated voltage to
5 drive the load, wherein the at least one amplified
signal is buffered form the complex impedance of
the at least one input terminal of the output
driver; and
a feedback circuit coupled between the at least one
10 input terminal of the operational amplifier and the at

least one output terminal of the operational amplifier.

9. A voltage regulator according to claim 8 wherein the
transimpedance circuit
15 further comprises:
a buffer amplifier having the at least one
input  terminal of the transimpedance circuit coupled
to receive the at least amplified signal and having the
at least one output terminal of the transimpedance
20 circuit operative to produce the at least one buffered
amplified signal; and |
a compensation network having the at least one
input terminal of the transimpedance circuit coupled
to receive the at least one amplified signal and
25 operative to frequency compensate the at least omne
amplified signal.

10. A voltage regulator according to claim 8 wherein the
transimpedance circuit
30 further comprises:
a feedback amplifier having the at least one
input terminal of the transimpedance circuit coupled
to receive the at least one amplified signal and having
the at least one output terminal of the transimpedance
35 circuit operative to produce the at least one buffered
amplified signal; and
a compensation network coupled between the at least
one input terminal of the transimpedance circuit and
at least one output terminal of the transimpedance
40 circuit, and operative to frequency compensate the at

AN O - i



10 | east one input signal. 13. An apparatus

according to claim 2 wher ei n t he conpensati on network
further conprises: at | east one resistor; and 15 at
| east one capacitor coupled to the at |gagt one resi stor
In a series arrangenent. 14. An apparatus according to cl ai m
3 wher ei n t he conpensation network further conprises:

at | east one resistor; ?&%t one ampl1f1ed sf%nalePe%E)oﬁE'ﬁ/e f@pﬁlcél ta?rleﬁgg%[need

to the at |least one IN* a series arrange
15. An apparatus acbYffarag amplild P ||§iglﬁil wher ei n t he 25
conpensati on network further conprises: at | east one

resistor; and 11, A method atfok easperafiig CafACidperatondl esmpliFidhe t1aft
| east one 5 drives a osé'dSth%vmg n a serl es arrangenent.
complex impedance having a value selected form a wide
range of values, wherein the operational amplifier has an
open loop unity gain frequency, the method for operating
the operational amplifier comprising the steps of:
10 amplifying at least one input signal to produce at
least one amplified signal;

frequency compensating the at least one amplified

signal;
buffering the at least one amplified signal to produce
15 at least one buffered amplified signal, wherein the

steps of frequecny compensating and Dbuffering
produce a transfer function represented by the voltage
of the at least one buffered amplified signal divided by
the current of the at least one amplified signal,

20 wherein the transfer function has a zero at a frequency
substantially near the open loop unity gain frequency;
and
producing an output signal to drive the load
responsive to the at least one buffered amplified

25 signal.

12. A method for operating a voltage regulator for driving a
load having a complex impedance having a value selected
from a wide range of values, the method for operating the

30 voltage regulator comprising the steps of:
operating an operational amplifier having an open
loop unity gain frequency, the method for operating
the operational amplifier comprising the steps of:
amplifying at least one input signal to

35 produce at least one amplified signal;
frequency compensating the at least one amplified
signal;

buffering the at least one amplified signal to
produce at least one buffered amplified signal,
40 wherein the steps of frequency compensating and
buffering produce a transfer function represented
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30 16. An apparatus according to claim 7 wherein t he
conpensati on network further conprises: at | east one

resi stor; and at | east one capacitor coupled to the at

| east one resistor in a gegies arrangement. 35 17.
An appar at us according to claim 9 Wwher ei n t he

conpensati on network further conprises: at | east one

resi stor; and
| east one 40

10

15

20

25

30

35

40

13.

14.

15.

16.

17.

ool ghE°IpIPR S0t Of Tl ond O itFerel
amplified signal divided by %he current of the at
least one amplified signal, wherein the transfer
function has a zero at a frequency substantially
near the open loop unity gain frequency; and
producing an output signal to drive the load
responsive to the at least one buffered amplified
signal; and
coupling the at least one output signal and the at
least one input signal.

An apparatus according to claim 2 wherein the
compensation network further comprises:
at least one resistor; and
at least one capacitor coupled to the at least one
resistor in a series arrangement.

An apparatus according to claim 3 wherein the
compensation network further comprises:
at least one resistor; and
at least one capacitor coupled to the at least one
resistor in a series arrangement.

An apparatus according to claim 6 wherein the
compensation network further comprises:
at least one resistor; and
at least one capacitor coupled to the at least one
resistor in a series arrangement.

An apparatus according to claim 7 wherein the
compensation network further comprises:
at least one resistor; and
at least one capacitor coupled to the at least one
resistor in a series arrangement.

An apparatus according to claim 9 wherein the
compensation network further comprises:
at least one resistor; and
at least one capacitor coupled to the at least one
resistor in a series arrangement.

RO o This Js the replacement shest

1F e B



- 13e- 18. An apparatus according to claim 10 wherein the

conpensati on network further conprises: at | east one resistor; and
at | east one capacitor coupled to the at |east one resi stor
in a series arrangenent. -13e-

18. An apparatus according to claim 10 wherein the
compensation network further comprises:

at least one resistor; and
at least one capacitor coupled to the at least one

5 resistor in a series arrangement.
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