NESTED TRANSIMPEDANCE AMPLIFIER CROSS-REFERENCE TO
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by reference in their entirety.

FIELD OF THE INVENTION
[0002] The present invention relates to transimpedance amplifiers, and

more particularly to nested transimpedance amplifiers with an increased gain-

bandwidth product.

BACKGROUND OF THE INVENTION
[0003] A transimpedance amplifier (TIA) is a well-known type of
electronic circuit. Referring now to FIG. 1, a TIA 100 includes an operational

amplifier (opamp) 105 having a gain parameter (-gm). The opamp 105 is




[0004] Referring now to FIG. 2, the opamp 105 of the TIA 100 is replaced
by a current source 205 and a transistor 210 having gain -gm. The TIA
100 in FIGs. 1 and 2 is often referred to as a transconductance amplifier
because it converts the input current Ai into the output voltage Avo.
[0005] Referring now to FIG. 3, a TIA 300 converts an input voltage (Av,)
conpgstastdapesatialtoctageisiardBiLo Fhel Nrispotaiedhinciide$ W rissis@irrent
315 that is connected to a transistor 320. The TIA 300 is typically used in
(AD) dgplicatierr st refiiee THatiV8Iis law Btawividih)[0806] Referring now to
FIG. 4, a TIA 400 converts an input voltage (Av;) 405 into an output
vol{#g§€4hvo) 41Refagmpn o0 fieclides 2 dbeonpaopamp 2 18, tvhidhAs 100 is
connected in series to a parallel combination of a resistor (Rf) 420 and an
replggafhpyAas:ur RN FoUEEiS 8 raghausedsistapglicatieninbasaig -gighdihe TIA
bandwidth requirements than the TIA 300. [0007] Ordinarily, the
100gardiwiitd enthe TRATEMmiRENMeckif astiarirenscondsstan¢rgumidisrbegause
transistor(s) that are used in the opamp(s). In the case of a bipolar
it cqnmetisrineamsIsioPEeT) sidhadhe gallRihvokeairidyGaAs) transistor, the
bandwidth of the TIA is approximately equal to 10%-20% of fT. For
mel08Rbe-FRafeuitudciomM MOB) Arahsiatdri(s) 308 lsensaititeof theutnoltage
is typically a few percent (i.e., approximately 2%-6%) of fT. [0008]
(AviRftrrinig rrowctat UG VB tadgr AS0) 3idy behmflguBidtalsspiaitedes a resistor
differentially using two inputs of each opamp 502 and 504. One input 2
315 Uadts esrneskednice, dnteasisistar BafnerTasey B OO vistuspgrailind:ged in
a standard configuration TIA. The input voltage Av; and the output
applichéigosAvatarequire relatively low bandwidth.

[0006] Referring now to FIG. 4, a TIA 400 converts an input voltage
(Av;) 405 in.to an output voltage (Avy) 410. The TIA 400 includes a second
opamp 415, which is connected in series to a parallel combination of a resistor
(Rf) 420 and an opamp 425. The TIA 400 is typically used for applications having
higher bandwidth requirements than the TIA 300.

[0007] Ordinarily, the bandwidth of the TIA is limited to a fraction of a
threshold frequency fr of transistor(s) that are used in the opamp(s). In the case
of a bipolar junction transistor (BJT) such as a gallium-arsenide (GaAs)
transistor, the bandwidth of the TIA is approximately equal to 10%-20% of fr. For
metal-oxide-semiconductor (MOS) transistor(s), the bandwidth of the TIA is
typically a few percent (i.e., approximately 2%-6%) of fr.

[0008] Referring now to FIG. 5, a TIA 500 may be configured to

operate differentially using two inputs of each opamp 502 and 504. One input




measured as voltage differences between a reference input 505 and a
second input 510. Feedback resistors 514 and 516 are connected across
the inputs and the outputs of the opamp 504. [0009] Referring now to
FIG. 6, one TIA application having a relatively high bandwidth
requirement is that of an optical sensor. An optical sensor circuit 600
SO5 sl tiRe 6FRIGRCEOSTaRd Siailersistanneo a$ theoTind 100 tmatarground in a
coupled with a photodiode 605. The output of the photodiode 605 is a
stapgarentoPfiets B WAICh hetsrpsiamdipgeto thefdAHOOLIPOL Obltage Av, are
Increasingly, applications require both high bandwidth and high gain.
megExdieples iveliage opficabsersomstersnas fiblreptie iepeivels and! a second
preamplifier writers for high-speed hard disk drives. SUMMARY OF THE
inpykiYEN Trerdoack [esistete b trarminh Sedaace conplifiee dTAA)asisctiie inputs and
includes a zero- order TIA having an input and an output, and a first
the guipatie PatampRAEERP(ER4mp). The opamp includes an input that
communicates with said output of said zero-order TIA, a first transistor
drivil B9 lsaicR6fritincsBewn trtiaksistoranat Tid drivelicbiicnfinanvitigsa relatively
. voltage and communicates with said first transistor, a first current source
highnRrrdwiiinieatdsemantiidiacohanraptiptbsenspan dutppticalssenster circuit
between the first transistor and the second transistor. 3 [0012] In other
60GdaditdentbecopRnenrién 3pdrtrecsnisianidaRofiha Thd D thatsamcaupled
_gain of the opamp is greater than a gain of the zero-order TIA. A
W'”bé@m&?ﬁ'ijﬁmé%%a?ﬁﬁ%%mgﬁfa%mmdiﬁ@ #257isr & SR Ml Aghoto 610,

,[00139 In other features the zero-order TIA includes a first opamp
which acts as an input to the TIA 100.

[0010] Increasingly, applications require both high bandwidth and high
gain. Examples include optical sensors, such as fiber optic receivers, and

preamplifier writers for high-speed hard disk drives.

SUMMARY OF THE INVENTION
[0011] A nested transimpedance amplifier (TIA) circuit includes a zero-
order TIA having an input and an output, and a first operational amplifier
(opamp). The opamp includes an input that communicates with said output of
said zero-order TIA, a first transistor driven by said input, a second transistor that
is driven by a first bias voltage and communicates with said first transistor, a first
current source that communicates with said second transistor, and an output at a

node between the first transistor and the second transistor.




including a first input and a first output, a second opamp including a
second input and a second output. The second input communicates with
the first output. A resistance includes one end that communicates with the
second output and a second end that communicates with the second
input. [0014] A nested differential mode transimpedance amplifier (TIA)
cird@P18tiudd’ atherofpriviasiffereatantodsr®m BeWidhgiirsnamtcates with
second inputs and first and second outputs and a first differential mode
the disel dfrsHds @i plivieRilbphine) OPse s iy atridéampuaathaf the zero-order
communicate with respective ones of said outputs of said zero-order
TIAgiftebeneyIfiB tha cRaRepiafRisdhanehandwidiaidiemsue-arder TIA.
second transistor driven by a second said input, a third transistor that is
driviP byla firkt ARV ofeRIE SSy BmARIRIIRY Witk siig fdestrandistbroaamp
.__fourth transistor that is driven by the first bias voltage and communicates
incl H%é\é‘%%dBHHtt%PsFHﬁ%HX&%uﬁMQ@%P Ese gl eRcRReA input
said thirg]iansistor, 16_1 second current source that communicates with said
ANG R ARGPARSRISPUnd RSP SEORY b ARSI GG U2 Eynfisstiontput. A
between the first transistor and the third transistor, and between the
resiSTAAR (PSS IR G ORI ARSI difePRERDRLSHRU and

nested &i erential mode TIA clrEuit includes a third current source that
i
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first and second outputs and a first differential mode operational amplifier
(o_bamp). The opamp includes  inputs that communicate with respective ones
of said gutputs of said zero-order differential mode TIA, a first transistor driven by
a first said input, a second transistor driven by a second said input, a third
transistor that is driven by a first bias voltage and communicates with said first
transistor, a fourth transistor that is driven by the first bias voltage and
communicates with said second ftransistor, a first current source that
communicates with said third transistor, a second current source that
communicates with said fourth transistor, and first and second outputs at
respective connections between the first transistor and the third transistor, and
between the second transistor and the fourth transistor.
[0015] In other features the nested differential mode TIA circuit

includes a third current source that communicates with the first transistor and the



second differential mode opamp including inputs and outputs and a third
differential mode opamp including inputs and outputs. The inputs of the
third differential mode opamp communicate with respective outputs of the
second differential mode opamp. Resistances include first ends and
second ends. The first and second ends communicate with respective
secppitsasivtpuls R iheftihel tifedifssenicderustenpp 000 7 Ayrestiedthan a
differential mode transimpedance amplifier (TIA) circuit includes a
gain &btbederdifraidifamrtia mesent firstArd sdvddthimbutealinst fifierential
and second outputs, and a differential-mode push-pull opamp having first
MOGHPRBEYN S ifsstE andrpansh décehthewplrsomes filfeapatiedconde TIA.
inputs communicate with respective ones of said first and second outputs
of 98 %8ko- druetr@rrteatirasibacsiaqutasifesaniamarss HAdnslotes a
the differential-mode push-pull opamp is greater than a gain of the _
SeCoBRb-GHEriale MR RRATIR dRE'URG dABI O e dHEPitiaRRtboe third
... push-pull opamp is less than a bandwidth of the zero-order differential _
iR IROR5 LS B HeLl S S 8RS Rt Wiferril ARSe PIAne thir
..includes a second differential mode opamp including inputs and outputs
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third differential mode opamp.

[0017] A nested differential mode transimpedance amplifier (TIA) circuit
includes a zero-order differential mode TIA having first and second inputs and
first and second outputs, and a differential-mode push-pull opamp having first
and second inputs and first and second outputs. The first and second inputs
communicate with respective ones of said first and second outputs of said zero-
order differential mode TIA.

[0018]  In other features a gain of the differential-mode push-pull opamp
is greater than a gain of the zero-order differential mode TIA and a bandwidth of
the differential-mode push-pull opamp is less than a bandwidth of the zero-order
differential mode TIA.

[0019] In other features the zero-order differential mode TIA includes a
second differential mode opamp including inputs and outputs and a third

differential mode opamp including inputs and outputs. The inputs of the third



third differential mode opamp. [0020] A nested transimpedance amplifier
(TI1A) circuit includes a zero-order TIA having an input and an output, a
first operational amplifier (opamp) having an output and an input that
communicates with said output of said zero-order TIA, a first power
supply input for applying a first voltage to the zero-order TIA, and a
diffesiendintl prsuder SBIRPINEUTTOL Fierivingith seespectivkagetpatshafgthe second
__pump module develops a third voltage based on the first voltage and the
diffefepdind WeltRye PTRthiRevitageds appliee tirgieogarapd[se2enth etider  The
~ features the zero-order TIA includes a first opamp including a first input
firstapach $R6CHGIRNEHFABBLEHERGD aiihineisianjiestuund aiphtarigus of the
_ second output. The second input communicates with the first output. A
thirgdiféespplah@Iedesom@@nd that communicates with the second output
and a_second end that communicates with the second input. [0022] In
othB?42lures a voIRRRISEtirsimRgHRRCEHRETYERId(Vdiagcuit includes a
light-emitting diode communicates with the opamp output. The first -~
ZEeTQOFHGE i&!Grelm M8aR thd it oA oRRgO Pt thitd iSiagRagational amplifier
approximately equal to a sum of the first voltage and the second voltage.
(OPZRR iNAYIBRAGR iSUBHE NS b BiRd A A0 BIDIET ahaMite saibRutput of
. voltage is otherwise applied to digital circuitry. The first voltage is
saic, GRRH iodl o v AT PHESECRIVEIBeAY Bboa ¥ Sialiage 1o the
OOZF%AFI%ﬁere tial transimpedance amplifier circuit comprises a first
Zer R StiohAal AMBIiReT FRRAAPL YR SRR RSO A RRS MBS RS HART voltage.

input a first inverting output and a first non-inverting output; a second
A Cbé)éggti%mpam#}ﬂg de\%‘ops a thlrr voltage basged oFr)x the first voltage and

the second voltage. The third voltage is applied to the opamp.

[0021] In other features the zero-order TIA includes a first opamp
including a first input and a first output and a second opamp including a second
input and a second output. The second input communicates with the first output.
A resistance includes one end that communicates with the second output and a
second end that communicates with the second input.

[0022] In other features a voltage regulator regulates the second
voltage. A light-emitting diode communicates with the opamp output. The first
voltage is greater than the second voltage. The third voltage is approximately
equal to a sum of the first voltage and the second voltage. The first voltage is
otherwise applied to analog circuitry and the second voltage is otherwise applied

to digital circuitry. The first voltage is between about 2.5V and 3.3V. The second

voltage is about 1.2V.




having a second inverting input, a second non-inverting input, a second
inverting output and a second non-inverting output, wherein the second
inverting output communicates with the first non-inverting input and the
second non-inverting output communicates with the first inverting input; a
first feedback element that communicates with the first non-inverting input
andOBé3rst iﬁ/@#ﬁﬁée@@ﬁiuﬁﬁaé‘%%&mé@@bﬁ@l@'él@f‘n@mqﬁaﬁomp”56‘3 a first
communicates with the first inverting input and the first non-inverting _
opegiiiphe! 2 hrifiRidumarr adrsbim raieaiRUhiciEs WRA-tRkedirghaput. a first
_inverting input and the first inverting output; and a fourth feedback -~
INVeEiEH eI {4t BBFAUHRI AR Wit Br St HBH NG ePRABNApRP aFRf gTAtirgMplifier
non- inverting output. [0024£E|n other features, the third and fourth _ _
haV‘l’é%@bé%R%@gH{%\fﬁQ'%ﬂﬂﬁH SiFGCHPSRLDHA Yesist b, R SREQRRnverting
The thfi{d and fourth feedback elements comprise first and second
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second inverting input and the first inverting output; and a fourth feedback
element that communicafes with the first non-inverting input and the first non-
inverting output.

[0024] in other features, the third and fourth feedback elements
comprise first and second resistances, respectively. The third and fourth
feedback elements comprise first and second capacitances, respectively. The
first and second feedback elements comprise first and second resistances,
respectively. The first and second feedback elements comprise first and second
capacitances, respectively. The first and second feedback elements each
comprise a first resistance in series with an inductance and a second resistance

that are in parallel with a capacitance. The capacitance includes a variable

capacitance. The first and second feedback elements each comprise a




with a capacitance and a second resistance. The capacitance includes a
variable capacitance. The first and second operational amplifiers are
transconductance amplifiers. [0026] In other features, an integrator
comprises the differential transimpedance amplifier. [0027] A
single-nested transimpedance amplifier circuit comprises a third
resigienagotne panaifieritia\in gapthiiich iroeertii énpehac teird SARJINRIENG variable
input, a third inverting output and a third non-inverting output; and the
capgifiéaential transimpedance amplifier circuit. The second inverting input
communicates with the third non-inverting output and the second
nonl®8Zing inpethesfemtmieated enitts thanthise dovelrtingdhstpkite[0AREItA each
double-nested differential transimpedance amplifier circuit comprises a
congpiiie-Aeliet eaisianpedanserigapiitér ancinidumhanadoant tbperatomalparaliel
_amplifier having a fourth inverting input, a fourth non-inverting input, a
Witho GriRIRASHRFBURNA aAdSereNth Fesisianating dbpucaPaeifantd includes a
inverting output communicates with the third non-inverting output and the
varg@blgh RERAFIRNERY outhie cdiffhunidtesasiantheapatatinmatinginplifiers  are
40029] In other features, a fifth feedback element communicates with the
transeARcRGEre FMplifiedid the first inverting output. A sixth feedback
element 8 communicates with the fourth non-inverting output and the first
non ling ButBtierndamtirasd spah fatamiatur cleameptisesmirisediftarential
; and second resistances, respectively. The fifth and sixth feedback
rarg_igﬂpeqag BUMSt and second capacitances.

[0027] A single-nested transimpedance amplifier circuit comprises a
third operational amplifier having a third inverting input, a third non-inverting
input, a third inverting output and a third non-inverting output; and the differential
transimpedance amplifier circuit. The second inverting input communicates with
the third non-inverting output and the second non-inverting input communicates
with the third inverting output.

[0028] A double-nested differential transimpedance amplifier circuit
comprises a single-nested transimpedance amplifier circuit: and a fourth
operational amplifier having a fourth inverting input, a fourth non-inverting input, a
fourth inverting output and a fourth non-inverting output. The fourth inverting
output communicates with the third non-inverting output and the fourth non-
inverting output communicates with the third inverting input.

[0029] In other features, a fifth feedback element communicates with

the fourth inverting output and the first inverting output. A sixth feedback element




[0030] A Sigma-Delta analog to digital converter comprises the differential
transimpedance amplifier. The Sigma-Delta analog to digital converter
comprises a difference amplifier module that includes one input that
receives an input signal; an integrator module that communicates with an
output of the difference amplifier module; a comparator module that
conyagertigadem Wiithdha i ihtegraior erbogleoainiih diyiathe dinstlogpn-inverting
converter that communicates with an output of the comparator module
outiifid arldtfefifipuriod tHdxdifdrastha dmplRigrantsd e nipose] frethend second
features, a filter and decimation module receives an output of the
resigisnipasatcispRetiNg At 1I€Rst Bl Bnthsiitifefepcdagkphirmeiautemprse first
integrator module and the comparator module includes the differential
andipetQRtherrRACEeASPRfier. [0032] A differential transimpedance amplifier
circuit comprises first amplifying means for amplifying having a first
invEIQinpud  SiRErAdAR eRiRiOMpiR, adiciiahveRME B EYRRTESes the
... first nan-inverting output; second amplifying means for amplifying having
d'ﬁei%%nérﬁ%mﬁgm a SR8 mon-ihdEriRigmat sltge AiqAvVdRIngligital
output and a second non-inverting output, wherein the second inverting
Conxﬁfgﬂt %Bmmméaﬁékﬁmwfi?&w&ﬁrn%m%maﬂe'wéessgeénwput that
non-invertinggo% communicates with the first inverting input; first 9

el ARK TEARELIR p AViIIRP FAITROC tHE 5 RRIASAIIS HRA WENriRe: output

non- inverting input and the first inverting output; second feedback means
of thS: GRS ABALHEK AP Klsm BRSNS HIE PReIBRE TRSLR ArRHout

he first -i [ utput; third feedback means for providing feedback
of t et{ﬁrtsegpa?grl%lggmg;oarf)du a Q%g?ta? to analog converri-)er thatgcommunicates

with an output of the comparator module and another input of the difference
amplifier module.

[0031] In other features, a filter and decimation module receives an
output of the comparator module. At least one of the difference amplifier module,
the integrator module and the comparator module includes the differential
transimpedance amplifier.

[0032] A differential transimpedance amplifier circuit comprises first
amplifying means for amplifying having a first inverting input, a first non-inverting
input, a first inverting output and a first non-inverting output; second amplifying
means for amplifying having a second inverting input, a second non-inverting
input, a second inverting output and a second non-inverting output, wherein the
second inverting output communicates with the first non-inverting input and the

second non-inverting output communicates with the first inverting input; first




communicates with the second inverting input and the first inverting

output; and fourth feedback means for providing feedback that

communicates with the first non-inverting input and the first non-inverting

output. [0033] In other features, the third and fourth feedback means

comprise first and second resistance means for providing resistance,
feedagednivans e Bindiding fiaeh fskdbark pesamsbiiaiassaviifsttaadfirst non-
. second capacitances for providing capacitance, respectively. The first
InvegiftisdeBHE fRRALARR niEsindnverpEsEHEBUANFsEepAd feeiitanke means for

for providing resistance, respectively. The first and second feedback .
provigénghdersthprsetfird epreritricsapydbitine dipsbameerdinprovmyihgnd the first

capacitance, respectively. The first and second feedback means each
NONABHRSHER fiR RTstal b mESRORT DI GURRRY rdelsHafSsridaRck  that

inductance means for providing inductance and second resistance means
comaiBiERian Y IEsidtantectnt d¥sHIparmertivRRG b ieraive tincans iRyt and

‘o rz;zéoviding capacitance. The capacitance means provides a variable
u

JEEHAAES. TRERR{ AnBrOUEURE fEEHRRR BEh SUAERUL R VIt the first
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transconductance amplifiers,, ,
providing capacitance, frespectively. The first and second feedback means

comprise first and second resistance means for providing resistance,
respectively. The first and second feedback means comprise first and second
capacitance means for providing capacitance, respectively. The first and
second feedback means each comprise first resistance means for providing
resistance in series with inductance means for providing inductance and second
resistance means for providing resistance that are in parallel with a capacitance
means for providing capacitance. The capacitance means provides a variable
capacitance. The first and second feedback means each comprise resistance
means for providing resistance in parallel with capacitance means for providing
capacitance. The capacitance means provides a variable capacitance. The first
and second feedback means each comprise first resistance means for providing

resistance in series with inductance means for providing inductance and that are

10




[0034] A single-nested transimpedance amplifier circuit comprises third
amplifying means for amplifying having a third inverting input, a third non-
inverting input, a third inverting output and a third non-inverting output;
and the differential transimpedance amplifier circuit. The second inverting
input communicates with the third non-inverting output and the second
in prsRlialenily sRpacdamesurieases wit thsauidinayeaprcoatma. [@o35pacond
_double-nested differential transimpedance amplifier circuit comprises a
resigiagfe fesRRptiAhMEdiRacEaIRiRAITes cirtdf; carbriigtisarmmigyiagprovides a
.means for amplifying having a fourth inverting input, a fourth non-inverting
varighigit, G2 RARIA MeFerting! BEtplif sindentbuARGEGELiIndBHaliYy iBatpuReRs  include
fourth inverting output communicates with the third non-inverting output
trangrANALGENER AEMRIIAGE ting output communicates with the third inverting
~input. [0036] In other features, fifth feedback means for providing

fecifR4 commiNgieeesinth fiRe s dnsRi g wlifiRit Gferthegmyerises third

inverting output. Sixth feedback means for providing feedback ]
amRlYRSLARERBS R, m@?ammwawmrangﬁa&dmfﬁﬁ%é@m a third non-
.___hon-invertin tput. The fifth and sixth feedback means comprise first
vl B Folid

s ABUTHER S EP BY R Ry VBTSRRI IS Ry pnd the
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. ommunicate§ with an outtr%ut f the difference amplifier means;

Inpuyl COBqarPaLfS'rca es wit | he third inverting output.

om

[0035] A double-nested differential transimpedance amplifier circuit
comprises a single-nested transimpedance amplifier circuit; and fourth amplifying
means for amplifying having a fourth inverting input, a fourth non-inverting input,
a fourth inverting output and a fourth non-inverting output. The fourth inverting
output communicates with the third non-inverting output and the fourth non-
inverting output communicates with the third inverting input.

[0036] In other features, fifth feedback means for providing feedback
communicates with the fourth inverting output and the first inverting output. Sixth
feedback means for providing feedback communicates with the fourth non-
inverting output and the first non-inverting output. The fifth and sixth feedback
means comprise first and second resistance means for providing resistance,

respectively.
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means for comparing that receives an output of the integrator means; and
digital to analog converter means for converting that communicates with
an output of the comparator means and another input of the difference
amplifier means. [0038] In other features, filter and decimation means for
filtering and decimating receives an output of the comparator means. At
leadPBBé]of tife Biffenerbekanpéifiafanedos, diwtaitegomosneeanoantdites the
comparator means includes the differential transimpedance amplifier.
diffepea9y!A tensianed arsewsimapaplifiere amplifier GiguitcBralasemalficstto  digital
operational amplifier having a first inverting input, a first non-inverting
conygpiteranfitst v etifiiegenapua endibefirso eansirfoerangpdittng; thaecéonddes one
~operational amplifier having a second inverting input, a second
InpWorthAYefBRE RSUtAR sBtMd SitRatingniegratendresasoriononieyetimg that
output, wherein the second inverting output communicates with the first
CoMppwiiRARM VP LR ANAUIRYEcRb e stifaieaampopfifiecomeamsic sremparator
with the first inverting input; a third operational amplifier having a third
MeRRRFahGIRAIAIHRE HEERVeRiAY Pt ohirgieansioomeananand digital
third non-inverting output, wherein the second inverting input
{0 2RARAURRRESLITRIRBENTRT HeMYeVHREhthatpRMREnisaescarith an output of
non-inverting input communicates with the third inverting output; a fourth
the GOPRAALRI dRGAMeANS Ma0thgHneuiRfifve diffgiapoe amiliier means.
non-inverting input, a fourth inverting output and a fourth non-inverting
outpBP3Rhereln PER R HRS I OURNA E8RiMativateeans fes filtaring and
non-inverting output and the fourth non-inverting output communicates

deqinRihe fHFERRAROHRI! Llilhigcebratarniarenat dnlrasianesof the

_..with the second non-inverting input and the second inverting
difference amplifier means, the integrator means and the comparator means

includes the differential transimpedance amplifier.

[0039] A differential transimpedance amplifier circuit comprises a first
operational amplifier having a first inverting input, a first non-inverting input, a
first inverting output and a first non-inverting output; a second operational
amplifier having a second inverting input, a second non-inverting input, a second
inverting output and a second non-inverting output, wherein the second inverting
output communicates with the first non-inverting input and the second non-
inverting output communicates with the first inverting input; a third operational
amplifier having a third inverting input, a third non-inverting input, a third inverting
output and a third non-inverting output, wherein the ’second inverting input
communicates with the third non-inverting output and the second non-inverting

input communicates with the third inverting output; a fourth operational amplifier
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output; a second feedback element that communicates with the second
inverting input and the second non-inverting output; a third feedback
element that communicates with the third non-inverting input and the first
inverting output; a fourth feedback element that communicates with the
third inverting input and the first non-inverting output; a fifth feedback
havisignsehotitt covenimgcatestyithfthetfourdh-imvertimg inpptiana tberdinsinverting
inverting output; and a sixth feedback element that communicates with
outphié fatattantiniitlvendmgiougutingnoutpes firsynereinvéntndowdtp utvEO40] butput
other features, the first and second feedback elements comprise first and
conyacoeRiesistilihcdae rékive ctioalynTrdinigirdeind faamth teedbadk elementsrting
comprise first and second resistances, respectively. The fifth and sixth
OutpebdIeAER Blipsdass Wi drirdtiararisgomnd vésathirsideadispectblelpent that
[0041] A Sigma-Delta analog to digital converter comprises the differential
COTHFAHBIARIEHaWES AiMplifELorse SpymAvBEitgaiioy @ digihe senvedeinverting
comprises a difference amplifier module that includes one input that
OutpeEef 68 ThiRRIRATA; AMREY tRESr GRBTDKNIRat D MitiuHicasesavith iaMerting
__output of the difference amplifier module; a comparator module that
INPybcaRfestan RRFADDT DR THIEEIHES RBIRHE, hdhidigiastbankigjement that
converter that communicates 13 with an output of the comparator module
commynirstre Mithuths dhirdiferieeriinglinerinand &bt invettiep output; a
features, a filter and decimation module receives an output of the

foudhHgRdRRsKRERTRN haLspaHBWHaR s meEn&e dhiptiney PRdRRIEPH@Nd the

._integrator module and the comparator module includes the differential
first non-inverting output; a fifth feedback element that communicates with the

fourth inverting input and the first inverting output; and a sixth feedback element
that communicates with the fourth non-invertihg output and the first non-inverting
output.

[0040] In other features, the first and second feedback elements
comprise first and second resistancés, respectively. The third and fourth
feedback elements comprise first and second resistances, respectively. The fifth
and sixth feedback elements comprise first and second resistances, respectively.

[0041] A Sigma-Delta analog to digital converter comprises the
differential transimpedance amplifier.  The Sigma-Delta analog to digital
converter comprises a difference amplifier module that includes one input that
receives an input signal; an integrator module that communicates with an output
of the difference amplifier module; a comparator module that receives an output

of the integrator module; and a digital to analog converter that communicates
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transimpedance amplifier. [0043] A differential transimpedance amplifier
circuit comprises first amplifying means for amplifying having a first
inverting input, a first non-inverting input, a first inverting output and a first
non-inverting output; second amplifying means for amplifying having a
second inverting input, a second non-inverting input, a second inverting
withoatpuitdpdtacfettoncoopamatstingaiipet anbergiotte  sguandfirthertfiference
output communicates with the first non-inverting input and the second
ampidiimreding. output communicates with the first inverting input; a third
amplifying means for amplifying having a third inverting input, a third non-
invEdM@Inputnaatiied ifeairteg oatfilteand radtrdet moatimveminduwetpateives an
wherein the second inverting input communicates with the third
outpigrefriirerheg maisio antbdbke sekbled abarirvet ting differcraramomitéitssmodule,
with the third inverting output; a fourth amplifying means for amplifying
the hiatagjaigourteflertiagaingi, gdouperaion-imasttiey inplidedoting differential
inverting output and a fourth non-inverting output, wherein the fourth
trangijapmsg deepafidififhunicates with the third non-inverting output and the
fourth non-inverting output communicates with the third inverting input; a
firsﬂ@é@daek/?néﬁ%@rﬂtﬁ*oﬁaﬁféﬁﬁt‘%ﬁﬁw&haﬂwiﬁ%uﬁi@é\t'és g@itARrees first
second non-inverting input and the second inverting output; a second
amplibanacreeniea el Ny ioginmy e cbisekifvar ibenimpwicatdssiimomenverting
. second inverting input and the second non-inverting output; a third
INPybeariek I¥aRE bIpBYIHAY fRdUBhACHTIR @MMGUAIRS GREORG Bmalifying
non-inverting input and the first inverting output; a fourth feedback means
megsispialidmy 1o4ns bR G ZARRAIICHI¥ERIRG thouird isFsAMY MPatinverting

. and the first non-inverting output; a _ _
input, a second inverting output and a second non-inverting output, wherein the

second inverting output communicates with the first non-inverting input and the
second non-inverting output communicates with the first inverting input; a third
amplifying means for amplifying having a third inverting input, a third non-
inverting input, a third inverting output and a third non-inverting output, wherein
the second inverting input communicates with the third non-inverting output and
the second non-inverting input communicates with the third inverting output; a
fourth amplifying means for amplifying having a fourth inverting input, a fourth
non-inverting input, a fourth inverting output and a fourth non-inverting output,
wherein the fourth inverting output communicates with the third non-inverting
output and the fourth non-inverting output communicates with the third inverting
input; a first feedback means for providing feedback that communicates with the

second non-inverting input and the second inverting output; a second feedback

14




fifth feedback means for providing feedback that communicates with the
fourth inverting input and the first inverting output; and a sixth feedback
means for providing feedback that communicates with the fourth
non-inverting output and the first non-inverting output. [0044] In other
features, the first and second feedback means comprise first and second
me aesistarmevittagSdedpemkidimgt resistancds atespeittiviely . sEwe thirthaading input
fourth feedback means comprise first and second resistance means for
andpfbedseroesistamcen vesipeg tively Uk hesfifthiah desixitba dee divask snéangproviding
comprises first and second resistance means for providing resistance,
fee dbgpictivety clonas] AcBigmaniibltdhenditigitondigital edime@riepcdmprisehe first
the differential transimpedance amplifier. The Sigma-Delta analog to
inveriyial eoiriterinduds difetkrankamplifios mieanspiovidingifylegdieck that
includes one input that receives an input signal; integrator means for
commtegraatrpthath domiriiricireering tpotitpod dhehérgiffepmievemipifieutput; a
means; comparator means for comparing that receives an output of the
fifthifeethasnieanssded aigividing deadbasiniateeonvansitatesnvdifirige fourth
~that communicates with an output of the comparator means and another
inveRing dnie dferdheeif pimerinsamstegtioand] t ifibr featdlreskfimsans for
and decimation means for filtering and decimating receives an output of
prowidingffriaaskniBahsomnussicaiRsoMte thafépeRte ReRpimehiram e and
integrator means and the comparator means includes the differential
the figFisiiApd A aAifér. [0047] A transimpedance amplifier comprises a

first oBerationaI
[0044] In other features, the first and second feedback means

comprise first and second resistance means for providing resistance,
respectively. The third and fourth feedback means comprise first and second
resistance means for providing resistance, respectively. The fifth and sixth
feedback means comprises first and second resistance means for providing
resistance, respectively.

[0045] A Sigma-Delta analog to digital converter comprises the
differential transimpedance amplifier. The Sigma-Delta analog to digital
converter includes difference amplifier means for amplifying that includes one
input that receives an input signal; integrator means for integrating that
communicates with an output of the difference amplifier means; comparator
means for comparing that receives an output of the integrator means; and digital
to analog converter means for converting that communicates with an output of

the comparator means and another input of the difference amplifier means.
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amplifier having an input and an output. A second operational amplifier
has an input and an output that communicates with the input of the first
operational amplifier. A first feedback element has one end that
communicates with the input of the first operational amplifier and another
end that communicates with the output of the first operational amplifier,
wh@@bthe first dtleeib dektetemefitecoanulisesarfirdsd capasitender Altering and
second feedback element communicates with the input of the first
decipetatoreteigsifier andradotidhendaatareomomicates WitHahst antipudbf the
of the first operational amplifier. [0048] In other features, the second
diffqeemsackendfisntenanssises afiearatsistearmsT e firdbeapaoifaaregor means
~includes a variable capacitance. The first feedback element comprises a
inclyplas dRpseifieeentiphisiesimpedrnisammbificitance. The second feedback
element comprises a first resistance in series with a first inductance. The
firs{@@pbaLitarfte Bampmacavesiameelfiatitaneprisgsst fesfteingeperational
having one end that communicates with the another ends of the first and
am@é‘@dn%ar\é@at%wm%éﬂ% AnPHsthereRERACCOPRTRIINBAIcaMMifigiehas an
. output of the second operational amplifier. The first feedback element
NP K ForRpHRS NAkSCASRTBLMERRSS 8RS thith iutiref dhsabitaheperational
d wherein the 16 second feedback element comprises a first .
aMpittandEShBarRF SIS TSBEBRS GesisaABanENErR igHtaRile the input
omprises the transimpedance amplifier. [0049] A Sigma-Delta analog to
of @@%ﬁéo%ﬁé’l"@@%ﬁﬁ%@ﬁfeaﬂﬁfé‘eﬁfﬁ?ﬁr%nﬁ% SRCaNMIRAteS THEN the
Sigm -%e\:%a%,analo to digital converter comprises a difference amplifier
OUthgdﬂ?e t i'ﬁ%‘iuag?r(ﬂii@ﬂ%u?fﬂ@i‘ﬂ%’bei@@@@ﬂnmﬁ digpalfeatbrslratament

module thPt ?ommunicates with an output . )
comprises a first capacitance. A second feedback element communicates with

the input of the first operational amplifier and another end that communicates
with the output of the first operational amplifier.

[0048] in other features, the second feedback element comprises a first
resistance. The first capacitance includes a variable capacitance. The first
feedback element comprises a first resistance in parallel with the first
capacitance. The second feedback element comprises a first resistance in series
with a first inductance. The first capacitance comprises a variable capacitance.
A first resistance having one end that communicates with the another ends of the
first and second feedback elements and another end that communicates with the
output of the second operational amplifier. The first feedback element further

comprises a first resistance in series with the first capacitance, and wherein the
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of the difference amplifier module; a comparator module that receives an
output of the integrator module; and a digital to analog converter that
communicates with an output of the comparator module and another
input of the difference amplifier module. [0050] In other features, a filter
and decimation module receives an output of the comparator module. At

secteastesdbatthe diffenencerapmslific n Miestuiad dbesintegraisurairauletang second
the comparator module includes the differential transimpedance amplifier.

resif086d¢ AArdifsimgpddarceifiplifemcoiapsites firahsmpldvingemeansiifas:.
amplifying having an input and an output. Second amplifying means for
amplidday hatindSagniapiietind anatogputdhadigitimuoateswitotherigpst the
of the first amplifying means. First feedback means for providing

diff¢eeniizi ckraasimynesareed taptibermunithtes Sigmadieiput ahtiedirdd  digital
amplifying means and another end that communicates with the output of

conystirscamplisésg andiiesemoe firsplitedvackivhe dhsicomindsss dinst input that
capacitance means for providing capacitance. Second feedback means

recebrasrGdmYy fetigpatkaainirpmioremoehae ivatsramomisaeiewititthan output
input of the first amplifying means and another end that communicates

of thatHiffrrensud BTRINCirsQd sy Mearaiqo o) weotival feegives, ameoutput
second feedback means comprises first resistance means for providing

of thesisttagsatomemeiieapidtahctioi@ates mralaescoarabry dhphciemeorunicates

__means for providing a variable capacitance. The first feedback means
withe g pRigiRsttiref rgseaTbe aneiansedplevint rnathandenut pirdhel wifference

the first capacitance means. The second feedback means
amplifier module.

[0050] In other features, a filter and decimation module receives an
output of the comparator module. At least one of the difference amplifier module,
the integrator module and the comparator module includes the differential
transimpedance amplifier.

[0051] A transimpedance amplifier comprises first afnplifying means for
amplifying having an input and an output. Second amplifying means for
amplifying having an input and an output that communicates with the input of the
first amplifying means. First feedback means for providing feedback having one
end that communicates with the input of the first amplifying means and another
end that communicates with the output of the first amplifying means. The first
feedback means comprises first capacitance means for providing capacitance.

Second feedback means for providing feedback having one end that
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comprises first resistance means for providing resistance in series with
first inductance means for providing inductance. The first capacitance
means comprises variable capacitance means for providing a variable
capacitance. First resistance means for providing resistance having one
end that communicates with the another ends of the first and second

corrigfahaste s @aths thadinpiotbe frenddtab sl cas yithd e aotast @nd that
the second amplifying means. The first feedback means further

contomfidsessfinstesisaungringans fospeovidiigngesistance in series with
the first capacitance means, and wherein the second feedback means

conmpeise} firdhinsthetaficatuneanshior rovidinieivdbmthneesim paatel el first
second resistance means for providing resistance. A differential

resigmsim pesErcdoamppiidingprepridandke Farsiingedmwdtamplifiesal@O53jiudes
A Sigma-Delta analog to digital converter comprises the differential

varigblesicqeaiEraeampkfars Toe PigiviaiDglta armledi® digitaticoertel he first
includes difference amplifier means for amplifying that includes one input

fee dhatcle rom@ssa dnport sign dirsinregiatenneeans dos ifteg ratingl that resistance in
communicates with an output of the difference amplifier means;

parabehpaithorthes fivsansdopctiansarinyemasieceilles aseoatplt feadback means
integrator means; and digital to analog converter means for converting

contgisesniirsinicsistanith aneanpuiaf phevidimparesistarsansraseaastiveth first
input of the difference amplifier means. [0054] In other features, filter and

ind deteingstioneaeanddor Mifevigig anih dstangtng rdbeivéssinaanpaitangge means
comparator means. At least one of the difference amplifier means, the

conpegeatorarisllts aaganiassaparagssmisinrindtlidesahgafiiblentalpacitance.
transimpedance amplifier.

First resistance means for providing resistance having one end that

communicates with the another ends of the first and second feedback means and
another end that communicates with the output of the second amplifying means.
The first feedback means further comprises first resistance means for providing
resistance in series with the first capacitance means, and wherein the second
feedback means comprises first inductance means for providing inductance in
parallel with second resistance means for providing resistance. A differential
transimpedance amplifier comprises the transimpedance amplifier.

[0053] A Sigma-Delta analog to digital converter comprises the
differential transimpedance ampilifier. The Sigma-Delta analog to digital
converter includes difference amplifier means for amplifying that includes one
input that receives an input signal, integrator means for integrating that

communicates with an output of the difference amplifier means; comparator

18




[0055] Further areas of applicability of the present invention will become
apparent from the detailed description provided hereinafter. It should be
understood that the detailed description and specific examples, while
indicating the preferred embodiment of the invention, are intended for
purposes of illustration only and are not intended to limit the scope of the

me ANERi Qb BRI RESGREBIEINR bUtbl BRANVIINERARI58IEERR; and digital

present invention will become more fully understood from the detailed

to aitrseyptionandthaanssompanyingeiawings vaereinildAs<] \wiGsad adtbut of
2 are basic circuit architectures for a current-to- voltage TIA according to

the tempioasst; 18] EHdsaSotiner4rpiet bagie difaiiciebitasiiiesfaicans.
voltage-to- voltage TIA according to the prior art; [0059] FIG. 5 is a basic

cirdiioa4dhitettuctor fedifferantifitecomfigutativnanfon Tideaecordinglterthe and
prior art; 19 [0060] FIG. 6 shows an optical sensor, including a photodiode

decgoapleg rezeivids, axccouding tof thieepoiomptdr 006 M EdGs 7 id\a frsstomher of the
nested TIA according to the present invention; [0062] FIG. 8 is a

diffeyermed amisifieesteedng) dbeoridiegtatthenpeesentainlehtonpiddesdieiGmeans
9 is an nth-order nested TIA according to the present invention; [0064]
inclei@s tagiiféirshtiad dransstepctanreaadifféfiential configuration
[0055] Further areas of applicability of the present invention will
become apparent from the detailed description provided hereinafter. It should be
understood that the detailed description and specific examples, while indicating

the preferred embodiment of the invention, are intended for purposes of

illustration only and are not intended to limit the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0056] The present invention will become more fully understood from
the detailed description and the accompanying drawings, wherein:
[0057] FIGs. 1 and 2 are basic circuit architectures for a current-to-
voltage TIA according to the prior art;
[0058] FIGs. 3 and 4 are basic circuit architectures for a voltage-to-
voltage TIA according to the prior art;

[0059] FIG. 5 is a basic circuit architecture for a differential

configuration of a TIA according to the prior art;
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according to the present invention; [0065] FIG. 11 is an nth-order nested
TIA in a differential configuration according to the present invention;
[0066] FIG. 12 is a graph of exemplary gain-bandwidth characteristics for
a TIA; [0067] FIG. 13 is a graph of an exemplary gain-bandwidth
characteristic for a first-order nested TIA; [0068] FIG. 14 is a graph of an

exeogsaly gamehapdnislis ehaspatesistedeba sestherdesmas@eddAsoupled

[0069] FIG. 15 is a first-order nested TIA with capacitive cancellation of
to alfipAl patasiiccapacianas agtording to the present invention; [0070] FIG.
16 is a second-order nested TIA with capacitive cancellation of input

parftid Fap&ditande accarding-todbe presest imvanteeo?8ifd01d] s present
17 is an nth-order nested TIA with capacitive cancellation of input
invgoarasitic capacitance according to the present invention; [0072] FIG. 18 is
a first-order nested TIA in a differential configuration with capacitive
cand®dion dfliGpll parasircoapacideceaswatding tacherdiresémtthe present
invention; [0073] FIG. 19 is a second order nested TIA in a differential
inveydidigjuration with capacitive cancellation of input parasitic capacitance
according to the present invention; [0074] FIG. 20 illustrates the first order
nesiRE6BIA offfies. 9 vidthaadaitiepraldecnbsick rédidtamoeyrding to the present

invention;

[0064] FIG. 10 is a first-order nested TIA in a differential configuration
according to the present invention;

[0065] FIG. 11 is an nth-order nested TIA in a differential configuration

according to the present invention;

[0066] FIG. 12 is a graph of exemplary gain-bandwidth characteristics
fora TIA;

[0067] FIG. 13 is a graph of an exemplary gain-bandwidth
characteristic for a first-order nested TIA;

[0068] FIG. 14 is a graph of an exemplary gain-bandwidth
characteristic for a second-order nested TIA;

[0069] FIG. 15 is a first-order nested TIA with capacitive cancellation of
input parasitic capacitance according to the present invention;

[0070] FIG. 16 is a second-order nested TIA with capacitive

cancellation of input parasitic capacitance according to the present invention;
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[0075] FIG. 21 illustrates a second order nested TIA of FIG. 8 with
additional feedback resistance; [0076] FIG. 22 illustrates the first order
nested TIA of FIG. 15 with additional feedback resistance; [0077] FIG. 23
illustrates the first order nested TIA of FIG. 7 with an additional input
capacitance, feedback capacitance, and feedback resistance; [0078] FIG.

24 [0tidtes MESTirs? dedendifferental masted TN ARG .cHp adithva@ncancellation
additional input capacitance, feedback capacitance, and feedback
of impsistemasiti®0ZPREIGN26 Hiugirding &n Exeprpsyitdisketitivr system
including a preamplifier with a nested TIA according to the present
invgflida] [00B0GFNE. Ro4llistratetethadsst ik restetiffBdofidf|Corfiguration
including an opamp of a first configuration; 21 [0081] FIG. 27 illustrates
withtheafiffetidveiaCfirstediatermesiteth fuh qfafddtid Odaphaiiagen diftsvetitigl to the
opamp of the first configuration; [0082] FIG. 28 illustrates the first order
prepestéaVERion FIG. 26 including an opamp of a second configuration;
[0083] FIG. 29 illustrates the differential first-order nested TIA of FIG. 27
incllfifglan differentidl dpamp s¥ans decoddrcondigiedhtionA[0084% Fidiffatential
illustrates the differential first-order nested TIA of FIG. 10 including a
congigteiriinmMIBanarrCa pasiepediedionyafationt [oU8s]tkiGapatiaBehascarding
family of gain curves for first and second stages of nested TIAs;
to the present invention;

[0074] FIG. 20 illustrates the first order nested TIA of FIG. 7 with

additional feedback resistance;

[0075] FIG. 21 illustrates a second order nested TIA of FIG. 8 with
additional feedback resistance;

[0076] FIG. 22 illustrates the first order nested TIA of FIG. 15 with
additional feedback resistance;

[0077] FIG. 23 illustrates the first order nested TIA of FIG. 7 with an
additional input capacitance, feedback capacitance, and feedback resistance;

[0078] FIG. 24 illustrates the first order differential mode TIA of FIG. 10
with an additional input capacitance, feedback capacitance, and feedback
resistance;

[0079] FIG. 25 illustrates an exemplary disk drive system including a
preamplifier with a nested TIA according to the present invention.

[0080] FIG. 26 illustrates the first order nested TIA of FIG. 7 including

an opamp of a first configuration;
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[0086] FIG. 34 shows a functional block diagram of a power supply for
nested TIAs; [0087] FIG. 35 illustrates and exemplary LED drive circuit
using the power supply of FIG. 34; [0088] FIG. 36 is a simplified
schematic view of a differential single- nested transimpedance amplifier
according to one aspect of the disclosure; [0089] FIG. 37 is a simplified
schipoat¢ view ef aiiffénestialetoulble ndisied tiwdisiftpedance amplder TIA of
according to a second embodiment of the disclosure; [0090] FIG. 38 is a
F1 Gsitfplifidd dohemmatitfaiential aphifiepentitdeafirplitenfigstsibaccording to a
third embodiment of the disclosure; 22 [0091] FIGs. 39A and 39B are
schEfiéfg viemsofAdifidueitiad autide dingfl eefedetbtimasinfentalt®. 26 including
amplifiers, respectively, having a compensation capacitor in a feedback
an (pepnf0odH2]FGsdHodnfigdratiBrare schematic views of differential and
single-ended nested transimpedance amplifiers, respectively, having an
LC faaR3dircuiti 028 Ficsirateanthsl Biffecestiaéninstoidws ofested TIA of
differential and single- ended transimpedance amplifiers, respectively,
FlGharigdndity tanidifiersio bl pesisiars tinetise fesd sauKiartiascording to
the present disclosure; [0094] FIG. 42 is a schematic view of an
altetPBBAE entbiéeliniht BE atratassitse ddifesentipliffshavitey aneste@dnkiA of

circuit; [0095] FIG. 43A is a functional block diagram of a hard disk drive;
FIG. 10 including a differential opamp in a push-pull configuration;

[0085] FIGs. 31-33 show a family of gain curves for first and second
stages of nested TIAs;

[0086] FIG. 34 shows a functional block diagram of a power supply for
nested TlAs;

[0087] FIG. 35 illustrates and exemplary LED drive circuit using the
power supply of FIG. 34;

[0088] FIG. 36 is a simplified schematic view of a differential single-
nested transimpedance amplifier according to one aspect of the disclosure;

[0089] FIG. 37 is a simplified schematic view of a differential double-
nested transimpedance amplifier according to a second embodiment of the
disclosure;

[0090] FIG. 38 is a simplified schematic view of a differential amplifier

nested according to a third embodiment of the disclosure;
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[0096] FIG. 43B is a functional block diagram of a digital versatile disk
(DVD); [0097] FIG. 43C is a functional block diagram of a high definition
television; [0098] FIG. 43D is a functional block diagram of a vehicle
control system; [0099] FIG. 43E is a functional block diagram of a cellular
phone; [0100] FIG. 43F is a functional block diagram of a set top box;
(01QH1G. 4B8GSs ajonctipnal bisrkdiagiane faiaesiaplayersiddeential and
[0102] FIG. 44 is a functional block diagram of a Delta-Sigma analog to
singligitaldzanvedstelitiiedhns? Dinl i, DESSIBIREPNGVINdIE compensation
PREFERRED EMBODIMENTS [0103] The following description of the
cappieferredacimddichiviend(s) is merely exemplary in nature and is in no way
intended to limit the invention, its application, or uses. [0104] The present
invga08aladdrasses 4t\need fa0BCcrrasisghdmagialnviangvwidthijarduweial and
of TIAs. Improvements in the gain-bandwidth product are achievable by
singhestingtanthiadithanaimotieetzfide mathitewordspadditipahginegjtan LC tank
elements such as feedback resistors, capacitors and/or opamps are
circadded on the input and/or output sides of the TIA. In FIGs. 15-17,
capacitive cancellation of the input parasitic capacitance is provided. In
FIGKE8D4, biditicHhkirddidtlaresisteoetis previded. diffEtGstid3andsingle-
24, input and/or feedback capacitance is provided.
ended transimpedance amplifiers, respectively, having an LC tank circuit and

resistors in the feedback loops according to the present disclosure;

[0094] FIG. 42 is a schematic view of an alternative embodiment of a
transimpedance amplifier having an LC tank circuit;

[0095] FIG. 43A is a functional block diagram of a hard disk drive;

[0096] FIG. 43B is a functional biock diagram of a digital versatile disk

(DVD);

[0097] FIG. 43C is a functional biock diagram of a high definition
television;

[0098] FIG. 43D is a functional block diagram of a vehicle control
system;

[0099] FIG. 43E is a functional block diagram of a cellular phone;
[0100] FIG. 43F is a functional block diagram of a set top box;
[0101] FIG. 43G is a functional block diagram of a media player; and

[0102] FIG. 44 is a functional block diagram of a Delta-Sigma analog to

digital converter (ADC).
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[0105] Referring now to FIGs. 7, 8, and 9, a "nested" TIA is constructed
by adding opamps, feedback resistors and/or capacitors to a zero-order
TIA. In FIGs. 10 and 11, a nested TIA may also be constructed to operate
in a differential mode. [0106] Referring back to FIG. 7, a first-order nested
TIA 700 is shown. Reference numbers from FIG. 4 are used in FIG. 7 to
identify similar elements. The TIA 700 includes a conventional TIA 705
(also referred to herein as a "zero- order” TIA), an opamp 710, and a

feddBagk r&5is{0E TR P fee diadkHe SR FERRAELY bRBSRMENMTS
fixed-value resistor, a nonlinear variable resistor, or an 24 MOS resistor.

A didd3ior 720idés adfowmnetiedriptivieenfathigppiaibthedT ¥mBoaiansht(s) is
ground (or virtual ground). [0107] By nesting the TIA in this manner,

mershprvemeaty imtheyae-abdndwidthgpredudhmeayibe tedlingtdtHeomvention, its
example, the first-order nested TIA 700 that uses MOS transistors may
apphchi®ve arbaatwidth that is 10% - 20% of the threshold frequency fT.
This range represents a bandwidth that is approximately five to ten times
grefiép4lan thedarewddth olventioorradpoasies Zvo-oeder ToA.if@168%ing the
~Referring now to FIGs. 12 and 13, graphs illustrating characteristic
gainghmreuidiNidirocustesforlAserdmpeyarieatsd ia filst-galerrarsdedd i Aroduct
respectively, are shown. In general, a higher value of gain is associated
are @pihiavaler Ralurestipen@width wétihiradoatreralué of gaithisr agsodsatedditional
_Wwith a higher value of bandwidth. The gain A, defined as the output
circyil|glgeants gvirieasipenbassuesittage Aapasitgsrcaniyion traorgeraseadded
few hundred or a few thousand (i.e., approximately 102 - 103). A typical
on fhegdrsfthreshldn freufpencgides of the TIA. In FIGs. 15-17, capacitive
cancellation of the input parasitic capacitance is provided. In FIGs. 20-24,
additional feedback resistance is provided. In FIGs. 23 and 24, input and/or
feedback capacitance is provided.
[0105] Referring now to FIGs. 7, 8, and 9, a “nested” TIA is constructed
by adding opamps, feedback resistors and/or capacitors to a zero-order TIA. In
FIGs. 10 and 11, a nested TIA may also be constructed to operate in a

differential mode.

[0106] Referring back to FIG. 7, a first-order nested TIA 700 is shown.
Reference numbers from FIG. 4 are used in FIG. 7 to identify similar elements.
The TIA 700 includes a conventional TIA 705 (also referred to herein as a “zero-
order” TIA), an opamp 710, and a feedback resistor 715. The feedback resistor

715 may be a standard fixed-value resistor, a nonlinear variable resistor, or an

24




(fT) values for a 0.13 m CMOS process is 30 GHz - 40 GHz. [0109] In
FIG. 12, three exemplary characteristic curves are shown. A high gain
value yields a bandwidth value of approximately 1 GHz. A medium gain
value increases the bandwidth to approximately 2 GHz. Other values of
gain and bandwidth are possible. For example, a TIA may have a
MOé&hssaictienistie. gaivaiioie 708t is bigbettmretiedrisetwesn strowpit BiGhe TIA
12 and a bandwidth that is less than 1 GHz. A TIA may have a
7 00chiadagptedstq gainrualgrthatds. lower than the minimum gain value shown
in FIG. 12 and a bandwidth that is greater than 2 GHz, As can be
apdetiated, the barstwidtheariéds ias tmsmrensedynictiprov2srafrgainn Tthis gain-
function may be referred to as the "spread". The spread is greater for
barifiwig thsirrgdMoStieanbis teaalithech fdToF| Azarsiplg bipeléirgtinctien estsistdid 700
(BJTs). Thus, the need to improve the TIA bandwidth performance is more
thaprsesulvied wiensigds sramaysrebithan aitreBIWitttnsimbris. [@L40] PO&6 of the
exemplary bandwidth values shown in FIG. 12 do not define upper and
threghale Beereiaey Bourdds IFRgmyapesialsppisadondh bhatisidberonimately
the order of 1 GHz or 2 GHz are too low. Many applications, such as an
fivedtegptiibes gptietrsdéiveihe aind widiadthe cotiespracing zeraiaxder TIA.
Preamplifiers for high-speed hard disk drives also typically require
bani@iRBhs tkafarene thewrdée offdéveral BHAREfeHEing awhse Filistrating
13, afirst-order nested TIA at a typical gain value may have a bandwidth
chagpeispidtiGraaienpaodeidth qunves RefRrAAPrIWes Hicapdadistidsaaested
nested TIA 800 builds upon the first-order nested TIA 700. Reference '
TIAqRRaS IS, FAtSs ShawA. 7 Hregeneral, a higher value of gain is associated

with a lower value of bandwidth, and a lower value of gain is associated with a
higher value of bandwidth. The gain A, defined as the output voltage Av, divided

by the input voltage Av,, is typically on the order of a few hundred or a few
thousand (i.e., approximately 10° — 10°). A typical range of threshold frequency
(fr) values for a 0.13 um CMOS process is 30 GHz — 40 GHz.

[0109] In FIG. 12, three exemplary characteristic curves are shown. A
high gain value vields a bandwidth value of approximately 1 GHz. A medium
gain value increases the bandwidth to approximately 2 GHz. Other values of
gain and bandwidth are possible. For example, a TIA may have a characteristic
gain value that is higher than the maximum shown in FIG. 12 and a bandwidth
that is less than 1 GHz. A TIA may have a characteristic gain value that is lower
than the minimum gain value shown in FIG. 12 and a bandwidth that is greater

than 2 GHz. As can be appreciated, the bandwidth varies as an inverse function

25




used in FIG. 8 to identify similar elements. The second-order nested TIA
800 includes an opamp 805 at the input of the first-order nested TIA 700
and an opamp 810 at the output of the first-order nested TIA 700. An
additional feedback resistor 815 is also added across the input of the
opamp 805 and the output of the opamp 810. An exemplary

of ggain-beng\iddictionrveathalasghotugead asiftgthepresand-prdeshestgdsTdfeater
800 is shown in FIG. 14. For a typical gain value, a bandwidth of

for dppeoxisnate @6 Gdrsizayrbetiashieyed Q4 AAiRefersmea MMdadr Grdhsistors

higher-order nested TIAs may be constructed by adding additional

(BJopampehasd feedbael resistopsoReftrenTe 26amdawhirs forfofitasicé & more
and 8 are used in FIG. 9 to identify similar elements. For example, a

protititthoedewitie StHASTIAR 9SG tmc iHan opdnEETO0ramst @0 and feedback
resistor 915. It is possible to achieve higher values of either gain or

ban@®Aitlh (orButh ey mapeatinpaidviathnigaleef tsderesant iIRKGNtitA. do not
However, the efficiency of the circuit decreases as additional nesting
deflageltpper adedaer tdpadagitith nbiseraiwd indreasadyp @rectdissipaidications,
In general, either the first-order nested TIA or the second-order nested
banpwigiisusuing prowidef duBiident Re@otmaretoddb 3] Hefeyramphicstitms, such
FIG. 10, a differential mode first-order nested TIA 1000 is shown.
as Refe¥eriée rirabesticoradeiees sequisedbaneM@dittonidestifyrdanitsr 10 GHz.
elements. An opamp 1002 is connected to the outputs of the opamp 504.
Prepawpliigsr fesidiisrs-speecahanhoskre tops et typicplits fghize bandwidths
differential mode TIA 500 and to outputs of the opamp 1002. The gain-
thabarenvaatihsrcuder odftrreTesals Gidreadseferring now to FIG. 13, a first-order
nested TIA at a typical gain value may have a bandwidth of approximately 10
GHz.

[0111] Referring now to FIG. 8, a second-order nested TIA 800 builds
upon the first-order nested TIA 700. Reference numbers from FIGs. 4 and 7 are
used in FIG. 8 to identify similar elements. The second-order nested TIA 800
includes an opamp 805 at the input of the first-order nested TIA 700 and an
opamp 810 at the output of the first-order nested TIA 700. An additional
feedback resistor 815 is also added across the input of the opamp 805 and the
output of the opamp 810. An exemplary gain-bandwidth curve that is produced
using the second-order nested TIA 800 is shown in FIG. 14. For a typical gain
value, a bandwidth of approximately 20 GHz may be achieved.

[0112] Referring now to FIG. 9, higher-order nested TIAs may be

constructed by adding additional opamps and feedback resistors. Reference
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[0114] Referring now to FIG. 11, a differential mode nth-order nested TIA
1100 is constructed in a manner that is similar to the nth-order nested TIA
of FIG. 9. Reference numbers from FIGs. 5 and 10 are used in FIG. 11 to
identify similar elements. Additional opamps 1104 and 1108 and
feedback resistors 1112 and 1114 are connected in a similar manner.

nuriihergdiorhafidedth, Zhanactersticsded differnential foade s affilar elements.
substantially similar to the gain- bandwidth characteristics shown in FIGs.

Forl@xamjRd 1b]tHiis-noths thattbe apangps useriethepasisd DFsMAY 910 and
employ either bipolar junction transistors (BJTs), such as

feeghditinrasstoide @as)s busibistorachignetaigiigdevatipicasfdsigher gain or
(MOS) transistors, such as CMOS or BICIVIOS transistors. The preferred

bareiwistilinfentboftthebigvertieatise MEStddntisters ofuetie ppretisat invention.
considerations such as ease of manufacture and better power

Howemsuntiptigifsharasterfsties. qoduic HRefeases rasvaddriGnabntstifigstevels are
order nested TIA 700 is shown with additional feedback capacitance C1,

addgHich e libardisiliz cxpiselaretfovieetad mpuecabissitation Cpragneinputither
of the opamp 415. The feedback capacitance C, has a first end that

the ciisinudpsanesteith AHInputios thecopanasdarsnested sEdondlenstiadly provide
communicates with an output of the opamp 425. [0117] Referring now to

suffigignt Betfsrsaesid order nested TIA 800 of FIG. 8 is shown with
additional feedback capacitances C, and C2, which substantially cancel
effeldd Binp RefgraEitanesy P8 and G r2differentislitofiefisshpsdersnested
and 805, respectively. The feedback capacitance C, has a first end that

TIAcdRRAUIsicEewiith Rafriancst Mameimfrans BHA.a%arendsat imdtlG. 10 to
identify similar elements. An opamp 1002 is connected to the outputs of the
opamp 504. Feedback resistors 1006 and 1008 are connected to inputs of thé
differential mode TIA 500 and to outputs of the opamp 1002. The gain-
bandwidth product of the TIA is increased.

[0114] Referring now to FIG. 11, a differential mode nth-order nested
TIA 1100 is constructed in a manner that is similar to the nth-order nested TIA of
FIG. 9. Reference numbers from FIGs. 5 and 10 are used in FIG. 11 to identify
similar elements. Additional opamps 1104 and 1108 and feedback resistors
1112 and 1114 are connected in a similar manner. The gain-bandwidth
characteristics for differential mode TIAs are substantially similar to the gain-
bandwidth characteristics shown in FIGs. 12-14.

[0115] It is noted that the opamps used in the nested TIA may employ

either bipolar junction transistors (BJTs), such as gallium-arsenide (GaAs)
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communicates with an output of the opamp 425. The feedback
capacitance C2 has a first end that communicates with an input of the
opamp 805 and a second end that communicates with an output of the
opamp 710. [0118] Referring now to FIG. 17, the nth order nested TIA of
FIG. 9 is shown with additional feedback capacitances C1, C2, and CN,

transisicits sobstastidiykrineensiteaiduehdrpil CEBRIERED P §uEPds.-CMOS or
and CPN at the inputs of opamps 415, 805 and 905, respectively. The

BiClderbackrcapaciancEn@i frascarficsteanddhahepmmmieaiesvathian input MOS
of the opamp 415 and a second end that communicates with an output of
trangistopamipel 25. e fead banisid8retipacitanct G hassefiest arohtlfatture and
communicates with an input of the opamp 805 and a second end that
betiesmpowsricatesunithtian cignatcté isaspamp 710. The feedback
capacitance CN has a first end that communicates with an input of the
opdRp1805 aetesdogndendiohat Confriurtitatéissiitréarongmieof A 700 is
opamp 810. [0119] Referring now to FIG. 18, the first order nested
shouiffe véithiad eetiden il Adediceicksisawa citiah Gelditionalfeddsadis tapsditorsancels
CiA and C1s, which substantially cancel effects of input parasitic
effegépatiemtuyCrypadiaredt thatithriopttied ttcrpatiapmdbe dpanipedback
502, The feedback capacitance CIA has a first end that communicates
capaafieassnputhestadiaffaedthphmsderopainptes ithdam ispedad tredapamp 415
communicates with an output of the differential mode opamp 504. In FIG.
and1g sggaid eACcHicpamres isatesnyitbom petadtief theaopetopd 25rder
differential mode TIAs in a similar manner to offset parasitic capacitances

cPINARl cH2efarigieenevade diléuitd Bistha searndgpasaonested TIA 800 of

FIG. 8 is shown with additional feedback capacitances C; and C,, which
substantially cancel effects of input capacitances Cp; and Cpp at the inputs of
opamps 415 and 805, respectively. The feedback capacitance C4 has a first end
that communicates with an input of the opamp 415 and a second end that
communicates with an output of the opamp 425. The feedback capacitance C,
has a first end that communicates with an input of the opamp 805 and a second
end that communicates with an output of the opamp 710.

[0118] Referring now to FIG. 17, the nth order nested TIA of FIG. 9 is
shown with additional feedback capacitances C4, C,, ..., and Cy, which
substantially cancel effects of input capacitances Cp4, Cpo, ..., and Cpy at the
inputs of opamps 415, 805 and 905, respectively. The feedback capacitance C;
has a first end that communicates with an input of the opamp 415 and a second

end that communicates with an output of the opamp 425. The feedback
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[0120] Referring back to FIG. 20, the first order nested TIA of FIG. 7 is
shown with additional feedback resistance 2010. The feedback resistance
2010 has a first end that communicates with an input of the opamp 710. A
second end of the resistance 2010 communicates with an output of the
opamp 710. [0121] Referring now to FIG. 21, the second order nested TIA

capakcitiac8 Gs shevenfivdtioaddiianabiaadhackiasigiansg Akt KMfe opamp 805

feedback resistance 2110 has a first end that communicates with an input

andobtheopame8d Ghét seeandendeithRitesisianem 2l 19 aanBIMIgaes 0. The
with an output of the opamp 810. 29 [0122] Referring now to FIG. 22, the

feefitstardapaestatd18,0hEiGa Tivsseshiomamidhaddiliensddarahask input of the
resistance 2210. The feedback resistance 2210 has a first end that

oparomOlhieatts vettamdend of thecopamuniciled wioad entbef Bfethe opamp
resistance 2210 communicates with an output of the opamp 710. [0123]
81(Referring now to FIG. 23, the first order nested TIA of FIG. 7 is shown
with input capacitance CEN, feedback capacitance CFB, and feedback ,
resifland¢ 23 Kefehenmponcapadiante, Gial firas adisstrerddabalifeceives mode
an input signal for the nested TIA 700 and a second end that
TIAcdhunicatbewnithwaih irguiditiafrepafep di&c KT ha feedbeckTapacitarCa;, which
CFB has a first end that communicates with an input of opamp 415 and a
subséaotiellgncathaticeffentmichteputith anzsidndoab seimtanse G5 A0d. 28}, at the
The additional feedback resistances, input capacitances, and/or feedback
inpgtspatitamciSarantidsonbd adgenntp GRodiffeverfdabivace crsteitarée Cq, has a
Referring now to FIG. 24, the first order differential mode nested TIA of
firsfe@ad 1hgs communicates with an input of the differential mode opamp 502 and
a second end that communicates with an output of the differential mode opamp
504. In FIG. 19, additional capacitances C,s and C,gz are added to a second
order differential mode TIAs in a similar manner to offset parasitic capacitances
Cp2a and Cpps. Higher order circuits use a similar approach.

[0120] Referring back to FIG. 20, the first order nested TIA of FIG. 7 is
shown with additional feedback resistance 2010. The feedback resistance 2010
has a first end that communicates with an input of the opamp 710. A second end
of the resistance 2010 communicates with an output of the opamp 710.

[0121]  Referring now to FIG. 21, the second order nested TIA of FIG. 8
is shown with additional feedback resistance 2110. The feedback resistance
2110 has a first end that communicates with an input of the opamp 810. A

second end of the resistance 2110 communicates with an output of the opamp

810.

29




shown with first and second input capacitances CIN1 and CiN2, first and
second feedback capacitances CFBI and CFB2, and feedback
resistances 2410 and 2412. The input capacitances CiN1 and CIN2 have
first ends that receive input signals for the nested differential mode TIA
and second ends that communicate with inputs of opamp 502. The

feeqbaolrapagiances EW:81dEFB2 hay e dist e baegommyniaae 15 is

with inputs of opamp 502 and second ends that communicate with first

sheslswohresigianeasid 96-1drd 8R8a rrePestivelyr fdrst 8RH KACP88 stance 2210

feedback resistances 2410 and 2412 have first ends that are connected

hadaifipsitemneh sesomehandsateat @i eenipsiedithewpuisefitierantiabond end
mode opamp 1002. 30 [0125] As can be appreciated, the feedback

of thepagitetzees (FIE0scdmrbBhiterdbacky esiganiasoftitesogards)7 and
input and feedback capacitances (FIGs. 23 and 24) can be used in any

confoin28pn oRdikstrisgaund, to. BIaItPBrdRE firsteetE natier Tifesemid. 7 is
mode TIA. [0126] Referring now to FIG. 25, an exemplary disk drive
shaystenitB5PHus shpasittnel@lg, afdisktditve vaigctisciob 2819 thatgvigesiback
to a disk drive 2514. A disk drive read circuit 2516 includes a preamp
resttanic @ 283 Qvith leerieptedcd e oitanest €\ diffarentiialt readet TaA rigesitibe chatinput
2520, which is implemented as described above. [0127] Referring now to
sigrGiaghthedskcoidAr e teddr AsEQ0 0 EltE. tas ahowuimckhidingvatfiest input
implementation of opamp 710. Opamp 710 includes a first transistor 2600
of apaened Vihth thsdesdbbacinsmpacitedze Cgatessf dher fir @nttdhsistom2®00icates
is driven by the output of the zero-order TIA 705. A gate of the second
withramsistort 26 @ E@ayiddb bya biascmiicgad/Bat lvesignaiioatpatwit T Bhe end of

resistance 715.

[0124] The additional feedback resistances, input capacitances, and/or
feedback capacitances can also be added to the differential mode nested TIA.
Referring now to FIG. 24, the first order differential mode nested TIA of FIG. 10 is
shown with first and second input capacitances Cin1 and Cinp, first and second
feedback capacitances Crg1 and Cegp and feedback resistances 2410 and 2412.
The input capacitances Cin1 and Cinz have first ends that receive input signals for
the nested differential mode TIA and second ends that communicate with inputs
of opamp 502. The feedback capacitances Crgy and Cgg> have first ends that
communicate with inputs of opamp 502 and second ends that communicate with
first ends of resistances 1006 and 1008, respectively. First and second feedback
resistances 2410 and 2412 have first ends that are connected to inputs and

second ends that are connected to outputs of differential mode opamp 1002.
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700 is taken at a node connecting a source of the first transistor 2600 with
a drain of the second transistor 2602. A first current source 2604 draws
current from a source of the second transistor 2602. The opamp 710 can
be powered with a drain supply voltage Vdd2. Power supply options are
described below in more detail. [0128] Referring now to FIG. 27, the

diffepental made dsst-peleppestestellARE0ROHFYEK 1 istaWRes (FIG.s 15-

including a first implementation of opamp 1002. Opamp 1002 includes a

19)firstupasisters?stef de cqmiBanicating WA FRaANENY 3BEISE K O8pAcitances
gate of the first transistor 2700 is driven by one output of the 31

(FIGiffodatial 2¢jeardes T80 A gataiithaispcondiEansision@702ds n™ order
driven by a bias voltage VB. A first signal output of TIA 1000 is taken at a

nestel € l¢oaneatingifiesmtiserobtieTirst transistor 2600 with a drain of the
second transistor 2702. A first current source 2704 draws current from a

souiet26] the Recemihtyansistior 2B02502A9% Rethivthifatsistalriv 608 isdmn 2500

communication with a fourth transistor 2708. A gate of the third transistor
is sRE06 D dnvien bathesbtieveutpitd ofréhie dffedethizalzeatosorsler dikk 9o0e514.

gate of the fourth transistor 2708 is driven by VB. A second signal output
A diskTdAveOG@ s cakeit 264 thoudunrma girgansoinat Gfahe thitlel rassisiorTIA or

2706 with a drain of the fourth transistor 2708. A second current source
nesgad Odififenentiatrempfiem TdAoideetbidtie se bR ansigtor i2702pEmented as

opamp 1002 can be powered with a drain supply voltage Vdd2. Power
dessuipgly aptivas are described below in more detail. The differential signal

output is taken across the first and second signal outputs at the

res@tdvVe soletsyrang now to FIG. 26, the first-order nested TIA 700 of FIG.
7 is shown including a first implementation of opamp 710. Opamp 710 includes a
first transistor 2600 in series with a second transistor 2602. A gate of the first
transistor 2600 is driven by the output of the zero-order TIA 705. A gate of the
second transistor 2602 is driven by a bias voltage Vg. The signal output of TIA
700 is taken at a node connecting a source of the first transistor 2600 with a
drain of the second transistor 2602. A first current source 2604 draws current
from a source of the second transistor 2602. The opamp 710 can be powered
with a drain supply voltage Vaq2. Power supply options are described below in
more detail.

‘[0128] Referring now to FIG. 27, the differential mode first-order nested

TIA 1000 of FIG. 10 is shown including a first implementation of opamp 1002.

Opamp 1002 includes a first transistor 2700 in communication with a second

transistor 2702. A gate of the first transistor 2700 is driven by one output of the
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first and third transistors 2700, 2706. [0130] Referring now to FIG. 28, the
first-order nested TIA 700 of FIG. 26 is shown including a second
implementation of opamp 710. The second implementation includes a
second current source 2610 that provides current to the drain of the first
transistor 2600. The second current source 2610 draws current from

diffeveieial[BEAdIonederTing 5ouv tA Gite 29, thie silferantialnseds Brabordelriven by

nested TIA 1000 of FIG. 27 is shown including a second implementation

a biat apaage1002. ATietssigaaddmpleragntationnueedekenthird GiERNEonnecting
source 2712 that provides 32 current to the drains of first transistor 2700

a sanddhifdi@rfisistonis o Thedbivdtie e et s aes2yded HpMer@Isent2702. A
from Vdd2. [0132] Referring now to FIG. 30, the differential mode

firstficstrende soested2 T04 e oidalCertOfie shewsoinely difaresthistond transistor
implementation of opamp 1002. Opamp 1002 includes a push-pull

270Ronfiguration as shown. The opamp 1002 receives a positive bias voltage
VBP and a negative bias voltage VBN. The differential output signal is
takfM@&Tss Aodesd/ ougnsintbV 27 0 183] iRetesnmgumivatio i | GBtH31a33ourth

a family of gain curves is shown. The gain curves represent typical gain
trangisternyy 68thé \gateuss finsttbidktraesistbri2&6@lesdribed Bpdhe. Aher output of

logarithmic vertical axis of each graph represents gain A=Vmt/Vin. A
the Idiffariemiiéd Horramtidrakiéd @Ghci gyaph of phestnigisigaabifiequaiey.is driven

The graph of FIG. 31 represents a gain curve 3100 of the various
by ¥pampssatmndpaignal protidé afloviar gadDaisd thigtrerdbaandwidéh toeméuéing a

zero- order TIAs. The opamp gain rolls off at a rate of 20dB/decade.
source of the third transistor 2706 with a drain of the fourth transistor 2708. A
second current source 2710 draws current from a source of the second transistor
2702. The opamp 1002 can be powered with a drain supply voltage V4g. Power
supply options are described below in more detail. The differential signal output
is taken across the first and second signal outputs at the respective sources of
first and third transistors 2700, 2706.

[0130] Referring now to FIG. 28, the first-order nested TIA 700 of FIG.
26 is shown including a second implementation of opamp 710. The second
implementation includes a second current source 2610 that provides current to
the drain of the first transistor 2600. The second current source 2610 draws
current from Vyqo.
[0131] Referring now to FIG. 29, the differential mode first-order nested

TIA 1000 of FIG. 27 is shown including a second implementation of opamp 1002.

The second implementation includes a third current source 2712 that provides
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[0134] The graph of FIG. 32 represents a family of gain curves 3200 for
various TIAs. The gain curve 3200 having the smallest bandwidth
corresponds with a zero-order TIA. The gain curves 3200 with higher
bandwidths correspond with increasingly-nested TIAs. The TIAs generally
provide a high gain and medium bandwidth when compared to the

cur@PRMPIh& ez wrdest HHaraaioroly ooff s @ sk ofAAd&idesade. The third
[0135] The graph of FIG. 33 represents a family of gain curves 3300 of

curtbet\suioys st DwlanrestietiiAsnihg, gains are relatively flat at the
lowest frequencies. As the frequency increases the gains roll off at

20dBABZRde HetsteindCribe gain effaus widherepantipias sHeWRIidriar nested
31. As the frequency continues to increase the gains roll off at

TiAMAO0Bdetade due te deoonmibisiadiatiestsnfdhemeasntanerins saiested 1002.
zero-order TIA. [0136] Referring now to FIG. 34, a functional block

Opaimagrd®02 showaesf @ pogtepslipphnéigangtimeat fendvst-ordetenesiachp 1002
TIAs. The power supply arrangement provides a TIA chip with three

receivighieavgitagjibseleviels dedipite Meviding extergdibanngatonsifagev®/gy.  The

voltages and ground. While FIG. 34 shows the power supply connected
diffesathticfirst-prdesigestes talde 7GR ofds| Godelt \is unaledstoed by those

skilled in the art that the power supply may be used with other

sindR183ded Atufefiffegemtial firsti6r8eBriesta ks ofayilogpowsris shown.

supply Vdda is associated with one of the external connections and
Theygrinlaxiyer ee posapentdipionl cgamApattsonsecd s dimnients fiddaisier nested

between about 2.5V and 3.3V. [0137] The analog power supply Vdda
TIAsIstepesiiddsapower tb foghaithenic vertical axis of each graph represents gain
A=Vou/Vin. A logarithmic horizontal axis of each graph represents signal
frequency. The gréph of FIG. 31 represents a gain curve 3100 of the various
opamps. The opamps provide a lower gain and higher bandwidth than the zero-
order TIAs. The opamp gain rolls off at a rate of 20dB/decade.

[0134] The graph of FIG. 32 represents a family of gain curves 3200 for
various TIAs. The gain curve 3200 having the smallest bandwidth corresponds
with a zero-order TIA. The gain curves 3200 with higher bandwidths correspond
with increasingly-nested TIAs. The TIAs generally provide a high gain and
medium bandwidth when compared to the opamps. The zero-order TIA gain rolls
off at a rate of 20dB/decade.

[0135] The graph of FIG. 33 represents a family of gain curves 3300 of

the various first-order nested TIAs. The gains are relatively flat at the lowest

frequencies. As the frequency increases the gains roll off at 20dB/decade due to
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pump module 3400. Charge pump module 3400 also receives power from
a digital power supply Vddd. VVddd is associated with the second one of
the external connections. Charge pump module 3400 can be fabricated
on the same chip as the first-order nested TIAs. In some embodiments
Vddd is about 1.2V. In some embodiments Vddd can be regulated by a

the ginosregsatoheehdm34de Heiie iheing .agf?!ieﬂéotﬁ@efpéwgﬁé%g@}inues

module 3400. The charge pump module 3400 generates a secon

to iMelaee (e AL ISAPPFOXIMATEL) @8uR 0 M Adad Yiflda o HRSIEIPBrects of the
Vdd2>Vdda. It is appreciated by those skilled in the art that Vdd2 is not

opaesadtegun deel ddas\tdddna to losses and/or inefficiencies
inherent in the charge pump module 3400. [0138] Referring now to FIG.

35, fr1applicatiefeaf titeroawey BUBPBAOE RlAcRESI HBMD dMdaSis shown of
provided by a battery 3500. Battery 3500 can be a lithium-ion battery

a poawengsapitege hejermnabouti’stdraed heMed Muls emitting diedeer supply

(LED) communicates with an output of the opamp 710. In some

arramgboutime pio teelsED el adhip-ontiotiags: VDnedwdout 18ag¥s TiRQels despite
charge pump module 3400 adds Vdda from the battery 3500 to Vddd to

proyefiegatxriimicct nvatagméorfolriving thsitgBs32P Jiresyddgvhie FIG. 34
generally provides only about 1.2V it can not be used alone to power the

shavelt 35 p2wENesopatgecpongrteddolen3406st psavidassdie @dURIqT of FIG. 7, it
voltage from Vdda to supply the LED with approximately 3.7V to 4.2V,

is unbigtsiscabbyeibee Shilie8. i thaamy that 3H8/gowe? \s@spRuniay fBetheed with
losses and/or inefficiencies in the charge pump module 3400 and is

othetesiigle-aotiegaeiiyl ediffdrentiddfirdt dod ef0 haS}gdeTprasent dissiesoge power
also addresses the need for increasing

supply Vas Is associated with one of the external connections and provides
power to the zero-order TIA. In some embodiments V44 is between about 2.5V
and 3.3V.

[0137] The analog power supply Vgqa also provides power to a charge
pump module 3400. Charge pump module 3400 also receives power from a
digital power supply Vaqq. Vaaa iS associated with the second one of the external
connections. Charge pump module 3400 can be fabricated on the same chip as
the first-order nested TIAs. In some embodiments Vg is about 1.2V. In some
embodiments Vgig can be regulated by a voltage regulator module 3402 before
being applied to the charge pump module 3400. The charge pump module 3400

generates a second digital voltage Vqq4, that is approximately equal to Vgga+Vgq.

Therefore Vyao>Vaga. It is appreciated by those skilled in the art that Vg is not
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the gain-bandwidth product of TIAs. Improvements in the gain-bandwidth
product may be achievable by "nesting" a TIA within another TIA. In other
words, additional circuit elements such as feedback resistances,
capacitances and/or opamps are added on the input and/or output sides
of the TIA. [0140] Referring now to Figure 36, a nested transimpedance

exaBMPEiRla HANGIICH 3600, Baving,38dansh )4y 36ersi dMSHAGhBRt in the

transimpedance amplitfier 3602 includes a first operational amplifier 3604

cha?fisl BUSRS PRI arRetmmal amplifier 3606. Each operational amplifier set
forth in this figure and 35 the following figures has a non-inverting input

anqowseinventiagorithislenifieds byshe absshcesebinef s yvkel 80fply of

an inverting input and inverting output identified by the "0" symbol. The
FIGrasimpedantce ampliftehrbldalssyincldass trstbeedhacdyessionesn be a

3608 that communicates with the non-inverting input and the inverting

lithiauitpuh andiersepenihipsistasieegdbbetihabeompainicates wita theyv. A light-
inverting input and the non-inverting output. [0141] The nested

emitarsidipés ghEaroplifierudtiialseithchrdesipthiref ppewsgnal anplifiar some
3612 also having an inverting input and output, and a non- inverting input

embodimetpstthihe Bpenatson al ampliieitdgé Ahastaibinvesisy olmcibage pump
communicates with the non-inverting input of amplifier 3606, and a non-

modulrertidd O utpldhey cofomnthatestwéty RSBV etting jnptb ofemapdfiersufficient
3606. [0142] A feedback resistance 3614 communicates with the non-

voltayerfingidutpgttobablifies 351 B an thiginvertioc bytprvidesnplifesbout 1.2V
3604. The inverting output of amplifier 3612 communicates with the

it caomaohbvertisgdutioutcofo poplérethdG(EDTIE02S, TsistantgsSblidhp module 3400
communicates with the inverting input of

provides the additional voltage from Vg4a to supply the LED with approximately

3.7V to 4.2V, which is above the 3.5V Vp. The range of 3.7V to 4.2V accounts

for the losses and/or inefficiencies in the charge pump module 3400 and is

therefore not exactly equal to Vyga+Vyde.

[0139] The present disclosure also addresses the need for increasing
the gain-bandwidth product of TlAs. Improvements in the gain-bandwidth
product may be achievable by “nesting” a TIA within another TIA. In other words,
additional circuit elements such as feedback resistances, capacitances and/or
opamps are added on the input and/or output sides of the TIA.

[0140] Referring now to Figure 36, a nested transimpedance ampilifier
(TIA) circuit 3600 having an inner TIA 3602 is illustrated. The transimpedance

amplifier 3602 includes a first operational amplifier 3604 and a second

operational amplifier 3606. Each operational amplifier set forth in this figure and
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amplifier 3606, while resistance 3616 communicates with the
non-inverting input of amplifier 3606. [0143] Referring now to FIG. 37, a
double-nested transimpedance amplifier 3700 is illustrated. The
double-nested transimpedance amplifier includes the transimpedance
amplifier 3602 and the nested transimpedance amplifier structure 3600 of

the Fdﬁ)\ﬁiﬁgTﬁwﬁgrﬂaw@Sﬁ&ﬂmmﬂr@f%ﬁuﬁwmﬂhﬁ\)ﬁﬁiﬁgt&ﬂput identified

described further. In this embodiment, another amplifier 3702 also having

by invesingaes bpRHEVeItingiAPots and artpHiRisHsHRehAR RREMMg output

embodiment, the inverting output of amplifier 3702 communicates with the

idemtrednuerting iopelafrsnplifies 88h2inhpeditinveringouisebobadmifiRldes a
3702 communicates with the inverting input of amplifier 3612. A feedback

firstrésisiback BEIdtanoamBBiGESWED e GeIRENeS WaeetBbthidVeVEAGhg input
output of amplifier 3702 and the non-inverting input of amplifier 3612. The

andrésisianeetidgldupals armpmsenicaiasvistatheineting auwpui®lnicates with
amplifier 3604. A second feedback resistance 3705 communicates with

the theartingrioputaeddesveen-theantmgrvering output of amplifier 3702 and
the inverting input of amplifier 3612, and the non- inverting output of

amifiéd B60A Helddstey pranvingabardifexentidleadedeedbadkcludes a third
structures illustrated i in FIGs. 36 and 37, fewer inversions for a given

opeleatisirof| sttt er 86 R fattio. Thdvgsalt iseepinenillyt FEgbesdtegtieacy a non-
operation from a device such as that illustrated in FIG. 7. In these
inveriiampiesit tiedhestipigl odheaetat onapammaifierctgabaoutperting output
distortion to be improved as the level of nesting increases. [0145]
thaReqannmgnicaten Wit 38 anparisiveptdgnopstraftam@see 3606, and a non-
inverting output that communicates with the inverting input of amplifier 3606.

[0142] A feedback resistance 3614 communicates with the non-
inverting output of amplifier 3612 and the inverting output of amplifier 3604. The
inverting output of amplifier 3612 communicates with the non-inverting output of
amplifier 3604. That is, resistance 3614 communicates with the inverting input of
amplifier 3606, while resistance 3616 communicates with the non-inverting input
of amplifier 3606.

[0143] Referring now to FIG. 37, a double-nested transimpedance
amplifier 3700 is illustrated. The double-nested transimpedance amplifier
includes the transimpedance amplifier 3602 and the nested transimpedance
amplifier structure 3600 of FIG. 36. Therefore, these common circuit

components will not be described further. In this embodiment, another amplifier

3702 also having inverting and non-inverting inputs and outputs is illustrated. In
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illustrated in FIG. 36 is used in a nested TIA 3800. In this embodiment, an
operational amplifier 3802 has its inverting input communicates with the
non- inverting output of amplifier 3604. The non-inverting input of amplifier
3802 communicates with the inverting output of amplifier 3604. [0146]
Another amplifier 3804 has an inverting output that communicates with

th|sthﬁrﬂtﬁm‘imé$mlrtﬁénFPHIé?flﬁ@‘@U@Ug‘éﬁﬁaﬁﬁﬁﬁé@%mrEBQwrﬂHmHE\fgs with the

amplifier 3804 communicates with the inverting input of amplifier 3606.

norAotENngNARLIGITaA PIIEEGBE06 NascaRd ARG ML amplifier 3702

communicates 37 with the non-inverting input of ampllfler 3804 and a

conmoenHinyEsng/itkitthe thet tegnmpicaeswifivgiednverting iadbekk resistance
amplifier 3804. A first feedback resistance 3808 communicates with the

37Cebrwnumuntidatbetwithnttie dovertiog wodRUbP TR MfieRiBBOAARART amplifier
non-inverting input of amplifier 3606, and the inverting output of amplifier

370z8aadAhethenferdivtng iepistastcardplifle COBMRUNTTIMER BIhECOMTMa8 also
node of the non-inverting output of amplifier 3804 and the inverting input

conpframigkifies 3606 taadrthentiog-iougstingduatpwlinéradaudier 3802 RAE A back

feedback resistance 3812 communicates with the common node between
resigtamen 3M0&rtogroutpitateanmitifiens386anshthedeviestiwe sanipéifiesn-inverting

3804, and the inverting output of amplifier 3802. Another resistance 3814
outpotnof atigalitsrifDthend dadetwermmvepingb atputiifiarsplifier 4806he non-

and the non-inverting input of amplifier 3804, and the non-inverting output
invettiBgoRu0uiAd] dviffeiféart BEiks of nesting may be performed to build a

higher order nested transimpedance amplifier. The amplifier 3802 is not

impBHaitlas By providing the differentials and feedback structures illustrated
in FIGs. 36 and 37, fewer inversions for a given level of nesting are set forth.
The result is a potentially higher frequency operation from a device such as that
llustrated in FIG. 7. In these examples, the nesting occurs at the output node
causing the output distortion to be improved as the level of nesting increases.

[0145] Referring now to FIG. 38, a transimpedance structure 3602
ilustrated in FIG. 36 is used in a nested TIA 3800. In this embodiment, an
operational amplifier 3802 has its inverting input communicates with the non-
inverting output of amplifier 3604. The non-inverting input of ampilifier 3802
communicates with the inverting output of amplifier 3604.
[0146] Another amplifier 3804 has an inverting output that

communicates with the non-inverting input of amplifier 3606. The non-inverting

output of amplifier 3804 communicates with the inverting input of amplifier 3606.

Another operational amplifier 3806 has an inverting output that communicates
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far as nesting is concerned. If the input of the circuit is current instead of
voltage, amplifier 3806 may not be required. [0149] Referring now to
FIGs. 39A and 39B, differential and single- ended transimpedance
amplifiers having capacitive feedback are shown, respectively. In FIG.
39A, a differential transimpedance amplifier 3900, which is similar to the

wittiransimprdansripg et 30mbiter 3803 ikRiratedhamiogdnirutout that

capacitance 3902 in parallel with resistance 3608 and a second

coreapatianree Wav4the paradelivgthinpsistanceniikiindhisembodimgnteedback

the frequency 38 response or the stability of the transimpedance network

resisiay be Bep®\eshivuineldinoine capackaneRn 3908a¥LR904n AR&aRverting
be appreciated, the capacitances can be replaced by inductances if

outdesicecaritHifie) 18806 3B tiresingterensien g ansin R dantRiRenities, and the
3900' is shown that is similar to the differential configuration shown in

invé&i@g39%8utpuEIGf 38R ptifiaitar Zdements/aietiabelgdavtnalorireeisianbel 3810
""" . The transconductance gR, of the amplifiers 3604 and/or 3606' may be

comeyativates didittasignatsruaynbde@ipted tadnvieringiipui(epef dfeamplifier
amplifiers 3604" and/or 3606'. [0151] Referring now to FIGs. 40A and 40B,
380h axitdmk oirariing inclutied Emtipdffer @68 ofrdiff¢grentiahanderting output of
single-ended transimpedance amplifiers, respectively. In FIG. 40A, a
amgiffereddial transimpedance amplifier 4000 is shown, In this embodiment,
a first operational amplifier 4002 has a non- inverting input communicates
with[@hdin} ertiAgfeatthack arpbifEmct)38 Ttheomvedingdtmutatranigifieymmon
4002 communicates with the non-inverting output of amplifier 4004. A
nodeedbhwketetent o6 wenimynmaiast with dmepdifiean880®dend the inverting
amplifier 3804, and the inverting output of amplifier 3802. Another resistance
3814 communicates with the node between inverting output of amplifier 3806 and
the non-inverting input of amplifier 3804, and the non-inverting output of 3802.

[0148]  Different types of nesting may be performed to build a higher
order nested transimpedance amplifier. The amplifier 3802 is not important as
far as nesting is concerned. If the input of the circuit is current instead of voltage,
amplifier 3806 may not be required.

[0149] Referring now to FIGs. 39A and 39B, differential and single-
ended transimpedance amplifiers having capacitive feedback are shown,
respectively. In FIG. 39A, a differential transimpedance amplifier 3900, which is
similar to the transimpedance amplifier 3602 of FIG. 36, is illustrated having a

first capacitance 3902 in parallel with resistance 3608 and a second capacitance

3904 in parallel with resistance 3610. In this embodiment, the frequency
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of the non-inverting input of amplifier 4002 and the inverting output of
amplifier 4004, and the inverting output of amplifier 4002. Likewise, a
second feedback element 4008 communicates with the common node of
the inverting input of amplifier 4002 and the non-inverting output of
amplifier 4004, and the non- inverting output of amplifier 4002. [0152] The

resfehdbask elrmaBbARPGHNEhedaafsinthiansed HAwdrReRes 08RG by

of a resistance 4012, and an inductance 4014. In some implementations,

incltprgdustansa,4eik4rrass begoyariahle nstictances Acvariale Bdreciated, the

capacitance 4016 is coupled in parallel with the series combination of the

capersistanse HH Banrshibedadiicinnget4Ptds ThiscRatallel combination is
coupled in series with the resistance 4010. Likewise, the feedback

eleqoar®04008|is FIhfiggRdarsmgiBiéaiamay trd s RriiestdabeeARB®id 3900 is
second resistance 4022 in series with an inductance 4024, and a variable

shoeapdc#anceidiize. (i 1S Hireomtidie aagacianceh4Attiardd026arein FIG.
used to illustrate that various resonant frequencies of the LC tank circuit

39Emayrileradijastedtbyarehaingirg thitrcapaditan ey vdloies: IIMmae aefdetonductance
embodiment, a fixed capacitance set to the desired residence frequency

gm OfdhdaumgdificThaec0dunrdddd sahtbensyitabladgntise asdiorRheagightes may
in a TV tuner in which it is desirable to include an ultra-wide band of

be opep&ibio(eyggriodMizul( S idzihe eaiidfieraud@ifcandéonebited signal

more than the unwanted signal by taking advantage of the LC tank in

coniBtztion viRéfererigamsim ptd & GsandpliieapdogoBy afirtheQvitiezkaoidcuit is

operation. The parallel LC tank circuit causes the feedback network to
inclhded high tmpddedbacit aafestiffanestiatqaencystighe dndéankicraimpedance
amplifiers, respectively. In FIG. 40A, a differential transimpedance amplifier
4000 is shown. In this embodiment, a first operational amplifier 4002 has a non-
inverting input communicates with an inverting output of amplifier 4004. The
inverting input of amplifier 4002 communicates with the non-inverting output of
amplifier 4004. A feedback element 4006 communicates with the common node
of the non-inverting input of amplifier 4002 and the inverting output of ampilifier
4004, and the inverting output of amplifier 4002. Likewise, a second feedback
element 4008 communicates with the common node of the inverting input of
amplifier 4002 and the non-inverting output of amplifier 4004, and the non-
inverting output of ampilifier 4002.

[0152] The feedback element 4006 includes a resistance 4010, a

series combination of a resistance 4012, and an inductance 4014. In some

implementations, the inductance 4014 can be a variable inductance. A variable
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[0154] The structure illustrated in FIG. 40 may also be nested in an
amplifier structure illustrated above. With each subsequent nesting, only
the signal frequency of interest is amplified so that the nesting behavior is
effective at the residence frequency of the LC tank elements. Because of
this, the selectivity of the nested LC tank circuit transimpedance amplifier
capacggnificadiiGmpraesisdiie thamitedfbind thignaisiare ootreshplified. of the
This improves the distortion performance of the amplifier by not
resiataplifyifAg tAennwheténdsigiaalse AtGhé . 4Tisanpe tithe, dodntasignals aseipled
amplified with extremely low distortion because of the nature of the
in sesisthgMitantim pedistee eanpbfiér. [01EEWisE)Ghd (Bedtsioglestxdet 4008 is
transimpedance amplifier 4000' is shown that is similar to the differential
configufigdriaxiersindanvimy \giheAesiftabceldB28inilapetementsisi@nce 4022 in
labeled with a prime symbol "". The transconductance gm of the
serigmplifie an4odactanrerdiidy andyabeanielps e paditontre 4igitals may be
coupled to inverting input(s) of the amplifiers 4002' and/or 4004'. [0156]
Ref@iddlnowl feeryedahieacana dtem ce s cHeasind iO26f aapotker to illustrate
embodiment of differential and single-ended transimpedance amplifiers
thatynaERew T aeapRetivespuancies o Athe differéanial ciawdinipasdabeeadjusted by
amplifier 4100 using an LC circuit is illustrated. In this embodiment, a first
chapgiigtibearanaplinaca MauesmiiuAR Ack @itarabasiomnampiifed /aprcitance
An inverting output of amplifier 4104 communicates with a non-inverting
set i ihordanpaderepidense fisaiensmingautpatusegnpliiier aitgdt 4000 may be
_communicates with an inverting input of amplifier 4102. A first LC circuit
suitablssfepmpsuatcare RiuigmpligomiavENitgnapin Whish plised egiozbéadatieciude
inverting output of amplifier 4102. A second LC circuit o -
an ultra-wide band of operation (e.g., 50 MHz-1 GHz). The circuit amplifies the

wanted signal more than the unwanted signal by taking advantage of the LC tank
in combination with the transimpedance amplifier property of the wide-band
operation. The parallel LC tank circuit causes the feedback network to have high
impedance at a resonance frequency of the LC tank circuit.

[0154] The structure illustrated in FIG. 40 rﬁay also be nested in an
amplifier structure illustrated above. With each subsequent nesting, only the
signal frequency of interest is amplified so that the nesting behavior is effective at
the residence frequency of the LC tank elements. Because of this, the selectivity
of the nested LC tank circuit transimpedance amplifier is significantly improved
while the out-of-band signals are not amplified. This improves the distortion

performance of the amplifier by not amplifying the unwanted signals. At the
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4108 communicates with the inverting input and the non-inverting output
of amplifier 4102. [0157] LC circuit 4106 includes an inductance 4110 in
series with a resistance 4112. The LC circuit 4106 also includes a
capacitance 4114 in series with a resistance 4116. The series
combination of the capacitance 4114 and resistance 4116 is in parallel

sarvdthriie BepasEemhiatine eipafisdustanesitdH ashikesiesiRasEcause of
4112. 41 [0158] The LC circuit 4108 is configured in a similar manner to

the In@turiecolitdd 0B sTing Ligrrilniieddn8dnsiigrmean inductance 4120 in
series with a resistance 4122. A capacitance 4124 is in series with a

resiKiaggg 4126 FTGe AuBies canyinatide ofitae sndpeiaanedt 2ahandr 4000’ is
resistance 4122 is in parallel with the series combination of the

shovepdcihizceidillia4 anththelifesistaiztecdbfigu@fib8] Shopnovidingza 40A. In FIG.
resistance in parallel with the LC tank circuit, as illustrated in FIG. 40, or

40Bkimijpa etssEniscate bable itk withuatanicecasgmbapdtitahibe, tosedaiimnsctance
of the circuit are avoided. The extra resistance, as compared to FIG. 40,
Om pfebentsribliéfipotadifpdl tredéonpllied fromy changngtatehighd foedhiensiigsals may
This is used to prevent feedback operation within the nested
be sangiedpiedanestistucoud(s)0abdid aFBifiét84 86 glediodéd04 .
transimpedance amplifier 4100' is shown that is similar to the differential
confythblion ResemingFrews 1o, ME$G 44A BrsimdlaBelemeotsaratic view of
labeled with a prime symbol "". The transconductance g,,, of the
ancihgsliersario®pinaiaifecentishyabe sénpitveralat]dransisigpeslameayatmplifiers
coupled to inverting input(s) of the amplifiers 4102' and/or 4104".
are shown, respectively. In FIG. 41A, a differential transimpedance amplifier
4100 using an LC circuit is illustrated. In this embodiment, a first operational
amplifier 4102 communicates with a second amplifier 4104. An inverting output
of amplifier 4104 communicates with a non-inverting input of amplifier 4102. A
non-inverting output of amplifier 4104 communicates with an inverting input of
amplifier 4102. A first LC circuit 4106 communicates with the non-inverting input
of amplifier 4102 and the inverting output of amplifier 4102. A second LC circuit
4108 communicates with the inverting input and the non-inverting output of
amplifier 4102.
[0157] LC circuit 4106 includes an inductance 4110 in series with a
resistance 4112. The LC circuit 4106 also includes a capacitance 4114 in series
with a resistance 4116. The series combination of the capacitance 4114 and

resistance 4116 is in paraliel with the series combination of the inductance 4110

and the resistance 4112.
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[0161] Referring now to FIG. 42, an integrator 4200 that is formed using a
nested transimpedance amplifier is illustrated, This embodiment is
identical to the double-nested transimpedance amplifier illustrated in FIG.
37, except that resistances 3704 and 3705 have been replaced with
capacitances 4202 and 4204. [0162] The integrator 4200 has a high
baronsath dughe the traosimpeodriee eomfiguretiom Bhsimipedaneder to LC
output is low even at high 42 frequencies. Because of the low output
circimpedm®ca ribeliategraidr 4200 maydes ugefildaclinedadge Capagities with a
loads. One application of the integrator 4200 may be in a Sigma-Delta
resiataalog-tdo-2lgita coamarteritatdoerdte has gigahevith avee ssetonplingt 126. The
frequencies. [0163] Referring now to FIGs. 43A-43G, various exemplary
serigaptembmation b tileec pdestan ckst idXlmnal ecdistancRdft2fing imopatallel with
FIG. 43A, the present disclosure can be implemented in amplifiers and/or
the gregratorsboiativardfdisk depeABOCTHE2dreseht iseestiaacaai/ 26.
implement and/or be implemented in either or both signal processing
and@taintroBoirpoiteiding/er eegisiarcsuppnazss, witdhardeyéardtatiycuit, as
identified in FIG. 43A at 4302. In some implementations, the signal
ilugtraiesssimgrfd/of GoretrolagiAing 430 aisizorcsthty  biethitdgoinshiolanda and
the HDD 4300 may process data, perform coding and/or encryption,
cappeifeneec0sgidatnssantl/tigfosiraitidaeetiaaiedgiput ficardisr resisiange, as
from a magnetic storage medium 4306. [0164] The HDD 4300 may
congpmngsLisidalie vitth RIeystniedite peRrisheliyewnridierdepnpgleanaiosiret high
computing devices such as personal digital
frequencies. This is used to prevent feedback operation within the nested

transimpedance structure.

[0160] In FIG. 41B, a single-ended transimpedance amplifier 4100’ is
shown that is similar to the differential configuration shown in FIG. 41A. In FIG.
41B, similar elements are labeled with a prime symbol “”. The transconductance
gm of the amplifiers 4102’ and/or 4104’ may be negative and/or the signals may
be coupled to inverting input(s) of the amplifiers 4102" and/or 4104".

[0161] Referring now to FIG. 42, an integrator 4200 that is formed
using a nested transimpedance amplifier is illustrated. This embodiment is
identical to the double-nested transimpedance amplifier illustrated in FIG. 37,
except that resistances 3704 and 3705 have been replaced with capacitances
4202 and 4204.

[0162] The integrator 4200 has a high bandwidth due to the

transimpedance configuration. The impedance output is low even at high
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assistants, cellular phones, media or MP3 players and the like, and/or
other devices via one or more wired or wireless communication links
4308. The HDD 4300 may be connected to memory 4309 such as
random access memory (RAM), low latency nonvolatile memory such as
flash memory, read only memory (ROM) and/or other suitable electronic

frecli@tacsieragedflos]drefering Bovia MpeddBcthaiyapesydighlaie may be

can be implemented in amplifiers and/or integrators of a digital versatile

usetlisco( QM) idriye ckp4aditle Thadyesent dipginsatio meiemeaRata o0 may
be implemented in either or both signal processing and/or control circuits,

be inhicitaye gedeitallyidentifiectigithl GofBraéd ¥R, sssdRiastgigaesrfz over
the DVD drive 4310 and/or a power supply 4313. The signal processing

sangpiogricantes] aaesuit 4312 and/or other circuits (not shown) in the DVD
4310 may process data, perform coding and/or encryption, perform
calf0rtéidhs, &efemriogmahdata tiat i§éad fraBliedd@r datarinistendreanplary
optical storage medium 4316. In some implementations, the signal

impfeoweysiignandiottemirebemt udist3d Quaadéoe oshemcircuRe{aotrshown) o FIG.
the DVD 4310 can also perform other functions such as encoding and/or

4 3Aidbedirgsantidisalog otheraighaliprpeessintp U ciong | disse ciate b mittieg rators
DVD drive. [0166] The DVD drive 4310 may communicate with an output

of aidvicd dirkt stitveny300h aShecprapetdr disidvisiorn anathéengeritentiaodkor be
or more wired or wireless communication links 4317. The DVD 4310 may

impiementedcineaithier masothasignalayedsdsingaasthresadatich Gircuits and/or a
nonvolatile manner. The mass data storage 4318 may include a hard disk

powgiveUIDY 30Re WDC rasy banerdily tteriifiedtionr3Gowhd M &#IG3A3A In some
The HDD may be a mini HOD that includes

implementations, the signal processing and/or control circuit 4302 and/or other

circuits (not shown) in the HDD 4300 may process data, perform coding and/or
encryption, perform calculations, and/or format data that is output to and/or
received from a magnetic storage medium 43086.

[0164] The HDD 4300 may communicate with a host device (not
shown) such as a computer, mobile computing devices such as personal digital
assistants, cellular phones, media or MP3 players and the like, and/or other
devices via one or more wired or wireless communication links 4308. The HDD
4300 may be connected to memory 4309 such as random access memory
(RAM), low latency nonvolatile memory such as flash memory, read only memory
(ROM) and/or other suitable electronic data storage.

[0165] Referring now to FIG. 43B, the present disclosure can be

implemented in amplifiers and/or integrators of a digital versatile disc (DVD) drive
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one or more platters having a diameter that is smaller than approximately
1.8". The DVD 4310 may be connected to memory 4319 such as RAM,
ROM, low latency nonvolatile memory such as flash memory and/or other
suitable electronic data storage. [0167] Referring now to FIG. 43C, the
present disclosure can be implemented in amplifiers and/or integrators of

4318 highalpfindion trieviiare(Hay Yohst32hedhenaresent HiSSIOMERIEM either or

implement and/or be implemented in either or 44 both signal processing

botRnsiépitastisebemitsiishayatasnenaiitidentiiad Byd-Kand35iatiddadfied in
a WLAN interface, mass data storage of the HDTV 4320 and/or a power

FIGsupply 4823 1Phentdidd \i482QserjyestiRE \OURIIHIgRalSRIND ieIR a power
wired or wireless format and generates HDTV output signals for a display

sup$B2@.InFonTehinplgnntaticas skignalmieeessmedtirchiian a9 2oati@or other
circuit 4322 and/or other circuits (not shown) of the HDTV 4320 may

circpicésstdstawipeifothrecDiiny 48lorenclirspesernpeaeHatianing and/or
format data and/or perform any other type of HDTV processing that may

endogptemuireef¢Ot 685 [EhatiinBY A320 mfayncamiatinivate wikaa dasselated/or data
storage 4327 that stores data in a nonvolatile manner such as optical

writégmlfor anagpiitial storage devitiem ABleastionsohiBOmpgrhemeations, the signal
configuration shown in FIG. 43A and/or at least one DVD may have the
proceafing aint shoantinl FiGcUiBBL3 Theaibbmukidre @rouits HREL thAbwn) in the
includes one or more platters having a diameter that is smaller than
DV Bppedxinsatelsisc8 herfarid et 320 ctiapdheucbnas cted daimg rand/ar328coding
such as RAM, ROM, low latency nonvolatile memory such as flash
andteraoly dhelwigtiad psoitabng dutrotiandadassioiaigel Wite BIDWAD drive.
[0166] The DVD drive 4310 may communicate with an output device
(not shown) such as a computer, television or other device via one or more wired
or wireless communication links 4317. The DVD 4310 may communicate with
mass data storage 4318 that stores data in a nonvolatile manner. The mass data
storage 4318 may include a hard disk drive (HDD). The HDD may have the
configuration shown in FIG. 43A. The HDD may be a mini HDD that includes
one or more platters having a diameter that is smaller than approximately 1.8".
The DVD 4310 may be connected to memory 4319 such as RAM, ROM, low
latency nonvolatile memory such as flash memdry and/or other suitable
electronic data storage.
[0167] Referring now to FIG. 43C, the present disclosure can be

implemented in amplifiers and/or integrators of a high definition television (HDTV)

4320. The present disclosure may implement and/or be implemented in either or
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4320 also may support connections with a WLAN via a WLAN network
interface 4329. [0169] Referring now to FIG. 43D, the present disclosure
may implement and/or be implemented in amplifiers and/or integrators of
a control system of a vehicle 4330, a WLAN interface, mass data storage
of the vehicle control system and/or a power supply 4333. In some

bothMpigmae HRIRSINIE aPreTP e SHeRIPFeLIRaPIRMRAT 8ROWSHERNN ¢ Bl lified in

system 4332 that receives 45 inputs from one or more sensors such as

FGemperajurssensorgy IS riRitsorfa satalinnakesrass ofifflewHD TV 4320
sensors and/or any other suitable sensors and/or that generates one or

andhore Qdwdt P SIBTES STRb #ENYIAS20PRISENG HIMBMELEFHUt signals in
transmission operating parameters, and/or other control signals. [0170

eithEne prasentrdideidssseformatisadogd npltaame BTN elifent et Trstamplay
4340 of the vehicle 4330. The control system 4340 may likewise receive

4 326gn#ts soone impptesersetiddd 2 sgddrppotpisseantmtaignalaiionosmrol circuit
more output devices 4344. In some implementations, the control system

4324340 divaydbeepacirotién dntiticstiobrakiof) SysteiD TABSI20 nandgapitess data,
system, a telematics system, a vehicle telematics system, a lane

pertiwpartcodisgstentd/an adaptpteoruisertantrotsistrtipasyelfiict@at data and/or

entertainment system such as a stereo, DVD, compact disc and the like.
pergtilro@myr dthpleineaafibiy Tarepcocessiptatedt 04 Hel hegpawertrain

control system 4332 may communicate with mass data storage 4346 that

storB¥188fa in BheomolRile482Anevail eomassnilzate stathgendld46datey storage

include optical and/or magnetic storage devices for example
4327 that stores data in a nonvolatile manner such as optical and/or magnetic
storage devices. At least one HDD may have the configuration shown in FIG.
43A and/or at least one DVD may have the configuration shown in FIG. 43B.
The HDD may be a mini HDD that includes one or more platters having a
diameter that is smaller than approximately 1.8”. The HDTV 4320 may be
connected to memory 4328 such as RAM, ROM, low latency nonvolatile memory
such as flash memory and/or other suitable electronic data storage. The HDTV
4320 also may support connections with a WLAN via a WLAN network interface
4329.

[0169] Referring now to FIG. 43D, the present disclosure may

implement and/or be implemented in amplifiers and/or integrators of a control
system of a vehicle 4330, a WLAN interface, mass data storage of the vehicle

control system and/or a power supply 4333. In some implementations, the

present disclosure implement a powertrain control system 4332 that receives
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hard disk drives HDD and/or DVDs. At least one HDD may have the
configuration shown in FIG. 43A and/or at least one DVD may have the
configuration shown in FIG. 43B. The HDD may be a mini HDD that
includes one or more platters having a diameter that is smaller than
approximately 1.8". The powertrain control system 4332 may be

inpwsnifesiedditememeny 3 4depideisas AMa R Qb fardriencydrrelatifessure
memory such as flash memory and/or other suitable electronic data

senstarggmtatienzveeritirs centfeYsteBots 32riasr ay 4thsvrAathbie sensors
connections with a WLAN via a WLAN network interface 4348. The

andéonttbbsystameréddd may also inctedempas datat&IpragmarReBaEy and/Bngine
a WLAN interface (all not shown). [0172] Referring now to FIG. 43E, the

opepatsRNpdistitsiens ciabemispameptedtingrpplifiaistans)/eirdiegretoes &ontrol
a cellular phone 4350 that may include a cellular antenna 4351. The
sigmassent disclosure may implement and/or be implemented in either or
both signal processing and/or control circuits, which are generally
ided@fig@lin Fithed 3T ates852)seoAURdl interfacdsonéss datslesterdgd oin  other
the cellular phone 4350 and/or a power supply 4353. In some
confifpleysesnegidad e telviahiploAd3(B50 e katesch syepPHEBR043EE, ldrewise
audio output 4358 such as a speaker and/or audio output jack, a display
recageosigitity fronmnnudesirsdss2 Bicraad/mkeybad, poittiolgsigvale, to one or
voice actuation and/or other input device. The signal processing and/or
Mot mindb airclgivice8543iHd/ oin athereciropits(reottations)) inetheooélbilay stem 4340
phone 4350 may process data, perform coding and/or encryption,
mapebferpechlofl@iora)fdonkt HeakinpdiysperforABieracalavmaploonsystem, a
functions.
telematics system, a vehicle telematics system, a lane departure system, an

adaptive cruise control system, a vehicle entertainment system such as a stereo,
DVD, compact disc and the like. Still other implementations are contemplated.
[0171] The powertrain control system 4332 may communicate with
mass data storage 4346 that stores data in a nonvolatile manner. The mass data
storage 4346 may include optical and/or magnetic storage devices for example
hard disk drives HDD and/or DVDs. At least one HDD may have the
configuration shown in FIG. 43A and/or at least one DVD may have the
configuration shown in FIG. 43B. The HDD may be a mini HDD that includes
one or more platters having a diameter that is smaller than approximately 1.8".
The powertrain control system 4332 may be connected to memory 4347 such as
RAM, ROM, low latency nonvolatile memory such as flash memory and/or other

suitable electronic data storage. Thé powertrain control system 4332 also may
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[0173] The cellular phone 4350 may communicate with mass data

storage 4364 that stores data in a nonvolatile manner such as optical

and/or magnetic storage devices for example hard disk drives HDD

and/or DVDs. At least one HDD may have the configuration shown in

FIG. 43A and/or at least one DVD may have the configuration shown in
suppo@. denadim D Dithay bELANIniidHBDNMlciatesreneterfacee4348. The

platters having a diameter that is smaller than approximately 1.8". The
contrelluysshroné4Bh0nagyaisoconriediediiassentsy A3rag66 susmaryRaAM/or a

ROM, low latency nonvolatile memory such as flash memory and/or other
WLAbItubRfelee ti@hioad sfacstorage. The cellular phone 4350 also may

support connections with a WLAN via a WLAN network interface 4368.

[01F01] Fdferringfeoin FI®. 48F [ilke. ps¥entttisclyssentadiggosure can be

implemented in amplifiers and/or integrators of a set top box 4380. The
implsressriedisclosintfigrgyanfpimetaciadees sd imprRiliateboneitheporthat may

both signal processing and/or control circuits, which are generally
inclygenerieg!inlF@nigmat 48344, A WveLRINSARiRIsEIaRass Mata Ktoragesastt and/or

the set top box 4380 and/or a power supply 4383. The set top box 4380
be irapdarasrRMH Al HEIRTLENREL YOBR! A CBESHIDH AL FeBEPHRMIiEs Which

standard and/or high definition audio/video_signals suitable for a display
are 4a8B5adN ddetEiedisionaRd/difRofkof dndo? W NidBEPHAGR Mirks data

output devices. The signal processing and/or control circuits 4384 and/or
storggter @irdlRs ERBEHORRYE tHS 38t RN 23B0'WMRly SHRRYEsE Hada, In some
‘ erform coding and/or encryption, perform calculations, format data ,
ImplemRRtaEABEMtARER SR R5S Hegbif g8 By 5li¢tRPRenp A ed. an audio

4380 may communicate with mass data storage
output 4358 such as a speaker and/or audio output jack, a display 4360 and/or

an input device 4362 such as a keypad, pointing device, voice actuation and/or
other input device. The signal processing and/or control circuits 4352 and/or
other circuits (not shown) in the cellular phone 4350 may process data, perform
coding and/or encryption, perform calculations, format data and/or perform other
cellular phone functions.

[0173] The cellular phone 4350 may communicate with mass data
storage 4364 that stores data in a nonvolatile manner such as optical and/or
magnetic storage devices for example hard disk drives HDD and/or DVDs. At
least one HDD may have the configuration shown in FIG. 43A and/or at least one
DVD may have the configuration shown in FIG. 43B. The HDD may be a mini
HDD that includes one or more platters having a diameter that is smaller than

approximately 1.8”.  The cellular phone 4350 may be connected to memory
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4390 that stores data in a nonvolatile manner. The mass data storage
4390 may include optical and/or magnetic storage devices for example
hard disk drives HDD and/or DVDs. At least one HDD may have the
configuration shown'in FIG. 43A and/or at least one DVD may have the
configuration shown in FIG. 43B. The HDD may be a mini HDD that
4 36B6lucte s omrRAN RO | Rftela taavn g an didatibdemtnabis Snaleadhtash memory
approximately 1.8". The set top box 4380 may be connected to memory
and439%tisach @isaRiAM|ROMitodslatencyanenvilat eahaiaoph ddestBb@siso may
flash memory and/or other suitable electronic data storage. The set top
suppoxt 4880 atsiomsayisuppiit Abinviecti s AMtma tWhrkNhweafa d& 14868 .
network interface 4396. [0176] Referring now to FIG. 43G, the present
dis¢skldd cafbéerinmgienmmted irfr Keplifadrs dinel/prgsegtadiscfsurmedan be
player 4400. The present disclosure may implement and/or be
implatplmtestedamplifiersoa hdivr shjegr ahrnsexsmgeiricboon#d80ircliins; present
which are generally identified in FIG. 43G at 4404, a WLAN interface,
disahessselataastoiagpeontenéd mediarplageriapi@nented anp@itbesupplypatn3signal
In some implementations, the media player 4400 includes a display 4407
ProggRPtith ARG paneDBistichisasvicly pad, genetiph demtitiedks, ThG. 43F at
some implementations, the media player 4400 may employ a graphical
438%ser Wiefitlctntesiagahanagsicasisesiproge meérbs, sedpapweméads, and/or a
icons and/or a point-and-click interface via the display 4407 and/or user
POViRHRUPFDB 4588 madia sihjep AMuo4dfRRdicerRIveR SignalsditPoudEUL08 such
such as a speaker and/or audio output jack. The signal processing and/or
as adpipalthRNftSRUIE atfoP UtRels StalRa (A ARMERM YT Beliniign plagieyvideo

4400 may process data, perform coding
signals suitable for a dxsplay 4388 such as a television and/or monitor and/or

other video and/or audio output devices. The signal processing and/or control
circuits 4384 and/or other circuits (not shown) of the set top box 4380 may
process data, perform coding and/or encryption, perform calculations, format
data and/or perform any other set top box function.

[0175] The set top box 4380 may communicate with mass data storage
4390 that stores data in a ndnvo!atile manner. The mass data storage 4390 may
include optical and/or magnetic storage devices for example hard disk drives
HDD and/or DVDs. At least one HDD may have the configuration shown in FIG.
43A and/or at least one DVD may have the configuration shown in FIG. 43B.
The HDD may be a mini HDD that includes one or more platters having a
diameter that is smaller than approximately 1.8”. The set top box 4380 may be

connected to memory 4394 such as RAM, ROM, low latency nonvolatile memory
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and/or encryption, perform calculations, format data and/or perform any
other media player function. [0177] The media player 4400 may
communicate with mass data storage 4410 that stores data such as
compressed audio and/or video content in a nonvolatile manner. In some
implementations, the compressed audio files include files that are

suchamspfiestt migndR3datnat othetheuiguiieigasropiesset aurigandidke set top
video formats. The mass data storage may include optical and/or 49

boxn¥ifitetatsstonage deyipestfevexaatpedakdtdisk qivesnHRD andiorRVBstwork
At least one HDD may have the configuration shown in FIG. 43A and/or
intesidleadi3®e DVD may have the configuration shown in FIG. 43B. The
HDD may be a mini HDD that includes one or more platters having a
diaifdtEslthat Resendler thaw appFo@imde,1 Bt The seediapeyeudd0ban be
may be connected to memory 4414 such as RAM, ROM, low latency
impirineoteateimemuplfrsh asdlashintegnatyrsamaf/oa othedisuipibleelddbonic The
data storage. The media player 4400 also may support connections with
preaenIis¢oRUsV I AN Metwokrhanthoe ket Iddtithetiied impléreentatiotis signal
in addition to those described above are contemplated. [0178] Referring
Progeysiftraed/ad, cosigph&inulits andliol terdigiaharatlyeidentiiBd jmiodlet 3G at
4510 is shown. The Sigma Delta ADC module 2810 includes a difference
4404mpliferAhbinierEse) thasreceizestaregeatfytimunsitjnaplagarotdpit ahd/or a
the difference amplifier module 4514 is input to an integrator module
pows 1B pilyctdPs ofneome dgrpirmesdations 1 éhie orediappiagend400 includes a
comparator module 4520. Another input of the comparator module 4520
dispiry4tOcormédeed usarrsterdrtddparentiabsuetkagmpdutalichpadipod dhe like.
the comparator module
In some implementations, the media player 4400 may employ a graphical user

interface (GUI) that typically employs menus, drop down menus, icons and/or a
point-and-click interface via the display 4407 and/or user input 4408. The media
player 4400 further includes an audio output 4409 such as a speaker and/or
audio output jack. The signal processing and/or control circuits 4404 and/or other
circuits (not shown) of the media player 4400 may process data, perform coding
and/or encryption, perform calculations, format data and/or perform any other
media player function.

[0177] The media player 4400 may communicate with mass data
storage 4410 that stores data such as compressed audio and/or video content in
a nonvolatile manner. In some implementations, the compressed audio files
include files that are compliant with MP3 format or other suitable compressed

audio and/or video formats. The mass data storage may include optical and/or
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4520 is input to a filter and decimator module 4524, which outputs a digital
signal. The output of the comparator module 4520 is input to a digital to
analog converter (DAC) module 4528. The DAC module 4528 may be a
1-bit DAC. An output of the DAC module 4528 is input to an inverting
input of the difference amplifier module 4514. [0179] In use, the output of

magdhetio Afforap@u A atisissubiasisd frimd thenaW, sgnab 0 hepsHtingDs. At
signal is integrated by the integrator module 4518. 50 The integrator

leasbuliptHVO tagis itenvaredinigsingle it digitaliautpot BArMNdiyr teieast one
comparator module 4520. The resulting bit becomes an input to the DAC

DV Dnodiylend28thEhisoeifigacatanp giiesessaycheis@rietheuHmi@m vesy eha mini
oversampled rate. The digital data output by the comparator module is a

HD Btteamined wies and zarosapdoibéisal usanfitiae sigrahisterapattisnahialibe than
density of ones output by the comparator module. For an increasing

appvatireatieey defsity Ohenesdiacptagas4EoDategieasiognedte) tbentemsity 4414
of ones decreases. By summing the error voltage, the integrator acts as a
suchhwpaBifilteROMe inputlasaal anchechighpasstiterytastivh gaantizatiomemory
noise. The bit stream is digitally filtered by the filter and decimator module
andtorppbivirtesaitaideyiecimnicighaln (Eo8apss darebmagiaretaied4d@0Tidso may

amplifiers described in the embodiments set forth above may be used to
suppapleermeciensrwibre o theN diffeeeitierdihptfieorkodtdeattee 4dtegyrasdill other
~ module and the comparator module in the Sigma Delta DAC module.
imp[eng1]tatiose iskalddiiiothts Ahosandesarimaatiatecianm thatoregeirg.

description that the broad teachings of the present invention can be

imdR@#T&dted Referring now to FIG. 44, a Sigma Delta analog to digital
converter (ADC) module 4510 is shown. The Sigma Delta ADC module 2810
includes a difference amplifier module 4514 that receives an analog input signal.
An output of the difference amplifier module 4514 is input to an integrator module
4518. An output of the integrator module 4518 is one input of a comparator
module 4520. Another input of the comparator module 4520 may be connected
to a reference potential such as ground. An output of the comparator module
4520 is input to a filter and decimator module 4524, which outputs a digital
signal. The output of the comparator module 4520 is input to a digital to analog
converter (DAC) module 4528. The DAC module 4528 may be a 1-bit DAC. An
output of the DAC module 4528 is input to an inverting input of the difference
amplifier module 4514.

[0179] In use, the output of the DAC module 4528 is subtracted from

the input signal. The resulting signal is integrated by the integrator module 4518.
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in a variety of forms. Therefore, while this invention has been described in
connection with particular examples thereof, the true scope of the
invention should not be so limited since other modifications will become
apparent to the skilled practitioner upon a study of the drawings, the
specification and the following claims. 51 LLOY iW SE CLAIMS 1. A

Thermnsinnedangsansliigecerepisivdes fsh aResrlisnal dRlSsRAVINSr 0) by

an input and an output; a second operational amplifier having an input and

the atbaifiprhibahibieatly 460mmurteates ity satddepYhRisaid ilut to the DAC
operational amplifier; a first feedback element having one end that

mogomniBreates Mihcaik il psait §steapratonakasnliier ada very high
another end that communicates with said output of said first operational

oveasaplifiesdwiereilisaidiginst feetbackeienetisenipsestarfisddule is a stream
capacitance; and a second feedback element that communicates with said

of amast ahdaiefiyst aopetatonalampities angranatheransHibatal to the density of
communicates with said output of said first operational amplifier. 2. The

onesansipyteblartice aomplifEatdrclamd davhErmimthimsesasid deedhrskisdemeity of
comprises a first resistance. 3. The transimpedance amplifier of claim 1

oneshiewieabesiirsk oapadtecrea fich dedue, Vilrdablensityacttanoes 4iddreases. By
transimpedance amplifier of claim 1 wherein the first feedback element
summing the error voltage, the integrator acts as a lowpass filter to the input
signal and a highpass filter to the quantization noise. The bit stream is digitally
filtered by the filter and decimator module to provide a binary-format output.

[0180] As can be appreciated, the TIA amplifiers described in the
embodiments set forth above may be used to implement one or more of the
difference amplifier module, the integrator module and the comparator module in
the Sigma Delta DAC module.

[0181] Those skilled in the art can now appreciate from the foregoing
description that the broad teachings of the present invention can be implemented
in a variety of forms. Therefore, while this invention has been described in
connection with particular examples thereof, the true scope of the invention
should not be so limited since other modifications will become apparent to the
skilled practitioner upon a study of the drawings, the specification and the

following claims.
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comprises a first resistance in parallel with said first capacitance. 52
1 LO(C7 WIISE 5. The transimpedance amplifier of claim 1 wherein the
second feedback element comprises a first resistance in series with a first
inductance. 6. The transimpedance amplifier of claim 5 wherein the firstoyp wiSE
capacitance comprises a variable capacitance. 7. The transimpedance
amplifier of claim 5 further comprising a first resistance having one end
that communicates with said anotley, gpdigsof said first and second
feedback elements and another end that communicates with said output
of said second operational amplifier. 8. The transimpedance amplifier of
claim 1 wherein said first feedback element further comprises a first
] resistanesingesiRs withnpaid dirséeppseitance, and wherein said second
feedback element comprises a first inductance in parallel with a second
resistaries. Pofudifarentisl friarisinpe dangsuamgldieoepuprising the
transimpedance amplifier of Claim 1. 10. A Sigma-Delta analog to digital
convertescoamhpijpsingdhel translifipedance amplifiertofindlaam dutbit The directly
Sigma-Delta analog to digital converter of claim 10 further comprising: a
cslifferancecamlifier dopul e flaidifickn dpsranenaiputthétreceives an input
signal; 53 LLOYD iiVISE an integrator module that communicates with
an oudpfitsofftieébdiffe éeroerarhplifier onvoeulethat comparitaten odihesthdtinput of
receives an output of the integrator module; and
said first operational amplifier and another end that communicates with said output of

said first operational amplifier, wherein said first feedback element comprises a first
capacitance; and

a second feedback element that communicates with said input of said first
operational amplifier and another end that communicates with said output of said first

operational amplifier.

2. The transimpedance amplifier of claim 1 wherein the second feedback element

comprises a first resistance.

3. The transimpedance amplifier of claim 1 wherein the first capacitance includes a

variable capacitance.

4. The transimpedance amplifier of claim 1 wherein the first feedback element

comprises a first resistance in parallel with said first capacitance.
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a digital to analog converter module that communicates with an output of

the comparator module and another input of the difference amplifier i
module. 12. The Sigma-Delta analog to digital converter of claim | 1 LLOYD WISE
further comprising a. filter and decimation module that receives an output

of the comparator module. 13. The Sigma-Delta analog to digital converter

5. of dainrdiimipedeirakigast ang ef.said wiferenee amplifiersnedylecsait comprises
integrator module and said comparator module includes the

a firttapsimapedance anplifiertibd mductance.

6. The transimpedance amplifier of claim 5 wherein the first capacitance comprises a

variable capacitance.

7. The transimpedance amplifier of claim 5 further comprising a first resistance having one
end that communicates with said another ends of said first and second feedback elements and

another end that communicates with said output of said second operational amplifier.

8. The transimpedance amplifier of claim 1 wherein said first feedback element further
comprises a first resistance in series with said first capacitance, and wherein said second

feedback element comprises a first inductance in parallel with a second resistance.

9. A differential transimpedance amplifier comprising the transimpedance amplifier of

Claim 1.

10. A Sigma-Delta analog to digital converter comprising the transimpedance amplifier of

claim 1.

11. The Sigma-Delta analog to digital converter of claim 10 further comprising:

a difference amplifier module that includes one input that receives an input signal;

53




LLOYD WISE

an integrator module that communicates with an output of the difference amplifier

module;

a comparator module that receives an output of the integrator module; and

a digital to analog converter module that communicates with an output of the comparator

module and another input of the difference amplifier module.

12. The Sigma-Delta analog to digital converter of claim 11 further comprising a filter and

decimation module that receives an output of the comparator module.

13. The Sigma-Delta analog to digital converter of claim 11 wherein at least one of said

difference amplifier module, said integrator module and said comparator module includes the

transimpedance amplifier.
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