NESTED TRANSIMPEDANCE AMPLIFIER CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No. 60/817,268, filed on June
29, 2006, 60/798,480, filed May 8, 2006, 60/798,567, filed on May 8, 2006, and 60/759,899, filed on
January 18, 2006, and is a continuation-in-part of United States Patent Application No. 10/459,731

filed on June 11, 2003, which | inuati n@ﬁ% f.uni e&@}ﬁl fFJ)D tent No. 6,762,644 issued
on July 13, 2004, which claimsﬁt e eﬁgﬁ%}%g. . r@?/}é\tlljc(?nga p ig ‘ﬁaNo. 60/2_75,199, file_d March
13, 2001. The aforementioned applications are hereby incorporated by reference in their entirety.
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more particularly to nested transimpedance amplifiers with an increased g andwidth product.
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electronic circuit. Referring now to 1, a TIA 100 includes an operational amplifier (opamp) 105

having a gaam pasaneiaqéo hecgann405{s tegl S 110. The
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Referring nogow) 663735 therorase dOIefyihe. Ddok0Qik) BHIRseSBEY arfuiret SaHIRE 703 and a
transistor 210 having gain -gm. The TIA
2006, and is a continuation-in-part of United States Patent Application No.
10/459,731 filed on June 11, 2003, which is a continuation-in-part of United
States Patent No. 6,762,644 issued on July 13, 2004, which claims the benefit of
U.S. Provisional Application No. 60/275,109, filed March 13, 2001. The

aforementioned applications are hereby incorporated 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 (-gn). The opamp 105 is
connected in parallel to a resistor (R¢) 110. The input to the TIA 100 is a current

(Ai) 115. The output of the TIA 100 is a voltage (Av,) 120.



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;) 305 into an output voltage (Avo) 310. The TIA 300 also includes a resistor 315 that is
connected to a transistor 320. The TIA 300 is typically used in applications that require relatively low

bandwidth. [0006 rring noy, to FIG. 4, a TIA cgnverts an input voltage (Av;) 405 into an
oﬁ?anl Ivolta[ge (Aﬁgé%él The #ﬁ?igﬂqﬁ%cm%kaési%o d tBSaW?ﬁ'Zl‘igSﬁ\Q/ﬁiaﬁg i8ohied28 8 series to
llel inati istor _(Rf and.an opamp 4 he TIA 40Q is typically used for
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transistor, tﬁ%‘%@wﬁ%%é@f (ng%iﬁta&qr éirt‘&%tgllytggtugi\%%#O%-ZO% of fT. For

metal-oxide-semiconductor ransistor(s), the ban eofWﬁe TIA is typic%IIy a f?yv per(‘jcent
(i.e., approximately, 2%~6%0) 008] Referri ow tq FIG. 5, a TIA 500 may be configured to
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applications that require relatively low bandwidth.

[0006] Referring now to FIG. 4, a TIA 400 converts an input voltage
(Avi) 405 into an output voltage (Av,) 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 f.

[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
505 acts as a reference, in a similar manner as ground or virtual ground in a

standard configuration TIA. The input voltage Av; and the output voltage Av, are



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 includes the
opamp 105 and the resistor 110 of the TIA 100 that are coupled with a photodiode 605. The output of
the photodiode 605 is a current Jphoto 610, which acts as an input to the TIA 100. [0010] Increasingly,

applications require hoth high bandwidth and high gain. Examples include optical sensors, such as
fiber optic rg&%%?é@,gaﬁa %‘%éﬁ%%}%?r\ﬁﬂi:&% ﬁ#‘W@WsBe’@&%ﬁ’f@%i%&ﬁ > SOVMARSORSE THE

INVENTION,_[O sted transimpedance amplifier (T1A) circuit includes a zero- order TIA having
an input and’ %@ﬁl@%ﬁgéa ?(s{%%gﬁ%rt?o%ﬁc&f’aqﬂ |I%§é %6%5%??@&%%? iRGuaRS ErARdut that
communic [ i tput of said zero-order TIA, a first transistor driven by said input, a second
transistor that Is ri@%n f(;f/%a(g f?r%?mgig\al)grtage and communicates with said first transistor, a first

current source th (ﬁﬂj'g unj with said s transistor, and.an output at a node between the
first transistor angf[ es con%%gﬁﬁ§®r§%%%%?ﬁ?;§hgp ?ej%\ré? gdl S é'(%‘dq‘&%\f'rré(?\tasf} ?ééy ely
communic V‘ﬂghémﬁdftiﬁSFé 1Si [ t% is greatef than,a gain of the .zerg-order
TIA. A bandv?/%]th of the opamg is fésgsh %ﬁ%%]ﬁékb%{fn '\?vf%?ﬁopt %’gzsé)rrc')-é eorpltll(:Aac(.1 3 fﬁfé]ﬁ'ﬁcg&er
features thesgeiroliRIsTHLBEIIES BIShARAR. JRAldinG B IsL A A st outpy aysecond
opamp including a second input and a second output. The second input communicates With the first
OUtpUt. A with a photodiode 605. The output of the photodiode 605 is a current lphoto 610,
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.

[0012] I[n other features a second current source communicates with
the first transistor. A gain of the opamp is greater than a gain of the zero-order

TIA. A bandwidth of the opamp is less than a bandwidth of the zero-order TIA.



resistance includes one end that communicates with the second output and a second end tha_lt_
communicates with the second input. [0014] A nested differential mode transimpedance ampllfler (TIA)
circuit includes a zero-order differential mode TIA including first and second inputs and_ first and'
second outputs and a first differential mode operational amplifier (opamp). The opamp includes inputs
that communicate Wi spective ones qf said gutputs of said zero-order differential mode TIA, a first
transistor driven b@, gﬁf{ ts}lb ﬁ?ﬂﬁf, CELUEIR P SE16r QIR b 8liresAdfiRuerRathiRd

transistor t I iven by, a first bias voltage and communicates with said first transistor, a fourth
transistor tﬂg[flggqr gnfl%ttwg %gs%rbcl?aas?\'/rgitggél i SSRRhRRREPRA Ydins 8 2R PR rERYbr, a first

' ith said third t ist second current source that
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source that.gompBlRPHRS YL e St 8519195 8N 1 Seegnd ransistor. A gain of the firs

differential mode opamp is greater than a gain of the zero-order differential mode TIA. A bandwidth of

thefirst iferentisjompse pemafs e3F e &pARMISHY aliieerncarde diferanial mode TIA. 4

[0016] In other features the zero-order differential mode sa secon rential mode

opamp inclyHigéuts aadpuBR rRRhadN b ATPRNHRIBALE HRPTRRUIINg ipus gRY outputs.
The inputs of the third

first and second outputs and a first differential mode operational amplifier
(opamp). The opamp includes inputs that communicate with respective ones
of said outputs 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 transistor, 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 secénd 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 transistor. A gain of the first differential mode opamp is greater than a
gain of the zero-order differential mode TIA. A bandwidth of the first differential

mode opamp is less than a bandwidth of the zero-order differential mode TIA.



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 Wilth
respective inputs and outputs of the third differential mode opamp. [0017] A nested differential mode
transimpedance amplifier (TIA) circuit includes a zero-order differential mode TIA having f_irst :_;md
second inputs an& first and second outputs, and a differential-mode push-pull opamp having first a_md
second inputs an QQQSIéAE;\d LR BRErdGaitresThe Arippreseciifrrasiasmastaminitekides fespective
ones of said first and.second outputs of said zero- order differential mode TIA. [0018] In other features
a gain of th%e(?ﬁfﬁer%ﬁ%%ﬁ%% pﬂ%ﬁﬁuﬁ’%ﬁ@ﬁlp‘%@?mw ARASa 33th SHtREBerdtskder Hifferential

de TIA b idth of the differential-mode push-pull opamp_is less than a bandwidth of the
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d dj ial including input outputs and a third differential mode opamp
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TIA having an input and an output, a first operational ampfifier Fopam d an input
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[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] lh 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
differential mode opamp communicate with respective outputs of the second

differential mode opamp. Resistances include first ends and second ends. The



said zero-order TIA, a first power supply input for applying a first voltage to the zero-order TIA, a_nd a
second power supply input for receiving a second voltage. A charge pump module develops a third
voltage based on 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 a_nd a first
output and a.second opam a second input and a second output. The second input

includi ) >Con
communicates with th %EBJ%%_IQQW&}Q%Q W dJEeSRRe¥Rd MRAtT AR GMERIES Rith®e second

output and g.. d end that communicates with the second input. [0922] In ther features a voltage
regulator re%]ﬁrls(gletaé%%ﬁ%ns‘eai& (\e/(ﬁpaadQPA light-emitting diode communicates with the opamp output.

The first volt [ ter than,th d voltage. The third voltage_is approximately equal to a sum
of the first voltage Sad] Ersefé‘ﬁd@%%ééé‘.trfena'ﬁ%wlenaaea@@Ea?fv_wéf@afmtwgbgsa Grautry
dth ' [ plied. to digital circuitry. . first voltage is between about 2.
and 3.3V, The Seraa Bt gt h B BEEaTA Aot ﬁsﬁgiﬂfpegaﬁaea SAHeFErcu

[ j ' ifi i first inverting input, a first ngn-inverting input, a firs
vering oot i e o hE B G S R R e b

inverting Ingilld &8RSeRGRONINETHY AL ASRERNTHANEHIG

Lgt%ut %nﬁrgt%%qpnde %n{'nverting
output, wherein the second inverting output co S wit iret non-lnverﬁﬁg input%nd the

second nor-yesHigt PP RPN ULYRRIES NN SHPYETIPILRBIING tretigsdbagtislpment that
A charge pump module develops a third voltage based on 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.

[0023] A differential transimpedance amplifier circuit comprises a first

operational amplifier having a first inverting input, a first non-inverting input, a first



communicates with the first non-inverting input and the first inverting output; a second feedback
element that communicates with the first inverting input and the first non-inverting output; a third
feedback element that communicates with the second inverting input and the first inverting output; and
a fourth feedback element that communicates with the first non-inverting input and the first non-
inverting Oli%létrti[woo%ﬂ In othnecg features, the third and fourth feedback elements comprise first and

second resistaniad FHEECavSA TRt (AR TS FROsHe Yiith R SRR R e RL AR iR second
[ [ | d d feedback el ts comprise first and second
resiatanced e e e R T L B S AR s v et
[ [ fi b | { h_comprise a first resistance
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a resistance in parallel with a capacitance. The capacitance includes a variable capamtanc%. 7 [0025]

In other feasurgst hisfiralABsksecRRE fﬁ%%?%ﬁ)@ﬁﬂ?@?ﬁuﬁﬁ?ﬁacﬁ@tp%@dﬁéﬁﬁté?e?ﬁé?ﬂﬁge? series

with an inductance and that are in parallel with a capacitance and a second resistance.
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transconductance amplifiers. [0026] In other features, an integrator comprises the differential
second feedback element that communicates with the first inverting input and the
first non-inverting output; a third feedback element that communicates with the
second inverting input and the first inverting output; and a fourth feedback
element that communicates 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
resistance in parallel with a capacitance. The capacitance includes a variable

capacitance.



transimpedance amplifier. [0027] A single-nested transimpedance amplifier circuit comprisc_as 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

i [ hird | ti tput. [0028] A double-nested differential transimpedance
g?nrglri?il:arr"gﬁzisi’t Vc\:lgtr}ndp?nggteslrgnlsri%/@rglﬂ\%gt%g%ar[&ﬁwﬁﬂ]gﬁQﬁégsaﬁﬁ%ﬂﬁeﬁeﬁpaﬂﬁkaﬁ@@%‘lﬁ?tﬁ%ﬁerational
ifier hayi ' ing.input, a fourth -i ting input, a fqurth inverting output and a
fourth non oG ot A IERTS SO boH MG EAS. 2 T BleAfar ALl ring
tput and f inyerti p icates with the third inverting inpyt. [0029] In other
?eualtouurez,na\lzﬂtﬁh] %Jergégglgge}g\rén%ngggor%mg%i%%%?b%%ﬁ%ﬁg Sourth IRver %%,Cgﬂﬂf?g é’ﬁ‘g'fdg Sirét inverting

output. A sizdersloagl siamet. communigales i e gHiN BRBNGHIND uByLand the first
non-inverting output. The fifth and sixth feedback elements complise first and's Con 8 resistances,
respectiveIypaﬂgggi{@ug%§§<m§ﬁﬁgqu elements comprise first and second capacitances. [0030] A

Sigma-Delta analog to digital converter comprises the differential transimpedance amplifier. The

Sigma-Delta analqquzefigitah comyertaraamessesa shiteipaes apyinsmodyle tardpalas one
input that receives an input signal; an integrator module that communicates with an output
transimpedance amplifier.

[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

communicates with the fourth non-inverting output and the first non-inverting

output.  The fifth and sixth feedback elements comprise first and second




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. [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 comparafor my ﬁjeule includes the differential transimpedance amplifier.
[0032] A di(f%?'e%ﬁ%ﬁ%’n&?%%%&’ﬁf . aﬁ%ﬁgﬁ% it eBHhir_dBRSK SIRAIRARY FREMTESRMIEhpIifying
having_ a fir%iéw\é%rég%@r&gggcﬁ\tgﬁ%t?réc‘)n-invgrﬁng inp.ut, a first inve_rting Qutput and a first non-inverting
output; second amplitying"” means fof amplifying having a second inverting input, a second

verting ot cAoshicales v D brine NAUEun AL Gebor RERTRSertHS output

inverting output communicates with t non-inverting npu
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t
communicates with the first non- inverting input and th ng ou z%k means

for providing, S iaedbaek-hiacommupicalRs WM JarLIngnpHL aRdJng firgh nanyjayerting

output; third feedback means for providing feedback that communicates with the second inverting

input and thedirsiie erting e Wi e fﬁﬂ@&é@@ﬂhﬁ%t@%é&&%ﬂ%&%ﬂqe&# E%lﬁrg)ut
communicates with the first non-inverting input and the first non-inverting output. [0033] In other
features, ther theddfierndndiepmiackiBaanRs eosdhiSSrator 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.

[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

feedback means for providing feedback that communicates with the first non-

inverting input and the first inverting output; second feedback means for providing



first and second resistance means for providing resistance, respectively. The third and fourth
feedback means comprise first and second capacitances for providing capacitance, respectively. 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 compiReFhREhetiatasesmenirates prdtidithg réssdncertingsdnesivandnduetditet nesans for
providing inductance and second resistance means for providing resistance that are in parallel with a
capacitancd WRIEAS IRt eapRRrs MeeathdocasavitinedereRas bibaideanarvurissies
capacitance.. The first and second feedback means each comprise resistance means for providing
resistance ?H'Hb@ﬁesf%‘ﬂq%é@é%i DR A NS IBo MG ERgR iRHe 2PRde4padReske theans
provides a variable capacitance, The f d second feedback means each comprise first resistance

means for &lgﬁa?r?f it rs?é’@ﬁ&fl egz)ﬁggtﬁ AR SR ML D FESIIRG YGRS R that are

in parallel V}Qm1 qﬁgqrcit nge means for ov{ding capacitance and second resistance means for
o I non-nvering ottput, . ) . .
providing resistance. The capacitance means provides a 10 variable capacitance. The first and

second amplifying¥n S inﬁ{u&% eﬁr?gg&gg%g%%gﬁnﬁ i@ggf%ghsmgof%u b%ﬁ in%%%%z&%%&gﬁﬁird

transimpedance amplifier circuit comprises thi plitying meanstor anipli
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third and fourth feedback means comprise first and second capacitances for
providing capacitance, respectively. 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

in parallel with capacitance means for providing capacitance and second

resistance means for providing resistance. The capacitance means provides a

10



communicates with the third non-inverting output and the second non-inverting input communicates
with the third inverting output. [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-inverEi)rIlé; output..The fourthjtjgvergn output communicates with the third non-inverting

u

output and the Tourth ot Ghvaring outBfit i @NCats TR thA iRt IRGe rRARDUINEBES] In other

features, fif{rb]‘%%%p]%{nﬁgn% IIf;r(cl)“{2I Ig:)fr(ca)l\,/sidlng feedback communicates with the fourth inverting output

and the first inverting ou?pute.3 {8Eback means for providing feedback communicates with the
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comprise first and second resistafice means for providing resistan

Sigma-DeltgApaing o,qi(ggﬁgcmv%r,fgﬁzﬁgggﬁg%ﬁgradit[ﬂgn%; féfrﬂrﬁ?”? gedtangetﬁm ln‘r{gg{r}q;he

Sigma-Delta analog 1o digital conve ence amplifier niean Yor amphr [

includes ongvailepui sat seashiem a8 R baIgRA Hiiegr#ieL MBANS JerR U Ng.that o

communicates with an output of the differénce amplifier means; comparato ns for comparing that

st e e e
means. [008shkneieitiRpirestdiehrAERCMAIRIMAARRT A ISHE%BBEnd non-inverting
input communicates with the third inverting output. |

[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.

[0037] 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
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decimating receives an output of the comparator means. At least one of the difference amplifier
means, the integrator means and the comparator means includes the differential transimpedancg.
amplifier. [0039] A differential transimpedance amplifier circuit comprises a first opergtional qmpllflgr
having a first inverting input, a first non-inverting input, a first inverting output and a flr_st non-inverting
output; a se%ong (%Reéational amplifier having a second inverting input, a second non-inverting input, a

second invering OUtput ST 8 Se@0ndWok-ifiEihg @Eﬁ@ﬁﬁtﬂfhé@ﬁrﬁﬁeE‘é’cdﬂtﬁﬂf@éiﬂﬁwgmﬁ}t_put
it he T S et e oA il s RAg R VARG e
o v s OO A M P Ao welon e s
U, 2 fou B O I E S A e bt wherai

the fourth inYerioe o4kl FRIBRUAIGRE YLD (AGSPRRNIRKRIIRG gHiBHhaRd g fourth

eans
non-inverting 12 output communicates with the third inverting input; a cedback element that

communicates Wittoﬁ%fecqlﬂddiﬁ@ri%&fﬂf&m%@ﬁﬂéhse?ﬁﬁ%%mt\%% ?&Wéﬂnj{%%%emng

feedback element that communicates with the second inverting inpu e secon

output; a thirskinesthaskaiemestahabuipmnanicates ih e third nan-nxering inght agdiihe first

inverting output; a fourth feedback element that communicates with the third inverting input and the
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
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
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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-inverting output and the first non-inverting output. [0040] In other features, the first and second
feedback elements comprise first and second resistances, respectively. The third and fourth feedback
elements c%mtori e first and si%ond_ re%%ts ces, respectively. The fifth and sixth feedback elements
comprise firdt & SSCBRUTEEGR LR, ?@fﬂi\}@}ﬂ? Husignisblaesdbasios enagitihdbnverter

comprises the differential transimpedance amplifier. The Sigma-Delta analog to digital converter
comprises g%[#%#enﬁggggrsngﬁ%rtrrr%dﬁ?g % irﬁ%mﬁglsegwir?ﬂBPfhgp‘ie%@?%ﬂq plV&GIRG: an

int t le.t icat ith t of the diff lifi le; a t

modue thap R S DU T By PSR eR e s ot
' ' t and thet input of the diff lifi

modle. 13 B2 I ok A, ST A BoCOd onild rEeam et ol

comparatormaghiiisashenee e ilcience APHTE et He SRR Mo and the

comparator module includes the differential trans ance amplifier.

o eoRRRIBELE EERTARR S ik ARALY A RIS NI AONYOS IRCIRA st verting
input, a first non-inverting input, a first inverting output and a first non-inverting output; second
amplifying 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-inverting output and the first non-inverting

output.

[0040] In other features, the first and second feedback elements
comprise first and second resistances, 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
with an output of the comparator module and another input of the difference

amplifier module.
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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; a third amplifying means for amplifying having a third inverting input, a third non- inverting input,

a third inverting o nd a third non-inverting oytput, wherein  the second inverting input
communicates wiwa%r%[ghird?ﬂo t?ﬂ?\ye?‘f’lﬂ%’{ﬁﬁpat g{ﬁ)ﬁr RESALHNAIANMSENG ifpSeMsmAlnicates
with the third inyerting output: a fourth lifying means for.ampljfying having a fourth inverting input,
a fourth noorollf?ﬁézéﬁ}g‘?ﬂ%ﬁ?%a{&ﬁ?twﬂ?\%ﬂ%ﬁg tt??patf(tatfﬁfaofc?&ﬁhd%{%ﬂggrﬁﬁ&%%dﬂOWHQrein the
fourth inveri icates with, the third non-inverting, output and the fourth non-inverting
output comﬂ%gnﬁ:%%égv%%ﬁ m&ggtﬁ{lgd %ﬁrgﬂg ﬁ%ﬂ?}aar#r%? f(%%%%lgk Hfé"é‘rgs? for ?o#gﬁ%%%%ack that

communicq@g%%@%@%%inverting input and the second inverting output; a second
ns fo g fee

feedback mea r providin ack that communicates with the second inverting input and the

second non-nveryn .2 il Sbapk FARAIS AR BOUFIB A eciock Mphcompupicates

with the third non-inverting input and the first inverting output; urth ans for providing

feedback thahHHEURISHRSHAR-RRAAING IMNERNG IRRHLRSRG f v @ fifth
feedback mea;r?s for providing feedbac?th%%m%ﬁgicatés witwgfélr %ﬁ%ﬁeﬁ%ﬁ%ﬁ% the first

inverting outpuit, andratsintefarghasiomenns oI Meding ERMRASK DG CURBHINSAERANI the

fourth non-inverting output and the first non-inverting output.
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; 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 inpu{, 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

means for providing feedback that communicates with the second inverting input

and the second non-inverting output; a third feedback means for providing
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[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—DeIt‘?ﬁﬁﬁ%‘g‘ t& @i A EBHNAG RS fn ilde SheifrEYEH ca amipvRstiRge dAnBUbrand plingndretat
includes one input that receives an input signal; integrator means for integrating that communicates
with an outBHEHise @RREhcarfIifier fRRIRACOnpars: fAearRsTyEismIsaRg skt rtfidlives an

output of the integrator meana;) andégliE ital to analog converter means for converting that

communicat8S SR G I b BYPAIGONTRINS 2 Wsoiist RRTRYRRIGIR e Amplifier
. [00 f fi d.deci [ for filteri d decimati [

output of thd ColREAPAEK MBS, A 1656t NP LAk B! SR Bl e Wiehrator

ransmpeda e A e b LS S R reo SR NBE aFF AR dibot

transimpedance at%p‘ﬁ ier compriseés a e Lhut. A

second opergtional [ifi rCTp i nd_an output that communicates with the input of the first
operationaﬁggé{nﬁg}%%ﬁfgg #ilr;% eﬁ%&%@ﬁg@? %%Ss \glrﬁé éh% %ﬁgﬂborrﬁ%]u'ﬂ%%ﬁ%ﬂ}ﬁwg i%But of the
first qperatig{éa.}i%mﬁg .SF‘@?R@Q% ?nd that communicates with the output of the first operational
amplifier, wherein the first element

[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 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
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.

[0046] In other features, filter and decimation means for filtering and

decimating receives an output of the comparator means. At least one of the
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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 w't%%he first ca %citance. The second feedback element comprises a first resistance in
series with rsﬁrfﬁau@fﬂﬂqééeprﬁ@%%?céﬁﬁcifgﬁ@@tﬁnﬁ‘r‘?ﬁb%miéﬁ% capRaratee. MeaRst
resistance ri\rc;;lvliur@eo eggfthat gommunjcateg with the jjnother ends of the first and second feedback
elements ant another end thar eamrmURIERES INHT AP Hﬁfut of the second operational amplifier. The

first feedback ele A rthelgk ‘?gnrpsrises 8 first resistzjqce in series with the first capacitance, and

K B3aCe ALt RIS o Shick BeCRlG el

. Im
wherein the second feedbac ement%omprlses

resistance. ' al: ifi rises the transympedance amplifier. 16 [0049] A Sigma-Delta
analog to d@@ﬁ%ﬁvﬁ%&’?@g&ﬁr{lgﬁ%g %ﬁfé’@é@l t'gk%%)ﬁ‘edgﬁggg g&%'fiép.['ﬁéeg%agﬁelta
analog to digitgt sRAVErtes GPTRgE BSHIRIRRCRAMRHIe MO gt Iludes one Input that
receives an input signal; an integrator module that communicates with an output SPiRe diférence

g o S T B a1 Y L R L A
the differense taenpliSeopudsn i ORAbImethsn e sty 2 diier ARt CRAIMAIRTROIHIR reeives an
output of the first operational amplifier, wherein the first feedback element
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 feedbaék 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

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

resistance. A differential amplifier comprises the transimpedance amplifier.
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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 amplifying 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 ﬂt, first am Iifgéin means. First feedback means for providing feedback having one
end that communi 8a‘{@wit h fﬁ%ﬁﬁ’%?%%@ firEAgIiFing IitAInLaRY AFRth P BRASA%: the

communicates with. the output of the first amplifying means. The first feedback means comprises first
capacitancéﬁrﬁeergrqg Brtﬁ?g\%lgiwg Qng%itaar{BE.";é&cong%edi?ﬁ SH 1R ik fEiiRhck having

d th j iththe.input of the first lifying,means and another end that
communica S e A R AR TR o BTRe L UG ARer B8 e tirkecond
feedback i fi ' f iding resistance. The first capacitance
means el s e e s L S enibac

means comsgSdeh 5 aRGA MRS RIS PSR AR LI st gapaciance

means. The second feedback means compris resistance means tor providing resistance in

series with §fshdELRBRS MRRNALOTRIBUIINGHaCSIaRGE,d e S FaPRAIPRER EARS Eomprises

variable capacitance means for providing a variable capacitance. First resistance means for providing

resistance ianinsnoBEENE ShatrRORERHDIFAISS MRS AMPBRLENS iAbthedirthandigerand feedback

means and another end
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 amplifying means for
amplifying having an input and an output. Second amplifying meéns 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
communicates with the input of the first amplifying means and another end that

communicates with the output of the first amplifying means.
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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 diﬁééﬁ%’al trghﬁmﬁééﬁﬁﬂ@%ﬁnﬁhﬁe?@?ﬂ@%f&ﬁ%%@ﬁd%?%g%rﬂmlﬁﬁs diigberter

includes difference amplifier means for.am ing that lﬁ%lrj]ges one in% that receives an input signal;

|
integrator Means for isgrat .rtR'z'ﬂV@d _ﬁlﬁ &St %ttﬁﬁ’to@ﬂ Gfff&YEARS MHﬁjﬁér means;
nalbog cony A A e b YU VAR E I o LARR S ORE compPBratSf meane

analog converter means tof converting tha means

and anothacloms o e diferenee ARIeLTeans, (1055 ctner eauyies, fiterand decipation

a 11N
means for iitering an ecimating receives an output of thé comparator me eastone of the

e LRl MR USRS KL S Re BL MR R e g Al o

transimpedance amplitier. [0055] Further areas of applicability of the present invention will ' become

apparent ifegpRdRialRY fesiciien RiRYdeckoeRORlnty!BUIRE W delsaoq fiaiiie detaled
ption and specific examples, while indicating 'the preferred embodiment of the invention, are
intended foiputigaes ahdhiraiennal@ng arrietdpiended i imitthe SeoneREh e iRyeRtion.
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 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 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
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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 pasic (iircuit architecture for a differential config)uration of a TIA according to the prior art;

[0060] FIG.® 8RBWS &P BPREAT 8A88HS iIKARY A SoibaoBREBUBIER RS aViiiA AscatHiigab the prior
art; 19 [006t FIG. 7 is a first-order ngsted 1A accoﬁrgﬂgﬁtt()) tpfe present in\%ention; [0062] FIG. 8is a
second-order nestIFITR LM ENE HEHIEdRURER A RS SPrERY i‘?hﬁ‘ﬁﬁﬂ%rde( nested TIA
according to the invention:; [0064] FIG..10 is a firgt-order.nested TIA |n a _differential
configuration acgﬁgﬁﬂ to the %Er}é%ré?\?"i’lrtlvé%"?ioﬂ; ?6(%5% _é@'Tfﬁ@%ﬂ?ﬁ-ﬁdé’rr AUGERSTA0th a
differential GARRUIANCPR. AGGALINY (8 A PITSRI LYRIPLIIPIRELALS: 42 RR49"3RE FriyigmPlary
gain-bandwidth characteristics fora ;

difference amplifier means, the integrator means and the comparator means

includes the differential transimpedance amplifier.

[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 vo.ltage-to-
voltage TIA according to the prior art;

[0059] FIG. 5 is a basic >CiI’CUi’t architecture for a differential
configuration of a TIA according to the prior art;

[0060] FIG. 6 shows an optical sensor, including a photodiode coupled

to a TIA, according to the prior art;
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[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; [0071] FIG.
17 is an nth-order[A86fHd TIkA!®ithY céparitivstceridas| agstest ikt perastioadeadhanesesetdrding to
the present invention; 20 [0072] FIG. 18 is a first-order nested TIA in a differential configuration with
capacitive ¢3fR&IRAon of input parasitic capacitance according to the present invention; [0073] FIG.
19 is a second order nested TIA in a differential configuration with capacitive cancellation of input

parasitic capacitah¢&84dcorditg: © thepPeSEREIVERTiISIESISY 4] fi8ce fingtad S tha e Hrder

nested TIA, of FIG. 7 with additional feedback resistance; [0075] FIG. 21 illustrates a second order
nested TIA'BY®1ER'8 with additional feedback resistance; [0076] FIG. 22 illustrates the first order

nested TIA of FIG dauith adlignal feedbadk esistances J00741 E1G; 2% lusates the figgorder

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;

[0071] FIG. 17 is an nth-order nested TIA with capacitive cancellation

of input parasitic capacitance according to the present invention;
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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 nesiﬁeaﬁ'l'%lj of FIG. 7 including. an opamp of a first configuration; [0081] FIG. 27
illustrates the diff first 67 ddtnstelr TR G FEStRstiddfidihg Q%&ﬁ?é}%ti&%&%ﬁatmhe first
configuration; 082].FIG. 28 i rates the first order nested TIA of FIG. 26 including an opamp of

21 [0 I
a second c\évrqthi\glﬁ3 %%';'Y&@qﬁ%ﬂ%@rﬂl tr 1By khRARRiEnFaRRctR) a8 r AssRid it Bt Hies. 27

including arﬁrggf%{ﬁnt\i%l q&amp of the second configuration; [0084] FIG. 30 illustrates the differential
first-order Hested TIA of FIG. 10 including a differential opamp in a push-pull configuration; [0085]

FIGs. 31-33 show, ily in cyrves for first and second stage nested TIAs; [0086] FIG. 34
BT et <P B SO tor MBLedip S, (i S8 fhckoi

shows a functional block diagram of a power Supp les and
Sxrpary LA AW HERUIR LOURIHRRY 8f RS P RRELE 3 R SLn0isg
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 iliustrates 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;

[0081] FIG. 27 illustrates the differential first-order nested TIA of

FIG. 10 including an differential opamp of the first configuration;
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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; [0091] FIGs. 39A and 39B are
schematic views qf differentjal and  single-ended transimpedance amplifiers, respectively, having a
compensation cai?agéf?a in & f2edBALKITG LI R OET) RIS, uieshd ! Aogf RiSsafinatidingws of
differential and_sin Ie-Fnded neidted tfransimﬁe_dance amplifiers, respectively, having an LC tank
circuit; [OOQ%W E?@gﬂ)ﬁ ShaFPBAFL WHRIALRAR views of differential and single- ended transimpedance

ifiers, | havj C. ircuit and resistors in the feedback | ing to th
prcsent dscioourd.0a] FIGC 4272 A GG O AR A AayS GIGRTER of & 0
' d nplifier having,. k circuit: [0095] FIG. 43A s a functional block diagram of a
e R A S B SIEIG, (ARone ek doram o
FIG. 43C is a fungigagh bloghdliagiamglka.liah RENYRRSIRYIS AN [BR9E] FGuddD 3@ iynctional

block diagram of a vehicle control
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 TIAs;

[0087] FIG. 35 illustratés 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;

[0091] FIGs. 39A and 39B are schematic views of differential and
single-ended transimpedance amplifiers, respectively, having a compensation

capacitor in a feedback loop;
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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). 23 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS [0103] The following
description of the &:@zredfmbodiment(s) is merely exemplary in nature and is in no way intended to
limit the invention [ #&24hplicatioh, 8P0s<¥ G0 108 PR S@mBicerasrs aatirddisentanaad for
increasing the gain-bandwidth product of TIAs. Imﬁ]royements in the gain-bandwidth product are

[

achievable%g}gj <G ATTRdilIRRERRAERRIR AN BIE Svd REP SdbEdn DR R I dARK such as

feedback r%?"?t?trs, capacitors and/or opamps are added on the input and/or output sides of the TIA.
In FIGs. 15-17, capacitive cancellation of the input parasitic capacitance is provided. In FIGs. 20-24,

TR Lo ee BT e F e T A
S e g A R R e e e
TIA 700 is 389WBrs 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. 43Ais a functional block diagram of a hard disk drive;
[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;
[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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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 MOS resistor. A capacitor 720 is also connected between an input of the TIA 700 and
ground (or virtual roun(‘jb)%24 0107] By nesting the TIA in this manner, improvements in the gain-
bandwidth produé?ﬁa@ DeafrzeldRtor Exbinipie! e RREGRBRIAEMPRIBENEBUses MOS
transistors may achieve a bandwidth that is 10% - 20% of the threshold frequency fT. This range
represents a banddtH that 128 dproVIRGeRF SRS TerPlinfae JresdRIFedars tRRASUMGNIER & the
corresponding zero-orde TIA.E[0108 Referring now to FIGs. 12 and 13, graphs.illustrating,
characterisrf?ggrgeEYn-eﬁ(g B Foﬁgéé?o'-%r'a%r"“ﬁx EHAPRA Sy @%tn dBVIRORLsR ctively,

are shown.a In gggt%%l,oa} n@ger value of gain is associated with a lower value of bandwidth, and a
lower valué'of gain 15 adsoerated with a higher value of bandwidth. The gain A, defined as the output

voltage Avo divid the input valt v:. is.typically on the order of a few.hundred or a few
thousand (i.e., ap ro(>5<)'i¥ ately Og¥gf%g$ ﬁ\\{%iggﬁprgﬁéﬁegfs ﬁsrets eolH?Feoglf%BégCE?ﬁs\'/%é%sefor a0.13
pm CMOS process i G 4 4 JQ10 ree.exempla eristi ves are
Chown. A i Do P i T e B e T Ve e

increases the bandwisite'd APREMAEM PGP UIRSMaIN ST FREHRAARSRRNIdIR EHRPSS ble.

For example, a TIA may have a characteristic
circuit elements such as feedback resistors, capacitors and/or opamps are added

on the input and/or output sides 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
MOS resistor. A capacitor 720 is also connected between an input of the TIA

700 and ground (or virtual ground).

24



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 of gain. This function may be referred to as the "spread"”. The spread is greater for
TIAs using MOS transistors than for TIAs using bipolar junction transistors 25 (BJTs). Thus, the need
to improve the TIAWSTdwidBypeeRfinties i§!Mdre thifoRmrRad inpreHe B eRlssistdhe teginwith BIT
transistors. [0110] The exemplary bandwidth values shown in FIG. 12 do not define upper and lower
bandwidth BBOREE T PreschrRaicapdsaticatbns Ch&ramatas th fird-crder sresiefid @1\ 2@Hz are too
low. Many lications, such as an OC192 fiber optic receiver, require bandwidths on the order of 10
GHz. Prea%iﬁ‘é%sf (Réﬁ@ﬁémarﬁ‘abéléaﬁ\?é@aﬁsBﬁQBW&Wr ir§ bdhawidthe Rbitfe on the
order of seyeral GHz, Referring_.now to FIG. 13, a first-order nested TIA at a typical gain value may
have a ban%é\;\ﬁ ﬂ?@'fz‘ZBBF&]Hﬁiay%séﬁ??dffiﬁ?é‘ﬁ@rﬁ‘naﬁﬁ&m%f&@?élsa% HEY nested
TIA 800 bu]jll\(;ls,[u on t'iheefsirStré)é e%rtﬂestﬁg TgA ZjOO. Befﬁﬁnce number%.from FIGs. 4 ai 7 are used
in FIG. 8to ideen(%i?y LimiaF dISents The gec%%d%?cfé? S TBE0 |H8I68é%'3?985 805 at the
input of the first-o sted TIA 70 ngi n.op 810 at the outpyt of the first-grder nested TIA
700. An additionatgg)eg@ﬁ)acg(raé%?gt%g% }As?afgo gﬂisd aér%ssa fﬁ% ir?é‘ut quﬁpehgpdﬁnups%agn%d the

output of the, opamn:&10 gé\ﬂ—@%&)@% JRANLAAIMILD, SUIVELNR AS HIQALEED o rder nested

TIA, respectively, are shown. In general, 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 voitage 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 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 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
of gain. This function may be referred to as the “spread”. The spread is greater

for TIAs using MOS transistors than for TIAs using bipolar junction transistors
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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 numbers from
FIGs. 4, 7 and 8 are used in FIG. 9 to identify similar elements. For example, a third-order nested TIA
900 includ mps 905 and 910 and 26 feedback resistor 915. It is possible to achieve higher
values of e?%”gf%aininuﬁaﬁ%ﬁ/

B8P EorBIMP RV RepRE R thRARE Witk 6T tRET s aSR NBIHTEREON.
H , the efficiency af t iccuit decreases as additional nesting levels are added due to parasitic
ngi\g: \;ird i%'&ggggaegz\%‘é?lﬁé gﬁ&?‘ﬁﬁ%%ﬁéﬁﬁl}”é' d%r?‘méaﬁ\%‘?@{fer nested TIA or the

d-ord [ I] id fficient perf .[0113] Referring now to FIG. 10,

2 iterontal moa T ordel eSSt A LGB0 & G DR HETEIaReE Mumber AOR &R used in
FIG. 10 to | ify, Simi I 1002 i nected to the outputs pf the opamp 504.
Feedbact(lz Hegéﬁgfofgs'ﬂigp %?ng %’gg@%ﬁ%%ggted oﬂ?ﬂ%ﬁg E)%H%ald?f?éﬁ%#ﬁﬁoggqqewlg and to

f 4T in- ' tof t IA is increased. [0114] Referring now

?ou':fll(g.s fl,ga}?d?f%ig}rgéﬂ%%%%%? ?l%i%eg? %’%?%T%Bﬁs (@f%%gé@’gﬁﬁg%r%#é’ﬁ th;a?t Similar to

e e ene A o 0t O O, DR B L
. pamps 1104 and 1108 and feedback resistors 1112 and 1114
are connegtegmpa|sigtdafom AN plR) GasPankviiles also typically require bandwidths
that are on the order of several GHz. Referring 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

numbers from FIGs. 4, 7 and 8 are used in FIG. 9 to identify similar elements.

For example, a third-order nested TIA 900 includes opamps 905 and 910 and
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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) transistors, or
metal-oxide-semiconductor (MOS) transistors, such as CMOS or BICMOS transistors. The preferred
embodiments of the invention use MOS 27 transistors due to practical considerations such as ease of

manufactuf& R S8vEr Rondulh RS G RFRGHS [HaRB] KekFSng e BRYY P5, the first

d ted TIA 700 i ith additiopal feedback itance C1, which substantiall |
ciocts of SA{UI AR ABaRER Ca o (RSFROR of e GRAINI VR 50T Fo dHBAEE cARGRRM e 1 has a

first end th cogwenru%cgte .with an | B]ut of thetogam 415 and 31 tecogd en(ti. tha} corlnmunicates with

an output o he gpdmp 45@'.(:{8?%ﬁ&fé’rr%ﬁ%‘ow%r ?é.eié‘fsthae SCCONY Sradi HEStea' T 1A 800 of
G.8i ' ditional i which iall | eff

of mput canah ¢ RO ParBE TS SHRPREIEIcES bodef fieslalEh SHRRENTRY ERAEf coback

capactianc& (e die! Rlohat AOBMHBIEatea 1R AR AL Bl A ARFINR dda gl igeend end

that communicates with an output of the opamp 425. The feedback capacitance C2 has a first end
that commupigaies \WithgRaRKL 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 feqghagk capasitansgsed: fo2F RO AN aWilidtential mode first-order nested
TIA 1000 is shown. Reference numbers from FIG. 5 are used in FIG. 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 the
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)
transistors, or metal-oxide-semiconductor (MOS) transistors, such as CMOS or

BICMOS fransistors. The preferred embodiments of the invention use MOS
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substantially cancel effects of input capacitances Cp1l, Cpl, ..., and CPN at the inputs of opamps 415,
805 and 905, respectively. The feedback capacitance C1 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 C2 has a first end that communicates with an input of the opamp 805 and a
second eng that communicates with an output of the opamp 710, The 28 feedback capacitance CN

has a first SR TRIPES MR SR SHAR! ar PRI TRRS oRirhp B 5 aRE QE4eaRH BRI ERagNd

communic te&}with an output of the o am(g 81,0._%0119] Referring now to FIG. 18, the first order
nested differ %%P%%%C%ﬁ%%qg H@ G &AitRi5Sditional feedback capacitors CiA and C1B, which

substantially can cts of input parasitic ¢ itances CPS and CP2 at the, inputs of the

differential modecﬁéxﬁn% SOgeP%'P&JBO%IﬁS;EEéta 'e%l%\ %?Za?r Fsrt&?&%%tng@in% iCates with
an input of ifferential mode opamp,502 and _a second end that communic with an output of
the differen%%?&}gzgﬁgpgarﬁgﬁlgg‘ﬁ Iﬁe 3525 %%%ﬁ%%a Cc?ap%bitavtvnégs ¢ rﬁsaﬁa?éef}é §7Y Iged toa

second Or@ﬂ‘reggeéPQHaih d@agg%ﬁé%@eséfmlaétrfh%“g%%ﬁ’ﬁﬁﬁ@%@?%@gﬁg% ces. CP2A and

e K
CP2B. Higher order circuits use a similar approach. | eferri c ot eaflcrst order

Pested 1ARiBKRaAde ChowS wiRpadionl InihRAtUaRsRfcAN Bu] BP dRedpart agtance

2010 has a first end that communicates with an input of the opamp 710. A second end of the

resistance 204 ¢ GUBIMINIGRIGR N LD A RMEHEY At RABIRFA DAL hBEI5 g now to FIG. 21, the
second order nested TIA of FIG. 8

[0117] Referring now to FIG. 16, the second order nested TIA 800 of
FIG. 8 is shown with additional feedback capacitances C4 and C,, which
substantially cancel effects of input capacitances Cpq and Cp, 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, Cpa, ..., 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

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. The
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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. [0122] Referring now to FIG. 22, the first order nested TIA of FIG. 15
is shown with additional feedback resistance 2210. The feedback resistance 2210 29 has a first end
that communicates with an input of the opamp 710. A second end of the resistance 2210
communicg?ees%?\ka‘ﬁagﬁ‘fﬂ[ﬁ%ﬁ oA ﬁi%éﬁ@ﬁi@?h@%ﬁ%%ﬁ% Yits. 23 iRkl hRler nested
TIA of FIG. 7 is_sh with input capacitance CIN, feedback capacitance CFB, and feedback
resistance 2310 T gé\gl:']%ﬁ Gpacivalic 'ﬁ%&s‘cgrﬂ@f}@fﬁﬁﬁﬁt HOeRIROHIPIHOAt i5RA38 Rhe nested

TIA 700 an$ second end that communicates with an input of opamp 415. The feedback capacitance
CFB has a first end that communicates with an input of opamp 415 and a second end that

communicates wi end ' 71 l.The.additional feedback resistances, input
capacitances, ani%?{gedbgéféﬁé?g{éwggs%ﬁ ]A%;}Otgg(ﬁr Slé) %rtﬂgsgﬁfgefgﬁﬁé?ﬂi@én Rg&ﬁ? TIA. ;
Referring t . R4 irs er 4 [ e 1A of RIG, 10 js ~shown with first an
second inggﬁza%(g%gar%cess C NHl %&rdﬁ élﬁdg?%ﬁs%@r% secggdé%?;aé-%@gg cgaﬁa(%[%dnce?c Czbmd CFB2,

and feedbaglyssisianges2449 ardA¢1d: iThe npybcapaclancas G and GiNZ havg fgsl ends tha

receive input signals for the nested differential mode TIA and second en s1that_ conmunicate with

inputs of OpIMR 8P d FFfeRMANACKRRRAGIANGS S6F BT RO ARG IStENIS 818thas 4

first end that 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,5 and C,g are added to a second
order differential mode TIAs in a similar manner to offset parasitic capacitances
Cp2a and Cpog. 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.

[0122]  Referring now to FIG. 22, the first order nested TIA of FIG. 15 is

shown with additional feedback resistance 2210. The feedback resistance 2210
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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. [0125] As can be appreciated, the feedback capacitances (FIG.s 15- 19), feedback
resistances (FIGs. 20-24), and input and feedback capacitances 30 (FIGs. 23 and 24) can be used in
any combir#oa Brftiritd dbebsemmeniaatesdiithrssted Tt afdhe/eparteréhfial Anselecnrhe[Bl26]
Referring now to FIG. 25, an exemplary disk drive system 2500 is shown to include a disk drive write
circuit 2510°fHAPVRRELGE BN QIspEPB Ricategi v tBrve pelirtipt theoremRIlHRs a preamp circuit
2518 with a nested TIA or nested differential mode TIA identified at 2520, which is implemented as

described above. [8123] ReRAAG RSP RIS 158, A e Brirdesesied 760 6f FIG: 7 ig shown
including a first implementation of og,ctamp 710. OPamB 710 includes a first transistor 2600 in series
with a secotitPEh AL, 1DBHS . FRBArY the Hirst REASRES S8RAGLRIMRR 5 tRNGufSEChefe

-order TIA 705. A he . d transistor 2602 is driven by a bias voltage VB, The signal
oot of TR HTRARN ot { R A SOUH PO S MBS 2586 AP Han of the

second tra t 602, A first urce 2604 draws rent from a_.source of the second
transistor 2% %8 [r e %%J%rrﬁ%s%%uigﬁbée&p%@?e%eﬁ{ﬁ aeagﬁhastuopop;@n%ﬂggge\?dﬁ% PoWapY pply

3
options areo‘i'%%%i%%?%'.o“m% %%@og&%gpacitance Cep has a first end that communicates
with an input of opamp 415 and a second end that communicates with one 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 Ci1 and Cynp, first and second
feedback capacitances Crgs and Cggp, and feedback resistances 2410 and 2412.
The input capacitances Ciy1 and Cing 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 Crgq and Crgy 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.
[0125] As can be appreciated, the feedback capacitances (FIG.s 15-

19), feedback resistances (FIGs. 20-24), and input and feedback capacitances
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[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 differential zero-order TIA 500. A gate of the second transistor 2702 is driven by a bias

oltage VB irst.sign put of TIA 1000 is taken at a node connecting 31 a sourge of the first
;/ransistor ég@é%v%él%ﬁa%f i)?uﬂ{b[)ﬁ&?)ﬁa PaRNES 5??’R”fﬁ§tfgﬁfr5ﬁ0§’8§rce'?fdh%o‘?% current

from a source of I}I%geco d tcrjaf%sistoﬁ]aaa%é 9] A third transistor 2706 is in communication with a
ird

fourth transistor aR ggfe orthe’ sistor 2706 is driven by the other output of the

diterential zero-ofgis 21A 50, gatc ol ihe fothjgansislor 2108 o diyen. by VB, A seegpd signa

output of TIA 1000 is ta connecting 'a Source’o ransistor with'a drain of

the fourh 2t & AfladhseCRd aveThaLIGR 4748 phaa TR oMy soprse shihe second

transistor 2702. The opamp 1002 can be powered with a drain supp e

options arexdesgripasbielowdpanpresieiaillg Aifferentiab %geah%ﬁ)gwht%ﬁaﬁgﬁ%f% first and

second signal outputs at the respective sources of first and third transistors 2700, 2706. [0130]

Referring neiiaiF\@afbrina fisbaulernesinthited 0 0oBIG, e NRU Rl SeRond
implementation of opamp 710. The second implementation includes a second current source 2610
that providgs saHFt 2@ dhe drain of the first transistor 2600. The second current source 2610 draws

[0127] Referring 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 V4q2. 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
differential zero-order TIA 500. A gate of the second transistor 2702 is driven by

a bias voltage Vp. A first signal output of TIA 1000 is taken at a node connecting
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current from Vdd2 [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 current to the drains of first transistor 2700 and third
transistor 2706. The third current source 2712 draws current from Vdd2 32 [0132] Referring now to
FIG. 30, the differential mode first-order nested TIA 1000 of FIG. 10 is shown including a third
implementé’tiﬁﬂué?%ﬁgﬁ'ﬁ? {6Rlotranpisiag 4662 witastapRihsuferidlamestas 2hewn Ahe
opamp 1002 receives a ositi\gﬁﬁs voltage VBp an a negative bias voltage VBN. The differential
output signal ‘fggeeﬁﬁag%ggf% KNS TN TR E REFSASHGTENG ©9EREE. A58 S ramily of

gain curveibirs0 hown. The gain curves represent typical gain patterns of the various first-order nested
TIAs described above. A logarithmic vertical axis of each graph represents gain A=V0O~tN;,. A

g e s Lo SRS, e e oo e

represents a gain-curve 31 € various opamps. € opamps pr

pandwidth ihan 18 2eFes AR s pa MR AR I el iale o AXABIASERdR, (Ph34 The

graph of FIG. 32 represents a‘family of gain curves or various egaincu Ve 3200

M e S L LN oL
medium bangwidth wher GRNBRIRS LB HRSLORAMRA: 1H6FSLORKS AAIABYEP S nnecting a
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 Vgg. 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

current to the drains of first transistor 2700 and third transistor 2706. The third

current source 2712 draws current from Vygo.
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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 the gain effects of the opamp as shown
in FIG. 31. As the frequency continues 33 to increase the gains roll off at 40dB/decade due to the
combined effects of the. opamp and the selected zero-order TIA. [0136] Referring now to FIG. 34, a
functional block dl&g}% is SHEARHIBE AQRF Kapphy Q?%ﬁﬁ@?@?{ﬁbmﬁgﬁémépﬁ@%ﬁé@ﬂfﬁ% The

power sup a rovides a TIA chip with three unique voltages Ievels despite providing
external co w{é {p?h%g?éhg {%0 t}fgéQ%WH GrEtsinaamitBitd dmaleraratidiate Hoararad I%:onne(:ted

to the first- TIA 70 of FIG. 7, it | undgrstood by tho eskllle n the art th tthe power
s?Jpper Irrr?ay eelrjs%ﬁtﬁ&l% ?Os:?naleo Ry nCd’BF @:ﬁ'ﬁ’é\ fitsts 8¥,\’Pn d]# 8§ AR RN quoprlog power
supply vd ocjate Qne of the external connectlons and provide r to the zero-order
TIA. In sor%%%rﬁ%%d%m \/Sdallassbe \?V% R a ulaf%\? a{hdg@ cAS f%f%?ﬁff?eggmgﬁi\g pgﬁ) &r supply
Vdda al Char dule 3400 al

a also prayides noyw 3 SUW\%%(?E%](? OS%UJ]%g Q/ RIvi?ﬁcgae:\/;.)ump module also receives

power from a digital p 1S h8Sociated Y&cond one of the external

conneciions. Chaigs 74mp By 5,340,550 g abirated onig same ship o, e fistorder nested

TIAs. In some embodiments Vddd is'about 1.2V. In some 'em an e regulated by a
voltage regukd Qi mPeUIosi*RePelRI% typical gain patterns of the various first-order nested

TlIAs described above. A logarithmic vertical axis of each graph represents gain
A=Vouw/Vin. A logarithmic horizontal axis of each graph represents signal
frequency.  The graph 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 TlAs. 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

the gain effects of the opamp as shown in FIG. 31. As the frequency continues
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being applied to the charge pump module 3400. The charge pump module 3400 generates a second
digital voltage Vdd2 that is approximately equal to Vdda+Vdda. Therefore Vdd2>Vdda. It is
appreciated by those skilled in the art that Vdd2 is not exactly equal to Vdda+Vddd due to losses
and/or inefficiencies inherent in the charge pump module 3400. 34 [0138] Referring now to FIG. 35,
an applicat{'on of the power su[%f f FIG. 35 is shown. Vdda is provided by a battery 3500. Battery

3500 can be {'HfFR-1BR B4t ;I/’y% gib FhANEEerRiR e Rl soMbiReH RifekiRyht-tBfnitting

diode (LED commun'ct tes%y(ietgrtfgn out(gut ft pamp 710. In some embodiments the LED has a
turn-on vol e%aenwg a%%dqt : .dTﬁ%r hoa(lggeér p module 3400 adds Vdda from the battery 3500 to

a ; 3400 adds veda rom the batery 3
about 15V 1 car AP Bb Ushi ST ol (N L5 J051 e G B mEdIG 4aD provides
iti . | [ ly 3. 4.2V. which is ab
the 3.5V VD, T g AT e 30 b P e Bk L1ATor e eGP Bharge.
pump module 340 2R 5 J0RIELCTE NRCHRRY AR UAEHEIGIRA30) Thopresenyisciosure

also addresses the need for increasing the gain-bandwidth product o S. Improvements in the

gain-bancwiesiidRigUusto b ASBIRKARICDY RSt AdUANINEYBRITer FArdngiaeryords

additional circuit elements such as feedback resistances, capacitances and/or opamps are added on

glr%ﬂ Egrt agaETLWBUS SifSS RIS TuhABA Refrsring o de Rigues 38aa7rsisdHi@nsimpedance

is understood by those skilled in the art that the power supply may be used with
other single-ended and differential first-order nested TIAs. An analog power
supply Vgda is associated with one of the external connections and provides
power to the zero-order TIA. In some embodiments Vyq, is between about 2.5V
and 3.3V.

[0137] The analog power supply V44, also provides power to a charge
pump module 3400. Charge pump module 3400 also receives power from a
digital power supply Vaaq.- Vaad 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 Vyqq is about 1.2V. In some
embodiments Vgqg 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 V44 that is approximately equal to Vgga+Vyg.
Therefore Vya2>Vada. It is appreciated by those skilled in the art that Vqgo is not

exactly equal to VggatVaee due to losses and/or inefficiencies inherent in the

charge pump module 3400.
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(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 the following figures has a non-inverting input and non-inverting output
identified by the absence of the "0" symbol, and an inverting input and inverting output 35 identified
by the "0" symbol. The transimpedance amplifier 3602 also includes a first feedback resistance 3608

that communicate[s?m]the_ R6 -fﬁ'f?&rﬁ\‘iy"iﬁ_&ﬁ'%néEthé‘%@@Hﬁﬁ@t&ﬁd&ﬁ,taﬁopﬁ‘ﬁéééh’@Péé%ftance
ransimpedatte SAIREP 4600 Mo AL THTcE JEraon dnpHAGISRS LR ABRGEan
A T Rt st s poeaforal o ot e o
e S B L ST oot e 2
e Toe SR o SOEC SO SIS MBI F0 0 i st
e SIS L e e e R S g o
transimpedg]ee,RMRRN e Hdese e B MRRESNES AgaRLel PG RaEs R REskA fransjmpedance

it can not be used alone to power the LED 3502. The charge pump module 3400

provides the additional voltage from Vgq4a 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 Vgga+Vygg.

[0139] The present disclosure also addresses the need for increasing

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 amplifier

(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

the following figures has a non-inverting input and non-inverting output identified

by the absence of the “0” symbol, and an inverting input and inverting output
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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 this embodiment, the inverting output of amplifier 3702 communicates with the
non-inverting input of amplifier 3612. The non-inverting output of amplifier 3702 36 communicates with

the invertin,rc(;%in ut of amplifier 3612 Afeggback resistance 3704 communicates with the common
node of the ﬁvg'ﬁﬁgg%%ﬁt&a%m r 3762 RNF HRBGHE AR SR TIRPACORaRIBAAIBFISE RS, arhe

ist 7041 nunicat ith, the inverting output of amplifier 3604. A second feedback
recistance 108 SR LATBLUE e LorkHbrtHQHELB ARG H1E HOR-NGEHIG J0EhoR S ampitier
3702 and the | ting. i lifier, 3612, the.non- i ' tput of lifier 3604. [0144]
By provicin e SHE VS S VBeHch 0l DA b I o S o e fhversions

for a given Hﬁg%@ﬁﬁ‘%@%ﬁ"?r?tﬁ%%_”ﬁ?&éeﬁﬁe%t g@ Igfgtentially higher frequency operation from a

device such as that 1l X €s, the nesting occurs at the output node

causing the outp%igtﬂrtionﬁqeb@g@géotygg e \I/Cr%l F%@}%@%igﬁbeg&%siégé%@?:}egﬁggg now to

FIG. 38, a transimpedance structure 3602 illustrate Isusedinan In this

embodimenf, & tiepefalionatismeyior 1897 BamisRRTNGRRHL P BRLRIGRIES Uil hRden-
inverting output of amplifier 3604. The non-inverting input of amplifier 3802 communicates with the
inverting outpeHHRMplien3adpl9L 46h & Bptietismm HishAROA S LRI AR W Bl
that communicates with the non-inverting input of amplifier 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

this embodiment, the inverting output of amplifier 3702 communicates with the

non-inverting input of amplifier 3612. The non-inverting output of amplifier 3702
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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 with the non-inverting input of amplifier 3804 and a
non-inverting output that communicates with the inverting input of amplifier 3804. A first feedback 37
resistance 3808 communicates with the common node between the inverting output of amplifier 3804

and the noRIRVBHINGASUL SR M IIREEBESE R A TREIRR g Blutof eRioRRklr setistaRA6ther

feedback resi 3810 icates with th de of the non-inverti ut of
ampltor SR e TTRARGELTTg TR ALY GRIEP SE0K: Al e RERLINVo ANE UtFurBE Wb

. dpback resi ' ith,th d t th
mon-nverting GUtsut O et NSy SRR 1B TRUBHITG Afios S80S thE LG ot of

lifi [ : ' ith.th bet ' i t of
mplicr 3800 A aSon Ve o STl B8 e (R ot /SNy acthuCafagop.

10148) DIffoLeql e o} AesHing A BERSHAHRI 0 RS - HAb S Gideh TRSIGS Lasimpgdance

amplifier. The amplifier 3802 is not important as far as nesting Is concerne the inpu e circuit

s current ngigad of pligat. YAPITeh 3308 MaKARLER eI JORS) Refarinang in HICS. 30A

and 39B, differential and single- ended transimpedaince amplifiers having capacitive ack are

shown, respegivRoUtbEH Gf 3RHpIRleRNtial transimpedance amplifier 3900, which is '

[0144] 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
illustrated 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
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 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
with the non-inverting input of amplifier 3804 and a non-inverting output that

communicates with the inverting input of amplifier 3804. A first feedback
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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 response or the stability of the transimpedance network may be
improved by 38 including the capacitances 3902 and 3904. As can be appreciated, the capacitances

can be replaced by indyctances if desired. [0150] In FIG. 39B, a single-ended transimpedance
amplifier 3@%5(?9 o%%nqga??%ﬁﬁ?%?&évﬁﬁfét@nﬁ&remﬁ@d?ﬁﬁ@nl%ﬁ%(ﬁﬁr?ntbﬂs!%@At."iﬂ FIG. 39B,

imilar el t labeled wij [ bol ™. The t t f th lifiers 3604
anclor 5608 e 8o NBELGb AHEIOPID Gty DB QURIBRARA TR T ampiier
3604 and/ " [01 ferri t .40 40B C tank circuit is i dinth
feetback of AHEhiar P SRGICLT AL raP e pocas e eI I8k SRR 8 P16 oA, &
diff tial ' [fier.4 ' I, thi ' t, a fi tional lifi
4002 has & o RUGHRG (ot LBt 2 ot BeAt L SR Rh R aGbie BRG inverting

input of ampdifier 4P COUMiGat V\{itgftlggn ﬂﬁ-'p Talo] f_amplifier.4004. back
element 4006 co?nmunicates Wi}t?tﬁg)gommon%]oge 0 (ttjﬁé %ﬁ)iw\iH%@n%\éﬁt{lﬁga%up@#eﬁ%jooz and
the inverti pat 9 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-inveniyg PHPUROF AR AL aRaE B8 TPIRHATIKIBRP Wil aRePlishARPE-
node between the non-inverting output of amplifier 3806 and 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

response or the stability of the transimpedance network may be improved by
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[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 capacitance 4016 is coupled in parallel with the series combination of the 39
resistance 4012 and the inductance 4014. This parallel combination is coupled in series with the
resistance 4010. Likewise, the feedback element 4008 is configured in a similar way with a resistance
4020, a sef¥HdG0Gsthfc&3B35 ANSERiesHith BRI 4nce 2624280 Pa \APRISIERigShcitAfice 4026.
[0153] The variable capacitances 4916 %nd 4092{2 are used to illustrate that various resonant

frequencieS IHEANETR R URTIERERT B R40Sdanr eh sy GHe capacitance values. In an actual
3000 may be. suiRDr b ECn B o AP AP0 (AER H e e TR clide an
the umwantai ey Lo e o e S B L e ance
metwork o Tt Mol e R B ESHRL | o PR RE Srucure

strated 16,4 S7i0 gl bengelenin atoamaily sUyuabsiaied o i aach

subsequent nesting, only the signal frequency of interest is a led so that the nesting

effective aty) NeHGSIE RETERHR LAt ok Shirnk SIRRRN SB (RecRidss oidbis, the selectivity of the
nested LC tank circuit transimpedance amplifier is significantly improved
[0151] Referring now to FIGs. 40A and 40B, an LC tank circuit is
included in the feedback of differential and single-ended transimpedance
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 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 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

capacitance 4016 is coupled in parallel with the series combination of the
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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 same time, in-band signals are amplified with
extremely low distortion because of the nature of the nesting transimpedance amplifier. 40 [0155] In
FIG. 408, a single-ended transimpedance amplifier 4000' is shown that is similar to the differential
configuration shown in FIG. 40A. In FIG. 40B, similar elements are labeled with a prime symbol ™.

The transcétiaRaRe& YA 8nthibarisivernged® thaldradeuelsl P aehisghinne s aarm ekiignals

may be coupled to inverting input(s) of the amplifiers 4002' and/or 4004'. [0156] Referring now to
i it

FIGs. 41A 8rE%18Y s REnT&FSRERDI4ANBthe-difiGifimdhe of ehrbRG i lsmesh #O%hd&d

transimpedance amplifiers are shown, respectively. In FIG, 41A, a differential transimpedance
P iy v

amplifier 4700G8IGS 4R BSERRhi @ AR IS HSIRRCEMEHIn R SESPRA T BiEIaNER A ahfier 4102
communicates with.a secon am lifie 01/1:7]294. Qn invert'r] out ut.tof amé)gggr 4104 communicates with
anon-inver?i%rg';e%}\c’)vlﬁtt%o?%rlﬁpﬁ!f?e? i%é hahS rﬁlgﬁrﬂ?& (%u? e5t Qﬂﬁﬁi 104 communicates with an
i ting i t of ifi first LC circuit 4106 ' ith th | ting i t of
mpifer 4102 ank S hverlie Salbtn & SR 109 OA S hd L2 ELI-2108 SUfeHFicates with

the inverting iy AL DODEHVEILAGATEN: Of AERIESE A0, [BIPTLLG GiCul 4108 nphuces ar

inductance 4110 in series with a resistance 41 C circu Clu a capa%itance

4114 in sergniHy e SRAGRALE Y AIlES IS FUBRISPURL BLIRARPR FRICE Ak ANG:

set to the desired residence frequency may be used. The circuit 4000 may be
suitable for use as an RF amplifier in a TV tuner in which it is desirable to include
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 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 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
same time, in-band signals are amplified with extremely low distortion because of

the nature of the nesting transimpedance amplifier.
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resistance 4116 is in parallel with the series combination of the inductance 4110 and the resistance
4112.[0158] The LC circuit 4108 is configured in a similar manner to LC circuit 4106. The LC circuit
4108 includes an inductance 4120 in series with a 41 resistance 4122. A capacitance 4124 is in series
with a resistance 4126. The series combination of the inductance 4120 and resistance 4122 is in
parallel with the series combination of the capacitance 4124 and the resistance 4126. [0159] By
providing a resistahcah palBiel Fith e EctagiRGRdaE dennidpadannerroiriiesr néfa

resistance tg} both the inductanC(te and capacitance, oscillations of the circuit are avoided. The extra

res.istanc.e,S QV\(_:'?J_ PG A HRVER RO TR f)?fl‘gﬁﬂf B?i.‘t"rﬁb%m}%ﬂig? fréh éﬂ%gfﬁ‘g'ﬂﬁﬁigh
(01601 In PR S L B e b e B R R RS e OISO R AR the
i ial fi | ' G. 41A. InEIG. 41 imilar.el label ith '

ymbol - G0 0 G e 3 B AL T0F g B REERTVE B the

M T Nl AV R L o raetitrs S e AN

to FIG. 42, an integrator 4. usin : ransmpeda_n_ce _amplifier i_s illustrated.
T embcimenys S OSSR SR MO T, o
another embodiment of differential and single-ended transimpedance amplifiers
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 parallel with the series combination of the inductance 4110
and the resistance 4112.

[0158] The LC circuit 4108 is configured in a similar manner to LC

circuit 4106. The LC circuit 4108 includes an inductance 4120 in series with a
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[0162] The integrator 4200 has a high bandwidth due to the transimpedance configuration. The
impedance output is low even at high frequencies. Because of the low output impedance, the
integrator 4200 may be useful to drive large capacitive loads. One application of the integrator 4200
may 42 be in a Sigma-Delta analog-to-digital converter that operates at gigahertz over sampling
frequencies. [0163] Referring now to FIGs. 43A-43G, various exemplary implementations of the

present didEDSIFAGE & ROw RERAATRNTSWHELAIES. M SRMIER Witk entehisiRtre’dZP be iRfplemented

[ lifi d/or i t hard disk dri 300., The, t discl impl| t
anclor be, STen BHTEA T i CF SN SGaF HAE LNy ENBEI Ea o7 EvB el Bower

supply 4303, which are generally identified in EIG. 43 4302,.In some impl tations, the signal
processingt%eng%}ecso%??ﬂl% ri]r%tﬂ?tx4§§g‘%ﬁ@f&?%%ﬂ@?ecﬁg%[saﬂwcg{@%59\%?%‘%%% %{Ig;él 4300 may process
data, perform codi d/or, encryption, perfarm calculations, and/gr form ta that is output to
and/or received i@?ﬁ magBrYeﬁ(%cc}sU@% egrrﬁ%S ﬁ}r%”ﬁgdg %{%ul%ﬂﬁ@}—%% %g%%a?rggr'}frﬁ?nicate with

2 host devife nsto S ichas gcampmer ARl SRMPLNG deyicRs siel ap peisongy dota

assistants, cellular phones, media or M yers an e, and/or other devices via one or more

g;rfgnzgm%gﬁigﬁn%ghﬁ%%%rki£‘ kSR8 TGHRR 42300 daay %80%52@8@9%1%@#5%?%4309 such
y (RAM), low latency nonvolatile memory such as flash memory, read only
memory (RGNDABH/R PHIE & IHGRIRCHRN SRR SPtRESamplifier from changing at high
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 transoohductance
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

frequencies. Because of the low output impedance, the integrator 4200 may be

useful to drive large capacitive loads. One application of the integrator 4200 may
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[0165] Referring now to FIG. 43B, the present disclosure can be implemented in amplifiers and/or
integrators of a digital versatile disc (DVD) drive 4310. The present disclosure may implement and/or
be implemented in either or both signal processing and/or control circuits, which are generally
identified in 43 FIG. 43B at 4312, mass data storage of the DVD drive 4310 and/or a power supply
4313. The signal processing and/or control circuit 4312 and/or other circuits (not shown) in the DVD

4310 may prodBse R PRI Arirgriondigitab SeRMRIGHT Hertormetalesidtiod9ahsdierayfat data

that is read from and/or data written to an optical storage medium 4316. In some implementations, the
“signal proé@é‘gm{jjg H8HEBRFS! circuit 4312 and/or other circuits (not shown) in the DVD 4310 can

I f th ' h di d/ dj / .other signal [
functions associatie i a VS Ui, (32k) e BUD arve RS0 ay LE G WA Hn outpu
communioA T RS HaLT T BB HED el SO et T o A oAb 518 hat stores
datai I3 ; t nay | i ' DD). Th
HDD may Hare B Boana o ah e e AR Bl s AR DR G et one
or more plajiets haing aietaiat isrHoalerlan aopruimally L i it i dit dmay be
connected to memory 4319 such as RAM, R M,sfow latency nonvo tlle Pnemory such as flash

memory aﬁ%ﬁ(g?%%é&i‘iﬁ%ﬁé‘?%@ﬁ&ﬁ%nﬁPﬁS@eé@W ERETEFEShRBIVARITE: 4rotng present

disclosure can be
power supply 4303, which are generally identified in FIG. 43A at 4302. In some
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 4306.

[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
4310. The present disclosure may implement and/or be implemented in either or

both signal processing and/or control circuits, which are generally identified in
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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 both signal processing and/or control
circuits, which are generally identified in FIG. 43E at 4322, a WLAN interface, mass data storage of
the HDTV 4320 44 and/or a power supply 4323. The HDTV 4320 receives HDTV input signals in
either a wired or wireless format and generates HDTV output signals for a display 4326. In some
implementatiohs<t SRyl ﬁ@d@es@]ﬁ@%%&ﬁ SHIRPE StiocciFMIY 45ye A-118r BRKEPCiIRc@MEsY@lot shown)

of the HDTV 4320 ma pro}cess data, perform coding and/or encryption, perform calculations, format

data and/oPYpEH6T Ay ot ﬁ)ﬁgéﬂf PIBSRP RS S HG tRantiay B’écﬁé'au‘}?é@ (6068 TRERDTV 4320
icat it ta st that st data i latile n; h
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and/or any other signal processing functions associated with a DVD 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 manners 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 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 a high definition television (HDTV)
4320. The present disclosure may implement and/or be implemented in either or
both signal processing and/or control circuits, which are generally identified in

FIG. 43E at 4322, a WLAN interface, mass data storage of the HDTV 4320
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control system and/or a power supply 4333. In some implementations, the present disclosure
implement a powertrain control system 4332 that receives inputs from one or more sensors such as
temperature sensors, pressure sensors, rotational sensors, airflow sensors and/or any other suitable
sensors 45 and/or that generates one or more output control signals such as engine operating
parameters, transmission operating parameters, and/or other control signals. [0170] The present

disclosure RRY2lsd BEWAPRHRANetAothERechRIoY s§3Rinkeasive Y Veliiclet 4830alFhie control

system 4340 may likewise receive S|fgnals from input sensors 4342 and/or output control signals to

one or moRdBEIRINMIGAR SRS TR RREISRTSIRIRE DAY cotbrdl signalh issdinalave part of

an anti-locl&rt‘;’(rga%;in system ,ABS?Qa navigation system, a telematics system, a vehicle telematics
system, a 1ané de grl%‘?@“?yéf@?ﬁ ROy e IR PERESHEPs fiFRU L FERIQE erRbrehiRitrat system

such as a sjerep, DYD, compact disc gnd the like. Still other implementations are contemplated.
[0171] The%%gv%ﬁ%%oéo%a?gf 595?8§184 r??é?/ AR ATtEAith *rrdsHRYa RIBPAGE #1548 that

stores data in a nonvolatile manner. The mass data storage 4346.may include optical an(?/or magnetic
storage de\ﬁgé%Por e%?agr'r? ehar rdi%[%"é."i@ﬁ%%dﬁ%%%r%ﬁ{?ﬁ??ﬁ{‘%af%ﬂéﬁﬁ%éy &Ve the

configurat%ggpm%}p %ltﬁerdf% g@f{ﬁq?wfﬁ%ﬁ% 8r81§ir%\ﬂclaarpﬁyag@/eertzquﬁ\%aﬁguration shown in FIG.

43B. The may be a mini at inclldes one “or more g a diameter that is

smaller than apPregBRelY The FSrPORSITARAP UL TR AT AR QAR Lhstdg4nemoy

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

inputs from one or more sensors such as temperature sensors, pressure

sensors, rotational sensors, airflow sensors and/or any other suitable sensors
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RAM, ROM, low latency nonvolatile memory such as flash memory and/or other suitable electronic
data storage. The powertrain control system 4332 also may support connections with a WLAN via a
WLAN network interface 4348. The 46 control system 4340 may also include mass data storage,
memory and/or a WLAN interface (all not shown). [0172] Referring now to FIG. 43E, the present
disclosure can be implemented in amplifiers and/or integrators of a cellular phone 4350 that may

include a cBIAIEF R ASEACP he Hie SEnMALR IR N &P HiBle FiERREN BeF b @ fmBRIAted in

either or both si which are %é_nerally identified in FIG. 43E at

nal processing and/or control circuits
4352, a Wl?Rﬁ"%‘n%?fa[%%’]%é@ GatPERPUSRIBY MREERIIRABEHBMERIS0 ARY/RF 21BEN& NIl 4353.

In some irgpI%rr}entations, the cellular phone 4350 includes a microphone 4356, an audio output 4358
such as a sp%aig'r and/or audio output jack, a display 4360 and/or an input device 4362 such as a

keypad, pointing ice, voice actuation.and/or other input device. The signal progessing and/or
control circuits 43@¥z§&/orfﬁﬁep Eﬁ%ﬁi%?ﬁ%o@ﬁHWn)%g%eaf%(ﬁu ?p’ S'E'H@g%eﬁﬁaxppp &8s data,

P A LR RGO R Bl U S0 I A D RSl e

phone functions. e cellular phone may communicate with mass storage 4364 that

stores datgp Ao ANARILeBANTS R COR3 APsaLANNIE RN ESIREAA NS [rexgmpe hard

disk drives HDD and/or DVDs. At least one HDD may have the configuratio own in FIG. 43A

and/or at leggtonptRRVREINs e SANIGHERHORBAMRANSHS - et HRREBIAYA 8 mini

may be part of an anti-lock braking system (ABS), a navigation system, a
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. The powertrain control system 4332 also may

support connections with a WLAN via a WLAN network interface 4348. The
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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 4366 such as RAM, ROM, low latency nonvolatile
memory such as flash memory 47 and/or other suitable electronic data storage. The cellular phone
4350 also may support connections with a WLAN via a WLAN network interface 4368. [0174]
Referring now to FIG. 43F, the present disclosure can be implemented in amplifiers and/or integrators
of a set topPBEXA38YStERL 6%%@@%@“@%?@@#&9 MBS eitanstiene imptenesnteditasitaer or both
signal processing, and/or control circuits, which are generally identified in FIG. 43F at 4384, a WLAN
interface, nias8 JAMEHBRSGEbNASEOMBY box 4380 and/or a power supply 4383. The set top box
4380 receives sig aﬁﬁom sgur,ce such as a broadband source and outputs standard and/or high
definition audio/viﬂ?a ignareeSaitifie fMa HRspIsy 4488 sutlitapieraplisishIantrsr fmie and/or
other videa angd/or alégﬁo.out%ﬁé &evices. he signal processing and/or control circuits 4384 and/or

other circuitS (not &h In)”ofa & tof'HUR 4 O DrOCEsE UM R orefthahdnsy
RGeS e R S e
marer S RAIASEEIRIZEE I AE s e A et
o o B SR, 06 R v Sl AN R Al R Y e

storage of the cellular phone 4350 and/or a power supply 4353. In some

implementations, the cellular phone 4350 includes a microphone 4356, an audio

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 4366

such as RAM, ROM, low latency nonvolatile memory such as flash memory
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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 such as flash memory and/or other
suitable electronic data storage. The set top 48 box 4380 also may support connections with a WLAN
via a WLAN network interface 4396. [0176] Referring now to FIG. 43G, the present disclosure can be
implemented in amplifiers and/or integrators of a media player 4400. The present disclosure may
implement &Ad/eF BEfhSIEIABIRIGRENNE GHBSIOGgRal B cRlbiRY RRORP AP0 6iRCIIRY which are
generally identified in FIG. 43G at 4404, a WLAN interface, mass data storage of the media player
4400 and/ctR S QRHIo BB EN A %HMMBME%&%MHM@@% 8400 includes a

display 4407 and/, er input 4408 such as a keypad, touchpad and the like. In some
implementations, f}r#ﬁdia%?;f?gﬂ%dﬁoﬁﬁaff’erﬁ v 2hraghfaPlRS Ninfisglos U RRaPE pically

.d ] [ d/ int-and-click interf i display 4407

anlor asel T FI0EE Fhe Mels  AVEI HABGARIE? AR JPato ghut HED8 B3 s a

k / i jack. The si | i d/ trol. circuits 4404 and/or other
checite (no SR ﬁa%%‘é%h?ﬁegraey@fﬁ‘%%oﬂay%%?%”&%%&%%%%L‘%ﬁé%ﬂ'ﬁg%{o%%ﬁaypﬁog_,
f i f / ther medi er. functio e media
Diyer 4400 o e e R e B R Bl oo

audio andigyidieg GRNINN' fke?raBaY LS AR SorllbROBPHEP LT EPHB0S 535 cqnapspsged audio

power supply 4383. The set top box 4380 receives signals from a source such
as a broadband source and outputs standard and/or high definition audio/video
signals suitable for a display 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 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 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

such as flash memory and/or other suitable electronic data storage. The set top
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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 magnetic storage devices for example
hard disk drives HDD and/or DVDs. At 49 least one HDD may have the configuration shown in FIG.
43A and/or at least one DVD may have the configuration shown in FIG. 438. The HDD may be a mini
HDD that includes one or more platters having a diameter that is smaller than approximately 1.8". The
media playBP%46B5Ra5iHe BonEHBAAT raenftastionsa witicie a¥RAN, oM, WivAhtenetmookivolatile
memory such as flash memory and/or other suitable electronic data storage. The media player 4400
also may sf[]ffﬁ@??@&%?&tions with a WLAN via a WLAN network interface 4416. Still other
implementations iEI ddition to those described above are contemplated. [0178] Referring now to FIG.
44, a Sigma Delta g?%ﬁ;g to HRGRAI NComRMMeloADIE) Motuld e 1rRSeRbWHiSTIRE SRy rAAD&a ADC
module 2810 includ(?csda diﬁerenﬁﬁ amplifiey module 4514 that receives an analog input si%nal. An
output of tH BIFSIERIEE apRABPIHEERI@ NSRS i IRBIR R SIOhtBg R T ataKerad480An bhbut of the

integrator mogsuelz%ﬁ %gki)s one input of F‘ comgara rrH]OdUIi 4520. Another input of the comparator
MecteF Yaah %’5}&5 fal TRAAR YRS PO QR BF B @bmparator

module 4520 may be connecte

o S50 O 1o LIS RS 528 M Ui 8 doig g, Tre oo
o rores A A BANPTH RAGA AP YLRL U8 RAS SR SRS aDRY 48 dResing vt of

power supply 4403. In some implementations, the media player 4400 includes a

display 4407 and/or a user input 4408 such as a keypad, touchpad and the like.

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

magnetic storage devices for example hard disk drives HDD and/or DVDs. At
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[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. The integrator output voltage is converted to a
single bit digital output (1 or 0) by 50 the comparator module 4520. The resulting bit becomes an input
to the DAC module 4528. This closed-loop process may be carried out at a very high oversampled
rate. The digital data output by the comparator module is a stream of ones and zeros and the value of
the signal isegEdporeidalartag devsithotarigy atiputshy wie icomBarkiss smatiateatlensinonereasing
value, the density of ones increases. For a decreasing value, the density of ones decreases. By
summing the\érranavitRye, the prejesctiansshswnowgdss & to the ihab signaband enhighpass
filter to the quantization noise. The bit stream is digitally filtered by the filter and decimator module to
provide a bifaFy-iBahitduEsE 0280 K9 takisbiasphavined wemeehiphidss esiabsrn the
embodiments set forth above may be used to implement one or more of the difference amplifier
module, th&RREYF G Fhodde ar%‘ﬂw@“@&ﬁﬁﬂ?é(ﬁﬁﬁ@@u‘i@% hrecaminatestiia MAOIROAAE! [0181]

Those skilled in the art can now appreciate from the foregoing description that the broad teachings of
the presen?ﬁ\?ﬁn?i%%?’bgmiem@n@?qﬁya NaRePGIR RN RErsGR, Fthil@shisvBRBobN has

ot be o0 TN SHIBE oSheP FIEGHHATE A AEUEIS app e YHoh GaRE APALRIER P Bon 2
study of the, drawings, e 8ReS RN AANNG A" (RIVRR 8ISt interface 4416. Still other
implementations in addition to those described above are contemplated.
[0178] 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.

The integrator output voltage is converted to a single bit digital output (1 or 0) by
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51 CLAIMS 1. A nested transimpedance amplifier (TIA) circuit, comprising: a zero-order TIA having an
input and an output; and a first operational amplifier (opamp) comprising: an input that communicates
with the output of the zero-order TIA; a first transistor driven by the input of the first opamp; a second
transistor that is driven by a first bias voltage and communicates with the first transistor; a first current
source that communicates with the second transistor; and an output at a node between the first

transistor af\§ tHEBRAEHE" tFARSIR 4929 he hisstesiiingikitibererms BRuitHaHcnipasPHG second
current source, that mugicates with the first transistor. 3. The nested TIA circuit of claim 1 wherein
a gain of th@‘ﬁ?&'%p‘g is gmﬁtéf%%ﬁ'ﬁ’%%irPEQQﬁészgﬁé‘Jbrja%r saEiechPihétem ¥AnbiRth of the
first opamp is less tt]a a teanrc]iﬁ/vidth. Q{%m first zero-order TIA. 4. The nested TIA circuit of claim 1
wherein the Y8 e AGTTA Gon <913 S8t A G RY IHEI G 2RIl BGLLREARYEaRpuL a third
opamp inclgpi&geaé saer%:gnz%iggug%lci a second gu ut, wherein the secon i{rH)l{Ecommunicates with

e

the first output; and a resistarnice inc D%.rY& 8&30 RIERNS Bﬁﬂ%ﬁ?@% B3 BUBut, and
including aér?&é)%%t%r&q W%@@Wé?g%? %%la&?ee SE%?%dnlri]rpéjrtéasing value, the density of

ones increases. For a decreasing value, the density of ones decreases. By
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
descriptibn 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 upoﬁ a study of the drawings, the specification and the

following claims.
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5. A nested differential mode transimpedance amplifier (TIA) circuit, comprising: 52 a zero-order
differential mode TIA including first and second inputs and first and second outputs; and a first
differential mode operational amplifier (opamp) comprising: inputs that communicate with respective
ones of the outputs of the zero-order differential mode TIA; a first transistor driven by alfirstthedpput;
a second transistor driven by a second the input; a third transistor that is driven by a first bias voltage
and communicates with the first transistor; a fourth transistor that is driven by the first bias voltage and
communicateg pithshe second transistor; a first current source that communicates with the third
transistor; a second current source that communicates with the fourth transistor; and first and second
outputs at respective connections between the first transistor and the third transistor, and between the
second trangistor andébteﬁouahsimpeismwammiﬁfesf&dwdift&mﬂttimmtsmm circuit of claim 5

further compnsmg a third cu urce tthgnfgst transistor and the second
. The ngs%gaodﬂfé erritla Toc n&r%h circuit c §%tﬁ%m&m

transistor. alm 5 wheréin a gain of the first differential
mode opamp is grwfestrmesaganabathplli@foé@mémﬁmm iging:

an input that communicates with the output of the zero-order TIA;

a first transistor driven by the input of the first opamp;

a second transistor that is driven by a first bias voltage and
communicates with the first transistor;

a first current source that communicates with the second transistor;

and
an output at a node between the first transistor and the second

transistor.

2. The nested TIA circuit of claim 1 further comprising a second current

source that communicates with the first transistor.

3. The nested TIA circuit of claim 1 wherein a gain of the first opamp is
greater than a gain of the zero-order TIA, and wherein a bandwidth of the first

opamp is less than a bandwidth of the first zero-order TIA.

4. The nested TIA circuit of claim 1 wherein the zero-order TIA comprises:

a second opamp including a first input and a first output;

a third opamp including a second input and a second output, wherein the
second input communicates with the first output; and

a resistance including one end that communicates with the second

output, and including a second end that communicates with the second input.

5. A nested differential mode transimpedance amplifier (TIA) circuit,

comprising:
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mode TIA, and wherein a bandwidth of the first differential mode opamp is less than a bandwidth of
the zero-order differential mode TIA. 8. The nested differential mode TIA circuit claim 5 wherein the
zero-order differential mode TIA comprises: a second differential mode opamp including inputs and
outputs; 53 a third differential mode opamp including inputs and outputs, wherein the inputs of the
third differential mode opamp communicate with respective outputs of the second differential mode
opamp; and resistances including first ends and second ends, wherein the first and second ends
Sﬂ;nmur!iclate with sespasiire dnpliffesadialitpotieoT theitiuhedid gférsh i dresoogaimpute. Adested
ifferential mode transimpegdance amplifier (TIA) circuit, comprising: a zero-order differential mode TIA
having firstrg'ﬁg §8§0?1%0|#b€t uafﬂa?ﬁrs% (zfnd second outputs; and agdifferential-mode push-pull opamp
having first and seeofiicinfifiésetih| firsicEndratiod @ wrpLeliivherambledastidisingscond inputs
communicate with respective.o of I8 2C0 e ; if ial mode
TIA. 10. The nested differ@rﬂ%ﬁ%ﬁo%c}ec ?inill@ﬁ%l gf %@m%&%&gﬁgngé %%iﬁg?%h%r i?fggﬁrmﬁﬁmode
push-pull opamp iszgreated énalifte ppitialitesiedrforder differential mode TIA, and wherein a

bandwidth of the diﬁerentiglﬁ%?%lp&%lfgrpdﬁb%a&}paiﬁllgls&@ﬁ{betpandwidth of the zero-order

differential mode TIA.
a second transistor driven by a second the input;

a third transistor that is driven by a first bias voltage and
communicates with the first transistor;

a fourth transistor that is driven by the first bias voltage and
communicates with the second transistor;

a first current source that communicates with the third transistor; a
second current source that communicates with the 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.

6. The nested differential mode TIA circuit of claim 5 further comprising a
third current source that communicates with the first transistor and the second

transistor.

7. The nested differential mode TIA circuit claim 5 wherein a gain of the first
differential mode opamp is greater than a gain of the zero-order differential
mode TIA, and wherein a bandwidth of the first differential mode opamp is less

than a bandwidth of the zero-order differential mode TIA.
8. The nested differential mode TIA circuit claim 5 wherein the zero-order

differential mode TIA comprises:
a second differential mode opamp including inputs and outputs;
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11. The nested differential mode TIA circuit claim 9 wherein the zero-order differential mode TIA
comprises: a second differential mode opamp including inputs and outputs; a third differential mode
opamp including inputs and outputs, wherein the inputs of the third differential mode opamp
communicate with respective outputs of the second differential mode opamp; and resistances
including first ends and second ends, wherein the first and second ends communicate with respective
inputs and outputs of the third differential mode opamp. 54

a third differential mode opamp including inputs and outputs, wherein the
inputs of the third differential mode opamp communicate with respective outputs
of the second differential mode opamp; and

resistances including first ends and second ends, wherein the first and
second ends communicate with respective inputs and outputs of the third

differential mode opamp.

9. A nested differential mode transimpedance amplifier (TIA) circuit,
comprising:

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, wherein the first and second inputs communicate with
respective ones of the first and second outputs of the zero-order differential
mode TIA.

10. The nested differential mode TIA circuit of claim 9 wherein a gain of the
differential-mode push-pull opamp is greater than a gain of the zero-order
differential mode TIA, and wherein a bandwidth of the differential-mode push-

pull opamp is less than a bandwidth of the zero-order differential mode TIA.

11.  The nested differential mode T!A circuit claim 9 wherein the zero-order
differential mode TIA comprises:

a second differential mode opamp including inputs and outputs;

a third differential mode opamp including inputs and outputs, wherein the
inputs of the third differential mode opamp communicate with respective outputs
of the second differential mode opamp; and

resistances including first ends and second ends, wherein the first and
second ends communicate with respective inputs and outputs of the third

differential mode opamp.
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