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A MULTI-GIGABIT/S TRANSIMPEDANCE AMPLIFIER FOR OPTICAL
NETWORKS 4 BACKGROUND OF THE INVENTION 1. Field of the
Invention The invention relates to a very large bandwidth amplifier circuit, and
more particularly to a 8 transimpedance amplifier with a frequency-selective
overall negative feedback active at DC and low frequencies only. 2.

Description oA tNMURSREIGARB I SCORAMNSINPHOA NS arPRIEIBRerating at
several gigabits/s data rate. An important component of the optical network

is the Transimpedance AnphikeOPTH) AM XIFErWeERKISg end of the optical
network, a photodiode is used to convert the optical pulses into electrical
current pulses. The TIA picks up these current pulses, amplifies them and
converts them into voltage pulses. At 16 such high speeds, the conventional

approach of designings AAKISROONEFWrvigeEnandENepriive feedback

suffers from bandwidth as well as stability problems. This is because to
maintain stability with such feedback, some bandwidth has to be sacrificed,
i.e., the bandwidth has to be intentionally narrowed. Additionally, while
maintaiping aige pandwidth, the TIA must have low sensitivity to 20 DC
input currents and also the output must be DC offset free so as to directly

C%'%t@%ﬂ@ﬂ%ﬁw’itﬂg§ 'VI %}%/e %ﬁﬁ%@ﬁaﬂgﬁm%éﬁy ally ﬂl@@%rtlcularly to a

external capacitor is required. Therefore, such implementations are not

transu’?nﬂgmge 95191%9@@1r@@eﬂﬁ@ﬁ?ielectwe overall negative feedback active at DC and low

frequencies only.

2. Description of the Related Art

Currently, optical networks are operating at several gigabits/s data rate. An important
component of the optical network is the Transimpedance Amplifier (TTA). At the receiving end of
the optical network, a photodiode is used to convert the optical pulses into electrical current pulses.
The TIA picks up these current pulses, amplifies them and converts them into voltage pulses. At
such high speeds, the conventional approach of designing TIA using overall wide-band negative
feedback suffers from bandwidth as well as stability problems. This is because to maintain stability
with such feedback, some bandwidth has to be sacrificed, i.e., the bandwidth has to be intentionally
narrowed. Additionally, while maintaining a wide bandwidth, the TIA must have low sensitivity to
DC input currents and also the output must be DC offset free so as to directly couple to the next
stage. To solve these DC problems, usually a large external capacitor is required. Therefore, such

implementations are not suitable for high data rate designs.
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1 The general scheme used in the prior art is shown in Fig. 1. It is basically a
photodiode PD coupled between voltage supply VDD and the - input of a

high frequency operational amplifier A. Amplifier A has an overall wide-band
negative feedback using a resistor R. The resistor R 4 determines the
transimpedance gain of such a TIA. The inductor L, which can be external or
aTsietdated wtemabentifraquiiog a0 extewalicapacitorn) promaadihghotodiode PD
low-frequency roll-off. The signal OUT is the output of the operational

coupl@gliieefvaihge sy of 3miplities Aiipeouplesldp Redetatsngrpoiantiaplifier A.
AGND (analog ground - usually VDD/2). 8 Reference is made to U.S. Patent

AmpliNg- BB 62 LH\Milsateetald nbe@dite éddbabieuian h 1Bkt R1STIRAER6E R
al.), 6,593,810 (Yoon), 6,583,671 (Chatwin), 6,462,327 (Ezell et al.),

deterRimebanbldatbanpeahled cRin 62 (3R ARARtaNAH)ina 847 S (MayamBLEatBnal or a
5.606,277 (Fehz), 12 5.198,658 (Rydin). 5,216,386 (Wyatt), 4.498,001

simula(l%m%)nﬁ%é@gg%@g% (Blanken cw?scﬁtﬁ?%viay@méqe\ksﬁéﬁﬁa%eyﬁra[rb@dl The

above cited U.S. Patents. Clearly a Multi-Gigabit/s transimpedance amplifier

signal ®08SEeHVHR T BRRMFHINIDRERYRH: 16 Sltﬁ@ujtﬁpl&%ﬁﬁﬂﬁﬁ%wﬁ%l%gudpled to a

input currents and a DC offset free output. The present invention describe

refereg%r %%@nﬁgls@&ﬁhgs(ﬁjgfggg%{ﬁﬂujgmmw S| W MARY OF THE INVENTION

Reference is made to U.S. Patent No. 6,639,472 (Wilson et al.), 6,611,174 (Sherman),
6,552,615 (Pavan et al.), 6,593,810 (Yoon), 6,583,671 (Chatwin), 6,462,327 (Ezell et al.),
6,275,114 (Tanji et al.), 6,242,732 (Rantakari), 6,084,478 (Mayampurath), 5,606,277 (Feliz),
5,198,658 (Rydin), 5,216,386 (Wyatt), 4,498,001 (Smoot), and 4,872,209 (Blanken). The present

invention is different from all above cited U.S. Patents.

Clearly a Multi-Gigabit/s transimpedance amplifier is desired with wide bandwidth, improved
stability, low sensitivity to DC input currents and a DC offset free output. The present invention
described hereinafter satisfies all these requirements.

SUMMARY OF THE INVENTION

It is an object of at least one embodiment of the present invention to provide an amplifier, and

methods for producing such, for use in optical networks, capable of operating at Multi-Gigabit-per-
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It is an object of at least one embodiment of the present invention to provide
an amplifier, and methods for producing such, for use in optical networks,
capable of operating at Multi-Gigabit-per 2 second frequencies where the
amplifier is stable at all conditions and minimizes inter-symbol interference. 4
It is another object of the present invention to provide the input of that
secondigjifiaicwivadewhsangilifity itosfaleiaphil cunidnitmameitminave disiteipyinibcl
offset free. It is yet another object of the present invention to provide correct
interfd@adaias and low input 8 impedance at the input of that amplifier It is still
another object of the present invention to provide the low-frequency roll-off
without using any additional circuitry or external components. 12 Itis a
further object of the present invention is to provide a method and an amplifier

syitablgo iR daetratsRsdf thieyes R pheiRiectRuths [iasanblifier with a low

invention is to suppress the effects of dark or ambient current from the input

sensit%&’?ﬁ?DE’ﬁﬁﬁt%@réﬂ%‘%@%ﬁ@jﬁg%ﬂ%’ﬁj@%&@?@@é{ed by an amplifier
design with a forward-path 20 amplifier section with a very large bandwidth

and a feedback section which is frequency-selective and is active only from
DC to low frequencies. The forward-path of the amplifier comprises a

rqglig%danother object of the present invention to provide correct DC bias and low input

impedance at the input of that amplifier

It is still another object of the present invention to provide the low-frequency roll-off without

using any additional circuitry or external components.

It is a further object of the present invention is to provide a method and an amplifier suitable

for high data rates.

It is yet a further object of the present invention is to suppress the effects of dark or ambient

current from the input source.

These and many other objects have been achieved by an amplifier design with a forward-path
amplifier section with a very large bandwidth and a feedback section which is frequency-selective and
is active only from DC to low frequencies. The forward-path of the amplifier comprises a regulated

cascode (transimpedance amplifier) for receiving the input signal, a regulated cascode for receiving
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cascode (transimpedance amplifier) for receiving the input signal, a regulated
cascode for receiving 3 the feedback signal, a single-ended to differential
converter and an output buffer. Stability and frequency selection is achieved
by capacitive means in the operational amplifier in the feedback path. The
Miller multiplication of the capacitive means creates a low-frequency pole and
the feslBhilizagiieAsfeddlkadkdaopidfetlimils dhecitequanay cange bitfee. feeikgkand
signal from DC to low frequencies. Because the feedback loop is active at

frequdavy faesenciesdiievarbiregpienoy ral-0f ietidcasetheoRsl agphfianth the feedback path.

suppresses the dark current and ambient current. The transconductance

The M@ifien@fiiheideedbackineriapehtaashigheainiehtie qrewtienalampkbaizes the

suppresses DC offsets. Correct DC bias 8 and a low input impedance is

feedbRIOWIEBARY IR @W@é@@eﬁé\)‘i@é&% iBPue Gt cubhde aRaaItlysHMBans Bweetjuencies.
regulated cascode circuits stabilize against ringing or self-oscillations insuring

BecalRighd @RS I RSR @rdhMaRyRINRLeRIcts BAdRNRALIISR- Bt Iuces the DC

present invention will be readily 12 apparent to one skilled in the art to which

gain aﬂ?ﬁsﬂﬁﬂ%@é&%@ HEERINT OB AR HSRLA! (DA GIRIM e hen BRERAGHLTANINES: of the

and the following detailed description of the preferred embodiments. BRIEF

feedeE%GBLPI'Qé\%%ﬁ it PRAVWINGSHFalHL S ARSI AIE RGO Rct DC bias

transimpedance amplifier of the prior art. FIG. 2 is a circuit diagram of the

and a Rf%f [ﬁﬁg ﬁg&%ﬂ@%&%ﬁ@&%@@&&%&%%@&&é‘ %{p%ft &gﬁtﬂe Era%%%ﬂ}ve means in

inventl

both regulated cascode circuits stabilize against ringing or self-oscillations insuring high data rates.
These and many other objects and advantages of the present invention will be readily
apparent to one skilled in the art to which the invention pertains from a perusal of the claims, the
appended drawings, and the following detailed description of the preferred embodiments.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a transimpedance amplifier of the prior art.

FIG. 2 is a circuit diagram of the preferred embodiment of the transimpedance amplifier of

the present invention.

FIG. 3 is a circuit diagram of the operational amplifier of the prior art.
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FIG. 3 is a circuit diagram of the operational amplifier of the prior art. 4 FIG.
4 is a circuit diagram of a transconductance amplifier of the prior art. 4 FIG. 5
illustrates the frequency response of the transimpedance gain of the
transimpedance amplifier of Fig. 2. Use of the same reference number in
different figures indicates similar or like elements. 8 DESCRIPTION OF THE
PREFERRED EMBODIMENT The present invention provides a very
successful solution of the problem outlined above by 12 not applying an

oveIuviidechand diggativefieedack duct by appiingra freqyereyagelective
overall negative feedback, which is active at DC and low frequencies only.
Referring now to Fig. 2, we describe the preferred embodiment of the
present invention at the level of a block diagram. Transimpedance amplifier

(THAD. 20inemprisencanpliisesrs P@Hsg bend feadhaskissction?ar 4 Amelifigtdance

section 21 comprises a first regulated cascode 23 receiving its input from a
ami hﬂ;g}q];ppligd@ (typical), a second regulated cascode 25 with a feedback input, a
first amplifier stage 27, and a second amplifier stage 29 for buffering with
outputs OUT+ and OUT-. Outputs of regulated cascodes 23 and 25 couple
to the inputs of the single-ended to differential amplifier 27, the outputs 20 of

Use oftheSQRledR e nprp i@ sifigienialamaliist uiinn <5 &edomchs.

section 22, coupled between the inputs and outputs of amplifier section 21,
comprises operational amplifier A and

DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention provides a very successful solution of the problem outlined above by
not applying an overall wide-band negative feedback, but by applying a frequency-selective overall
negative feedback, which is active at DC and low frequencies only. Referring now to Fig. 2, we
describe the preferred embodiment of the present invention at the level of a block diagram.
Transimpedance amplifier (TIA) 20 comprises amplifier section 21 and feedback section 22.
Amplifier section 21 comprises a first regulated cascode 23 receiving its input from a photodiode
(typical), a second regulated cascode 25 with a feedback input, a first amplifier stage 27, and a
second amplifier stage 29 for buffering with outputs OUT+ and OUT-. Outputs of regulated
cascodes 23 and 25 couple to the inputs of the single-ended to differential amplifier 27, the outputs
of 27, couple to the inputs of the differential amplifier buffer 29. Feedback section 22, coupled
between the inputs and outputs of amplifier section 21, comprises operational amplifier A and

transconductance amplifier G. The inputs of operational amplifier A are coupled to the outputs of
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transconductance amplifier G. The inputs of operational amplifier A are

coupled to the outputs of 5 differential amplifier buffer 29. The output of

operational amplifier A is coupled to transconductance amplifier G, its output

is coupled back to the feedback input of the second regulated cascode 25. 4

Still referring to Fig. 2, we describe the circuit in more detail. Switching
differ¢mgdnsnilifndifer poth TasistiveinsapsidimananGlefosns thafilst regiiladeshductance

cascode 23. RL is the load of this circuit. M3, M4, RB2, RG2 and RL2 form
amplifiee Geovdtjdeniicalsicawhaddiol the fusiseguinbad craseadenadGdiiupreyicigsode 25.

the correct DC bias and low input impedance at its input so as to take in the

current from 8 the photodiode PD. Two wavy arrows indicate light falling on

PD. The circuit passes the photodiode current to its load RL where it is

comereinioe rRltage.Gtiant tht2aeiCanasiiv@ ume R silehiializastvg and M,
regulated cascode circuits against possible ringing or even self-oscillations.

with rdfiiTdAdhiSIEquRIe & belyreiny ARG SHRBIYCYRRIANT aREfINCRAd of this circuit.
potential, typically ground 12 (GND). This voltage is further amplified by the

M,, MY difiRIeaHa T RIifieiRiagsnd aenst 2%t fsst aalfietsiags 2 ieode circuit
formed by M5, M6, M7, RL3 and RL4, and the following second amplifier

provid%éag% 28rrd& PYMBis M M%Qnﬁltﬁ ROl R?in[!)%% e kR M hrrent from

provides the necessary bias voltage to both M7 and M10. The two stages

the pHERRRPEB PIIY WD SRARALHIBNRCONYE A PR g

rom PD develops only across RL1, whereas there is no signal across RL2.
photobacAN Bk {HS 1§é)d1%5?g&19 gig eoRnahihg gl E1adRdS: !t Bpacitive
obvious that, numerically, RB1=RB2,
means to stabilize the regulated cascode circuits against possible ringing or even self-oscillations.

The TIA 20 is coupled between voltage supply VDD and a reference potential, typically ground

(GND).

This voltage is further amplified by the two differential amplifier stages 27 and 29. The first
amplifier stage 27 is formed by Ms, Mg, M7, Ry and Ry 4, and the following second amplifier stage 29
by Mg, My, Mo, Ris and Ri¢. The bias current I and M;; provides the necessary bias voltage to
both M; and M. The two stages also help to perform single-ended to differential conversion since
the signal from PD develops only across Ry, whereas there is no signal across Ry,. Rys and R4 are
50Q2 each in order to match the external 50Q2 loads. It is obvious that, numerically, Rg;=Rg,,
Rci=Ra, Rii=Ris, Ris=R14, Ris=Ri¢ and all differential devices are identical.

An overall negative feed back is applied from the outputs of TIA 20 through an operational

amplifier A and a transconductance amplifier G back to the input of the second regulated cascode 25.
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20 RG1=RG2, RL1=RL2, RL3=RM, RL5=RL6 and all differential devices are
identical. An overall negative feed back is applied from the outputs of TIA 20
through an operational amplifier A and a transconductance amplifier G back
to the input of the second regulated cascode 25. 6 Operational amplifier A

provides a large DC voltage gain and transconductance amplifier G converts

Operinenalhaggificom ppeviikie ndham plfieohard@arcaiteninktond@ve inud ik ifier G converts
TIAs of the related art, this feed back is not a broad-band one. It is effective

the vodaeatdavo paguengy:itpdifieequeney salesiiontbheirg, dankeniCAPACEVhe related art,
means CA in the operational amplifier A. Miller multiplication of this

this fe6aPACKIKENBIEANS LAGRIRS héOVI FrecianRy pale af 1§ PRlgusiRNIlEeShRiency selection
feedback loop and also limits the frequency range of the feedback signal. 8

being A8FHHCEHPMRUONRENORE! #IHA RRIHRAT AnSHGWAINNTide SmORPDH RAHER IBF this

and In+ and output Out. A current source In provides current for a current

capacifNE MeSRRACIIME MRANR GrincJiSEISSERi PR B IEAUNIRIBEIVRRNAIHRY also limits
Out and the load side of the In+ input switching means. The circuit of prior

the fr%ggﬁ@%gggggp{ﬁ@@&may@%rn% shown in Fig. 4, has inputs In-, In+, output

Out, and a current source In to provide current for a current mirror. Both
operational amplifier A and transconductance amplifier G are coupled
between a voltage supply VDD and AGND (analog ground - usually VDD/2).

1§hafesd O!PQR’&%Mﬁcﬁﬁi%ﬁ@ﬁ%Mf%ﬂH%%ﬁg@ﬂ%%ﬁ B 980+ and

of the TIA 20. In other words, it adds a low-frequency roll-off to the otherwise

outpup%rt(.)'R%J&gﬁ)to%%?c%flgh&g%egI&-ﬁrent for a current mirror. Capacitive means Ca,

discussed above, is coupled between output Out and the load side of the In+ input switching means.
The circuit of prior art transconductance amplifier G, shown in Fig. 4, has inputs In—, In+, output
Out, and a current source Iy to provide current for a current mirror. Both operational amplifier A
and transconductance amplifier G are coupled between a voltage supply VDD and AGND (analog

ground — usually Vpp/2).

The feedback loop, being active at low frequencies, reduces the DC gain of the TIA 20. In
other words, it adds a low-frequency roll-off to the otherwise flat-to-DC response of the TIA. This
is essential to suppress the effects of dark current/ambient current from the photodiode PD.
However, it is also important to maintain as wide a bandwidth as possible (at both low and high
frequency) to minimize inter-symbol interference (ISI) of the signal pulses through the TIA. The
feedback loop also helps to suppress DC offsets, due to device mismatches, appearing at the outputs.

This is possible since operational amplifier A has a high DC gain and this helps to maintain its inputs
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is essential to suppress the effects of dark current/ambient current from the
photodiode PD. However, it is also important to maintain as wide a bandwidth
as possible (at both low and high 20 frequency) to minimize inter-symbol
interference (1SI) of the signal pulses through the TIA. The feedback loop
also helps to suppress DC offsets, due to device mismatches, appearing at
(TIA thepattpatalmbbisdsnpessibesingrigipe radiditiahanyplifigr Behiascai v gbricagain
and this helps to maintain its inputs 7 (TIA outputs) at almost identical DC
transcpatebtialse AdpitiRnalyeitthdhennacsiveaRmimal aftpracsepeditiiaicenplifier A will be
amplifier G being returned to AGND, the output of operational amplifier A will

close REtHQsRIPdhEANE DatRMiabioan@MBlRM gipuNsE (FiR@utRIdt Aice amplifier G is at the
transconductance amplifier G is at the 4 DC potential provided by the input of

DC pdha8aGaditeawaias faacedte3edhase anseeiiab ot opesationake that both

amplifier A and transconductance amplifier G work in the desired linear range

opera@bnPRIMIGRr & The inYeRRICiHaLE AARRkESE WS RiNRREs REARIRMS range of
without an external capacitor because of the Miller multiplication of CA,

operaMich can be integrated and can still provide a low enough low- frequency
roll-off. The mathematical analysis of the low frequency response of the TIA
is given below, assuming A(s) is the frequency dependent voltage gain of the
operational amplifier A and Go 12 is the transconductance of the

USRI RIPEE R HIRE ol G AREDUORR IO A AR AN LARSITPELRRES: because
gain of the TIA is given by: 16 Ro = RLISmsRL3SmaRLS (1)

of the Miller multiplication of C,, which can be integrated and can still provide a low enough low-
frequency roll-off. The mathematical analysis of the low frequency response of the TIA is given
below, assuming A(s) is the frequency dependent voltage gain of the operational amplifier A and Gy

is the transconductance of the transconductance amplifier G.

The open-loop (forward path) transimpedance gain of the TIA is given by:

R, =R,,8,5R:8,5R,5 (1)
The loop gain, with the help of (1), is given by:
A (5) = A(S)GyR,8,,5R;38,5R s = A(S)G R, )

Then, the closed-loop transimpedance gain of the TIA is given by:

RO
R, (s)= A0 3)

The response of the operational amplifier A can be expressed in terms of its DC gain A and a single

pole T, created by C,, Miller multiplied by the gain of the second stage in conjunction with the
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The loop gain, with the help of (1), is given by: 20 Ai (s) = A(S)GORL1g.5RL3
gm8RLS = A(s)GORO (2) Then, the closed-loop transimpedance gain of the
TIA is given by: 24 R f (s) = Ro (3) 1+ A, (s) The response of the operational
amplifier A can be expressed in terms of its DC gain Ao and a single pole Tp
created by CA, Miller multiplied by the gain of the second stage in
outpucesjisrgiden b fiie & atpBicle)istaneraof the first stage (Fig. 3) such that:

A(s) = A0 (4) S+ OP 4 Combining (2) to (4) we have the final expression for
the closed-loop transimpedancg gain of the TIA 20:r1 RO s +1J | CO, Rf(s)
S +AOGORO+1 CUPA(S) =

S (4)
—+1

,

Combining (2) to (4) we have the final expression for the closed-loop transimpedance gain of the

TIA 20:

(%)
It can be seen from (5) that provided all other poles are at much higher frequencies, the transfer
function has a single dominant pole and, therefore, is stable. The closed-loop DC transimpedance

gain is given by:

R, (0)= = for A)\G,R, >>1
(6)
It can be observed from (5) that the frequency response has a high-pass characteristic with the high
frequency gain approaching R,. This is shown in Fig. 5 with the addition of the high frequency roll-
off at T,, which has been neglected in the analysis. In Fig. 5 the X axis is the logarithmic scale of the
frequency, the Y axis is the transimpedance gain of the TIA 20 of Fig. 2. Also, from (6) and (1), we
can see that the DC transimpedance gain can be lowered considerably compared to R, by adjusting

AyGo.

The low-frequency roll-off frequency of the TIA is given by:
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8 It can be seen from (5) that provided all other poles are at much higher
frequencies, the transfer function has a single dominant pole and, therefore,
is stable. The closed-loop DC transimpedance gain is given by: 12 R f (0) =
RO for A.G.R. " 1 [+AOGORO AOGo (6) It can be observed from (5) that the
frequency response has a high-pass characteristic with the high 16
frequency gain approaching RO. This is shown in Fig. 5 with the addition of
the high frequency ggll- @M(mm{pk@p has been neglected in the analysis. In
Fig. 5 the X axis is the logarithmic scale of the frequency, the Y axis is the
transimpedance gain of the TIA 20 of Fig. 2. Also, from (6) and (1), we can
see that the DC transimpedance gain can be lowered considerably compared .
Let thg i) St S R S e ek LA VT RS ALgfey i gperational

iven by: 9W, = (%+AOGORO§6 2 (7) 4 Let the output resistances and the
oAb s W2 )

1

(7)

amph‘l&ffaﬁ% At &tariea &St e FrReaHE e d8HY stages of the operational

W, = C and  A) =g,.7:8.2"70
Fo18 m2T02C 4

8)

Combining (7) with (8) we have:

Em

o = GORO( C j for A)G,R, >>1

A
)

We can see that (9) suggests the use of low values of Gy and g, in order to maintain a low enough

roll-off frequency T,. Keeping this constraint in mind, it can be seen from (6) that, to meet the other
DC requirements, A has to be kept high. In spite of the above mentioned constraint, this can still be

done by maintaining high values for ro; and guoros.

The MOS transistors shown in the circuit configuration of Fig. 2 are directly replaceable with
Bipolar ones. The gains g,sR;3 and g,sR;s can be compensated for process/temperature variations
by modulating the bias current Iz. Such schemes are well known to those skilled in the art. One
such scheme is U.S. Patent No. 6,529,077 (Dasgupta) by the first inventor and incorporated herein
by reference. Therefore, the transimpedance gain of the inventive TIA is also stable against

process/temperature variation without using a wide-band overall feedback.

10



amplifier A be to,, r02, gmi and 9.2 respectively, then: 1 CO, = and A0 =
Sm1lYO1Smz'0O2 r01Sm2rO2CA 8 (8) Combining (7) with (8) we have: 12 w,
= GOROg ") for A. GoRO>>1 CA (9) We can see that (9) suggests the use
of low values of Go and gmi in order to maintain a low enough 16 roll-off
frequency Ti. Keeping this constraint in mind, it can be seen from (6) that, to
meet the other DC requirementsNaméacaldagakept high. In spite of the
above mentioned constraint, this can still be done by maintaining high values
for rol and g,,,2ro02. 20 The MOS transistors shown in the circuit configuration
of Fig. 2 are directly replaceable with Bipolar ones. The gains g,sRL3 and
PrimagMpARkR G20 (et sompansard jarpmogresitempeanature variations by
modulating the bias current IB. Such schemes are well known to those skilled

inde afsiApedsidehysgheme is U.S. Patent No. 6,529,0% {Dapgupta) by the
first inventor and incorporated herein 24 by reference. Therefore, the

treysimppdpace,gain of the inventive TIA is also stable againg 0oo
process/temperature variation without using a wide-band overall feedback.

1
Unity gain frequency of op. Amp. fo= — Em _ 100kHz
2r C,
Feedback transconductance Gy = 104s
Secondary parameters (calculated/simulated/measured):

DC transimped i R:(0) 1 1Q

ransimpedance gain = =

1 4G,

i 1l off JAETR e S TR

L t: == —  |=10kH
ow frequency roll off a 1" 5n g 070 c, z

The method of providing a multi-Gigabit/s amplifier for optical networks comprises the
following steps:
a) providing a first amplifier for receiving a current from a photodiode;
b) providing a second amplifier for receiving a feedback input;
c) coupling the output of the first and second amplifier to a differential amplifier stage;
d) coupling a frequency-selective negative feedback path which is active only from DC to a break
frequency between the output of the differential amplifier stage and the feedback input;
e) providing frequency selection in the feedback path with a bandwidth limited operational amplifier

using Miller multiplication;

11
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1y
2)

3)

4)

5)

10 Numerical Data Primary parameters (determined by design and

specifications): 4 AC transimpedance gain Ro = 100052 Op. Amp. DC gain

Ao = 10,000 Unity gain frequency of op. Amp. fo = 2~ C = 100kHz A

Feedback transconductance Go = 10-4 S 8 Secondary parameters

(calculated/simulated/measured): 1 DC transimpedance gain R f (0) = AoG =
coifiplthf awrirsgoleney dialt athplifit =@ seh hdogeratobakidaplifer andQHE EAdback input

The method of providing a multi-Gigabit/s amplifier for optical networks

to CYMiIS & thapliokewingusteps aahpkeriding a first amplifier for receiving a
current from a photodiode;

Advantages:

The amplifier can have a very large bandwidth which is limited only by the process technology.
The DC conditions at the output can maintained in order.

The low-frequency roll-off can be achieved without using any additional circuitry or external
components.

The transimpedance gain can be stabilized against process/temperature/power supply variations.
Stability of the feedback loop is maintained by restriction of the feedback signal bandwidth

instead of restriction of the forward-path bandwidth.

While the invention has been particularly shown and described with reference to the preferred

embodiments thereof, it will be understood by those skilled in the art that various changes in form

and details may be made without departing from the spirit and scope of the invention.

12
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16 b) providing a second amplifier for receiving a feedback input; c) coupling
the output of the first and second amplifier to a differential amplifier stage; d)
coupling a frequency-selective negative feedback path which is active only
from DC to a break frequency between the output of the differential amplifier
stage and the feedback input; 20 e) providing frequency selection in the
feathaskcpatiewvith a bandwidth limited operational amplifier using Miller
multiplication; 11 f) coupling a transconductance amplifier between the

1. Apendicngheinplfiigliandithe peeadback daRstcéenpapmvgrt the amplifier output
into a current. 4 Advantages: 1) The amplifier can have a very large
bandwidth which is limited only by the process technology. 2) The DC
conditions at the output can maintained in order. 8 3) The low-frequency

an amfAr&@hean g RERi SadwiHIOUE PRIRGADY iR DAl GHANYR eXBENA amplifying
components. 4) The transimpedance gain can be stabilized against

said cRFRGEPHLIRRI BN PURESURRIY Variations. 5) Stability of the feedback
loop is maintained by restriction of the feedback signal bandwidth 12 instead

of restriction of the forward-path bandwidth. While the invention has been
particularly shown and described with reference to the preferred

freque%aPQéiQaﬁfétﬁéQ&W??eéfd%ulpﬁpBﬂQ@ RIaQd Ry estplitiad ihdhe it Watuency-

various changes In rorm

selective negative feedback is active only from DC to a break frequency to limit the frequency range
of said feedback, said frequency-selective negative feedback applied to a feedback input of said

amplifier.

2. The multi-Gigabit/s amplifier of claim 1, wherein said frequency-selective negative feedback

comprises a bandwidth-limited operational amplifier.

3. The multi-Gigabit/s amplifier of claim 2, wherein said operational amplifier uses Miller

multiplication for bandwidth restriction of said feedback.

4.  The multi-Gigabit/s amplifier of claim 2, wherein said frequency-selective negative feedback
comprises a transconductance amplifier to convert the output of said operational amplifier into

current for feedback summing.

5. A multi-Gigabit/s amplifier for optical networks, comprising:

13
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16 and details may be made without departing from the spirit and scope of
the invention. 20 12 What is claimed is: 1. A multi-Gigabit/s amplifier for
optical networks, comprising: an amplifier having a large bandwidth for
picking up current pulses and converting and amplifying 5 said current
pulses into voltage pulses; and frequency-selective negative feedback
applied overall to said amplifier, where said frequency- selective negative
feedback is active only from DC to a break frequency to limit the frequency
an amfAifigehe¥iagid feedbackwsaid firepieRigynpalentivie nagativel leedbadicappliedplifying
to a feedback input of said 10 amplifier. 2. The multi-Gigabit/s amplifier of

said cGIRdA puddaredvaaichdpauency-selective negative feedback comprises a
bandwidth-limited operational amplifier. 15 3. The multi-Gigabit/s amplifier of

claim 2, wherein said operational amplifier uses Miller multiplication for
bandwidth restriction of said feedback. 4. The multi-Gigabit/s amplifier of

frequeHldD3ce e HRIM AL SERBNANEY IPRIG HiYR RAGAY R IS RIRRCK FCRMRNSERR of said

transconductance amplifier to convert the output of said operational amplifier
ampliffdf0 wRFU RN H QG RINARK SUTHIIA VS R IS IRaRISARIEEh o T PRBcalK
networks, comprising:
frequency to limit the frequency range of said feedback, said frequency-selective negative feedback

further comprising:

a bandwidth-limited operational amplifier using Miller multiplication for bandwidth restriction of

said feedback; and
a transconductance amplifier coupled to said operational amplifier, said transconductance
amplifier converting the output of said operational amplifier into current for feedback summing at

said feedback input.

6.  The multi-Gigabit/s amplifier of claim 5, wherein said Miller multiplication uses on-chip

capacitive means for providing capacitance for bandwidth restriction of said feedback.

7. The multi-Gigabit/s amplifier of claim 5, wherein the output of said transconductance amplifier

is held at the DC potential provided by said feedback input of said second regulated cascode circuit.
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13 an amplifier having a large bandwidth for picking up current pulses and
converting and amplifying said current pulses into voltage pulses; 5
frequency-selective negative feedback coupled between the output and a
feedback input of said amplifier, where said frequency-selective negative
feedback is active only from DC to a break frequency to limit the frequency
rangdtioGaibife adhaiticr saithraailassyoskiccingnsgative feedback further
comprising: 10 a bandwidth-limited operational amplifier using Miller
multiplication for bandwidth restriction of said feedback; and a
transconductance amplifier coupled to said operational amplifier, said

an amPRASORNGYCIANES: BAMIiehaenyaiting thecertputaisaisharemiamnal and amplifying

amplifier into current for feedback summing at 15 said feedback input. 6. The

said cHitdH GIRRINSABRIEE pafsclithi® aMiPRiSH TiRAE B IgpRIHgplication uses

on-chip capacitive means for providing capacitance for bandwidth restriction

anof R de 8AARE N ARp (it T Bulirzigal tFRMPIfi el 3idaciHaredt b€ signal at a

output of said transconductance amplifier is held at the DC potential

firBr OMERERYeaH[ReADAE K NP h At SERRABHS RPIRISTARSCRAG B sthming

8. A multi-Gigabit/s amplifier for optical hetworks, comprising: an amplifier
andPHOLLARrIS SR wighin fararicking URdu R PulEss and converting and
amplifying
a single-ended to differential converter coupled to said first and second single ended output of
said amplifier, said single-ended to differential converter providing a differential output;

an output driver coupled to said single-ended to differential converter, said output driver

matching a load impedance; and

frequency-selective negative feedback applied overall to said amplifier, where said frequency-
selective negative feedback is active only from DC to a break frequency to limit the frequency range

of said feedback, said frequency-selective negative feedback further comprising:

a bandwidth-limited operational amplifier using Miller multiplication for bandwidth restriction of

said feedback; and
a transconductance amplifier coupled between said operational amplifier and said feedback input
of said amplifier, said transconductance amplifier converting the output of said operational

amplifier into current for feedback summing.
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9.

said current pulses into voltage pulses, said amplifier further comprising; 5 an
amplifier having an input for receiving said current pulses and producing a
voltage signal at a first single-ended output, said amplifier having further a
feedback input for feedback summing and producing a voltage signal at a
second single ended output; a single-ended to differential converter coupled
Thsadlifirstigatdt seaapilisinglelgintd e dwheipin afidsmitdlanplifipicagith uses on-chip
single-ended to differential converter providing a differential output; 10 an

capacRiviphtcaiilRir gRupied de aidaingleoepaathiadiferteiotishcanvrr eedsaiot .

10.

output driver matching a load impedance; and frequency-selective negative
feedback applied overall to said amplifier, where said frequency- selective
negative feedback is active only from DC to a break frequency to limit the

TreAHRNEGIBREEs hmplhisaid fepdhackyraidieauenaisolesiiugsNeestivRd between the
feedback further comprising: a bandwidth-limited operational amplifier using

posititdillghuiiintediiepis Randyidilissirichpnref. said feedback; and a

11.

transconductance amplifier coupled between said operational amplifier and
said feedback input of said amplifier, said transconductance amplifier
converting the output of said operational 20 amplifier into current for feedback

FHEORIRE GhaBi/L APl GOkl amRlifisr Al SLﬁ';Eﬂt%t"!E‘iﬂr&%s‘@ﬁ’d%%fce amplifier

multiplication uses on-chip capacitive means for providing capacitance for

is hel@ﬁﬂﬂ%"ﬁ&‘ﬂ&é‘iﬂﬁi%o‘?ﬁ&@d%&%‘%ﬁ%‘éhbaek input of said second regulated cascode circuit.

12.

A multi-Gigabit/s amplifier for optical networks, comprising:

an amplifier having a large bandwidth for picking up current pulses and converting and amplifying

said current pulses into voltage pulses, said amplifier further comprising;

a first regulated cascode circuit, with an input and a first output, to provide a DC bias and input

impedance suitable for said current pulses at said input and to provide a voltage signal at said

first output;

a second regulated cascode circuit, with a feedback input and a second output, to receive a

summing feedback signal at said feedback input and to provide a voltage signal at said second

output;

a first differential amplifying stage, with inputs and outputs, coupled to said first and said second

regulated cascode circuit output, said first differential amplifying stage performing single-

ended to differential signal conversion;

a second differential amplifying stage, with inputs and outputs, coupled to said outputs of said

16
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10. The multi-Gigabit/s amplifier of claim 9, wherein said capacitive means is
coupled between the 5 positive input and the output of said operational
amplifier. 11. The multi-Gigabit/s amplifier of claim 8, wherein the output of
said transconductance amplifier is held at the DC potential provided by said
feedback input of said second regulated cascode circuit. 10 12. A
milt-ifgabitlmlammplifiein fost ot cal helvvackdiftosnpEbings lERmMplfiepdréstingng output
a large bandwidth for picking up current pulses and converting and amplifying
sadd CHARMINRYISaS into voltage pulses, said amplifier further comprising; a
first regulated cascode circuit, with an input and a first output, to provide a
DC bias and input impedance suitable for said current pulses at said input
and to provide a voltage signal at said 15 first output; a second regulated

frequétRSCRAURLGICHg WiHE RIEBSIRAGHHIRALS RAIASSLA %ﬁéﬁﬂl@k‘,tﬂﬁ’ef@‘éﬁi& §réquency-

summing feedback signal at said feedback input and to provide a voltage

select®igNaE AtRaiEL 885N daLiR e DIr LSl rentab Rl NS WHRARRANIST dark and

and outputs, coupled to said first and said second 20 regulated cascode

ambichl e HLRSh IR UsludiffRrestial @mRlitung sLade ReFormNg SRElG-§MdRY-selective

to differential signal conversion; a second differential amplifying stage, with

negatim%mmglsc(ﬁﬁﬂﬂiﬁ%m said outputs of said 16 first differential

amplifying stage, said second differential amplifying stage performing output

a bandwidth-limited operational amplifier with inputs and an output, said inputs coupled to said
outputs of said second differential amplifying stage, said bandwidth-limited operational
amplifier using Miller multiplication to set a break frequency; and

a transconductance amplifier having a negative and a positive input and an output, where said
negative output is coupled to said output of said operational amplifier and where said output
of said transconductance amplifier is coupled to said feedback input of said second regulated
cascode circuit, said transconductance amplifier converting the output of said operational

amplifier into current for feedback summing.

13.  The multi-Gigabit/s amplifier of claim 12, wherein said frequency-selective negative feedback is

active only from DC to said break frequency to limit the frequency range of said feedback.

14. The multi-Gigabit/s amplifier of claim 12, wherein said Miller multiplication uses on-chip

capacitive means for providing capacitance to limit the frequency range of said feedback signal.
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load matching; and frequency-selective negative feedback applied overall to
said amplifier, where said frequency 5 selective negative feedback reduces
the DC gain of said amplifier to suppress the effects of dark and ambient
currents applied to said input of said first regulated cascode circuit, said
frequency-selective negative feedback further comprising: a

15. ‘Phadwidticigatied apshatooatamplifiewndtbinnpids and idineontaut, isaishiipdittween the
coupled to said outputs of said second differential amplifying stage, said

positiaimgudditikaited ppecatiaiad Jorimplifigngsiog Miller multiplication to set a
break frequency; and a transconductance amplifier having a negative and a
positive input and an output, where said negative output is coupled to said
output of said operational amplifier and where said output of said

16. TRORRANLHCEMIGS APRIELLITEAMPIeOWaCsaid JaadRakK iRuhafs8id sacond

regulated cascode circuit, said transconductance amplifier converting the

transcBHIREL LAl MiIRIAlICDAb e AMRIHiekio f1ER A for feedback summing. 13.
The multi-Gigabit/s amplifier of claim 12, wherein said frequency-selective

negative feedback is active only from DC to said break frequency to limit the
frequency range of said feedback. 20 14. The multi-Gigabit/s amplifier of

17. PRI REERI0 saiMIIST MHHRICANORHSBR JEGHIR SRPACENGMERIRIOr

providing capacitance to limit the frequency range of said feedback signal.

. . i-Giaahi i Lo . . o .
dlfferegnn%%%sr%ﬁi%md% %3%%%%%@%%@5‘5 fﬂﬁé Bgﬁ{wmﬂp%t\gp?a{ﬁ %}?&'ﬂlgﬁﬁaaq%\{ﬁier, and wherein
the negative output of said second differential amplifying stage is coupled to the negative input of

said operational amplifier.

18. The multi-Gigabit/s amplifier of claim 12, wherein said output of said transconductance
amplifier is held at the DC potential provided by said feedback input of said second regulated

cascode circuit.

19. The multi-Gigabit/s amplifier of claim 12, wherein said first regulated cascode circuit comprises
capacitive means for providing a capacitance to stabilize said first regulated cascode circuit against

oscillations.

20. The multi-Gigabit/s amplifier of claim 12, wherein said second regulated cascode circuit
comprises capacitive means for providing a capacitance to stabilize said second regulated cascode

circuit against oscillations.
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positive input and said output of said operational amplifier. 16. The
multi-Gigabit/s amplifier of claim 12, wherein said positive terminal of said 5
transconductance amplifier is coupled to a reference potential. 17. The
multi-Gigabit/s amplifier of claim 12, wherein the positive output of said
second differential amplifying stage is coupled to the positive input of said
operational amplifier, and wherein the negative output of said second
differential amplifying stage is coupled to the negative input of 10 said

21. Dperativnalamipkfienplifer hecriditi-Gigabit'm amiptitiay afclairnfbdidvvigreier and said
said output of said transconductance amplifier is held at the DC potential

frequddkgVidrd by sRithfvedbabirnut alsaid saeqrdicegulated cascode circuit. 15

19. The multi-Gigabit/s amplifier of claim 12, wherein said first regulated
cascode circuit comprises capacitive means for providing a capacitance to
stabilize said first regulated cascode circuit against oscillations. 20 20. The

22. THYthEIgRRES B RIPEHAT el 22 WRERIM SAIRBREPRMFRONALRY £A560nd said

circuit comprises capacitive means for providing a capacitance to stabilize

frequetifl SRCONA FREMRIER GARERAR GBS 3Q7|BsE oscillations. 18 21. The

multi-Gigabit/s amplifier of claim 12, wherein switching means of said
amplifier and said

23. A method of providing a multi-Gigabit/s amplifier for optical networks, comprising the steps
of:

a) providing a large bandwidth amplifier with an input for receiving a current from a photodiode;

b) coupling a frequency-selective negative feedback path which is active only from DC to a break

frequency between the output and a feedback input of the amplifier; and

c) providing frequency selection in the feedback path with a bandwidth limited operational amplifier

using Miller multiplication.

24. The method of providing a multi-Gigabit/s amplifier of claim 23, wherein said Miller

multiplication uses an on-chip capacitance.

25. The method of providing a multi-Gigabit/s amplifier of claim 23, wherein the stability of the

feedback loop is maintained by restricting the feedback signal bandwidth.
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frequency-selective negative feedback are metal-oxide devices. 5 22. The
multi-Gigabit/s amplifier of claim 12, wherein switching means of said
amplifier and said frequency-selective negative feedback are bipolar
devices. 23. A method of providing a multi-Gigabit/s amplifier for optical
networks, comprising the steps of: 10 a) providing a large bandwidth
amplifier with an input for receiving a current from a photodiode; b) coupling
a frequency-selective negative feedback path which is active only from DC to

26. A bieakdiggueniainpaimarndiebivkpuhalifica fiaasthack iepus ek tkemprsliiethe steps
and 15 c) providing frequency selection in the feedback path with a

of: bandwidth limited operational amplifier using Miller multiplication. 24. The
method of providing a multi-Gigabit/s amplifier of claim 23, wherein said Miller

a) provitiRticationssagianfenehin kaRAsHRRsEref 2 DhbhRimethod of providing a
multi-Gigabit/s amplifier of claim 23, wherein the stability of the feedback
loop is maintained by restricting the feedback signal bandwidth. 19 26. A
method of providing a multi-Gigabit/s amplifier for optical networks,

b) proQRUSINGMIR SRPRAAT TS RQWHDS RLiBhampjfier for receiving a current

from a photodiode;

g) coupling the output of the first and second amplifier to a differential amplifier stage;

h) coupling a frequency-selective negative feedback path which is active only from DC to a break

frequency between the output of the differential amplifier stage and the feedback input;

1) providing frequency selection in the feedback path with a bandwidth limited operational amplifier

using Miller multiplication; and

j) coupling a transconductance amplifier between the operational amplifier and the feedback input

to convert the amplifier output into a current.

27. The method of providing a multi-Gigabit/s amplifier of claim 26, wherein said Miller

multiplication uses an on-chip capacitance.

20



28.

5 b) providing a second amplifier for receiving a feedback input; g) coupling

the output of the first and second amplifier to a differential amplifier stage; 10

h) coupling a frequency-selective negative feedback path which is active only

from DC to a break frequency between the output of the differential amplifier
stage and the feedback input; i) providing frequency selection in the feedback
Patmwitto & bndwidity linniied-oherbiicnahslitiptite claisirng Mileremul tholitationpupled
and 15 j) coupling a transconductance amplifier between the operational

after tagfilifiesand thplfeedhagk input to convert the amplifier output into a current.

29.

27. The method of providing a multi-Gigabit/s amplifier of claim 26, wherein

said Miller 20 multiplication uses an on-chip capacitance. 20 28. The method

of providing a multi-Gigabit/s amplifier of claim 26, wherein a buffer is

AL RIS thoRl tﬁ’fﬁhﬁzﬂﬁﬁg reffiadiamnplifies alapic?df tRenMeIhQHLERMOKIdIREIRY of the

multi-Gigabit/s amplifier of claim 26, wherein the stability of the 5 feedback

feedbd@RROSHTARHRNGE LYy estricling ihe feamhaekisionahhantidth. 21
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