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A Low Noise,1 25Gh/ s Front-End Amplifier for Optical Receivers’
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Abgtract : This paper presents a low noise,l 25Gb/ s and 124dBQ front-end amplifier that is designed and fabrica
tedin 0. 294 m CMOS technology for optical communication applications. Active inductor shunt peaking technolo-
gy and noise optimization are used in the design of a trans-impedance amplifier ,which overcomes the problem of
inadequate bandwidth caused by the large parasitical capacitor of the CM OS photodiode. Experimental results indi-
cate that with a parasitical capacitance of 2pF,thiscircuit works at 1. 25Gb/ s. A clear eye diagram is obtained with
an input optical signal of - 17dBm. With a power supply of 3 3V ,the front-end amplifier consumes 122mW and

provides a 660mV differential output.
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1 Introduction

Front-end amplifiers are key components in
optical communication systems. A front-end ampli-
fier includes a transimpedance amplifier ( TIA)
and a limiting amplifier (LA). The task of the TIA
isto trandorm a current sgnal from a photodiode
(PD) into a voltage sgnal and amplify it. The task
of the LA isto further amplify this small voltage
signal into a large,invariable amplitude voltage to
drive a time recovery circuit and data decison cir-
cuit. The performance of the front-end amplifier in-
fluences the optical receiver directly. CMOS tech-
nology has the merits of low power consumption,
low cost , high integration ,and mixed integration.
PDs fabricated in CMOS technology have greater
areathan PDsfabricated in GaAstechnology and a
chieve a capacitance of about 2pF. Consdering the
monolithic integration of PDs with front-end am-
plifiers,this paper designs front-amplifiers for PDs
with large capacitance.

2 Architecture of the front-end am-
plif ier

Figure 1 shows a schematic diagram of the
front-end amplifier ,including the TIA ,LA ,and an
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output buffer (OB). It iswell known that tradeoffs
between bandwidth and PD capacitance are inevita
ble and crucial in a conventional-source (CS) TIA.
Congdering that the capacitance of a CMOS photo-
diode is 2pF ,which is much higher than the Q. 5pF
of GaAs photodiodes,an improved CS TIA using
active inductor shunt peaking technology is adopt-
ed to extend the bandwidth. It introduces a larger
feedback res stance,which increases the transim-
pedance gain and decreases the input-referred noise
current of the TIA at a bit rate of 1L 25Gb/ s. Thus
thisimproved CS TIA has a wide band ,low noise,
and high gain.
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Fig.1 Diagram of front-end amplifier

The RC network can hold the same operating
voltage on the two differential inputs of the LA
and input the sngleended high frequency sgnal
fromthe TIA intotheLA. TheLA has a differenti-
al gain of 50dB and full differential structures to
reduce the negative influence of the power supply
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and temperature variation. The LA drives an OB
with a differential output impedance of 1002 ,
which provides a differential output of 660mV .

3 The Trans impedance amplifier

For a conventional CS TIA ,the total input ca
pacitance can be expressed as Gn = Ceo + G + Goara ,
including the capacitance Cm of the PD ,the input
capacitance G of the amplifier ,and the parastic ca
pacitance Gaa. The - 3dB bandwidth of the TIA is
given by f.se =1/ 2T Rn Gn. Ceo plays an important
role in achieving the bandwidth of the CS TIA ,be
cause the bigger Ce is,the smaller the bandwidth
of the TIA will be. Assuming that R, =100,f .38
=1GHz,and Gn =1/ 2T Rn f -3 ,the Ga of the CS
TIA can be smply calculated to be 1.6pF ,whichis
less than the 2pF of the CMOS PD. Therefore the
structure of aconventional CS TIA is not appropri-
ate. In order to meet the requirementsof bandwidth
and noise performance smultaneoudy,a new CS
TIA structure usng active inductor shunt peaking
technology is proposed. It is shownin Fig. 2.
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Fig.2 Diagram of improved CS TIA

3.1 Active inductor shunt peaking

The bandwidth of the amplifier can be en-
hanced by the inductive load in the second CS am-
plifier stage (see Fig. 2). This well-known tech-
nique ,called shunt peaking ,extends the bandwidth
by about 70 % in the frequency response. The in-
ductive load can be implemented with a spiral in-
ductor or an active inductor (Fig.3)'™ . It is diffi-
cult to design a spiral inductor with a high induct-
ance (e. g.35nH) while keeping the self-resonance
well outsde the pass band (1GHz) . Furthermore ,a
spiral inductor consumes a large area. In contrast ,
an active inductor is small and can operate at fre-
quencies up to about 8 1GHz.
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Fig.3 Activeinductor shunt peaking

The equivalent L' and R? of the active in-
ductor are expressed asfollows:

R _1_
L:M:& (1)
W, 2 W+
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The L of the active inductor increases with
Ry ,but thisincreaseisrestricted. To avoid undesir-
able peakingin the frequency response,L should be
set t0 Lopt = 0. 4R Ga'**'. From Egs. (1) and (2) ,
when the nMOS is set at a certain DC drop and
width ,the optimal value of Ry can be expressed as
A ©
where Go is the equivalent output capacitor as
shown in Fig.3,and Got = Gire + Caz + Can ,With
the assumption that Ga= Gy . Thus,

_ 04
Rom = o0 (4)

We set the gate width of NM1 to @ m,after
obtaining Ciu= 8 5fF,and Rypne= 2 5K2 by calcu-
lation. Figure 4 shows the inductive bandwidth ex-
tenson of the active inductor. The shunt peaking
with Ryppt =2 5K2 extends the bandwidth by about
60% over the case without shunt peaking
(i.e. R;=0).

Rgopt =04 R2 CiaWr = 0. 4 x

3.2 Equivalent input noise current of the TIA

The equivalent circuit of the CS TIA is shown
in Fg.5 ,wheregisthe equivalent input noise cur-
rent of the CS TIA , ias = 4kT/ Rs is the parallel
current noise of Rs |_ﬁ =4KW gm is the channel cur-
rent noise of M1,and v_le =4KkTR: is the thermal
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Fig.5 Noise equivalent circuit of CS TIA

voltage noise of R:.Since M2 and R: contribute
less noise to iiq ,they can be ignored. Note that i2
and vz can be transformed to a gate series volt-

i 2[1]
age noise vy,

Vi = + 7 (5)
gm gm Rl
The total input-inferred noise current density
is given by
= _4kT 2. |1 ?
i2 = —_— Vi R sCin
- 4KT | 4|§T2+4k'lv +
Rys R1 Om Rts Om Ris
4KT C
AT+ kT g x (D)2 x 1+ (9
1 T gs

From Eq. (6) ,we know that total input-in-
ferred noise current correlates with Ris, Ri, gm,
Cpa ,and Cg. fris the unity current-gain frequen-
cy. When the bandwidth of the TIA is 1GHz, R
and R: should be made as large as possible to re-
duce the total noise. At high frequencies,the last
term of Eq. (6) becomes dominant. Since Cp=
2pF,the Cgs of M1 should be enlarged by increas
ing the gate width of M1 in order to decrease the
noise. However ,the increase of the gate width of
M1 augments gm ,which enlarges the last term of
Eq. (6). Therefore,there are some trade offs be-
tween Cg and gm,and an optimum gate width of
NM1 exists.

3.3 Simulation results of the TIA

The TIA is smulated usng Cadence Spectre
in 0 231 m CMOS technology. The smulated re-
sults are shownin Figs.6 (a) ,(b) ,and (c).

First when Gus= 2pF,Figure 6(a) shows that
the equivalent input noise current densty varies
with the NM1 gate width of the improved CS TIA
(Fig.2). The minimum input noise current density
of 11 89pA/ /Hz can be obtained with the opti-
mum width of 2841 m. The frequency responses of
the improved CS TIA and the conventional CS TIA
are shown in Fig. 6 (b) ,where the bandwidth of
each is 1GHz and their transimpedance gains are
74dB (R =1 5K) and 51dB (R = 450) ,respective-
ly. Their equivalent input noise spectral densities at
1GHz are 11 8 and 18 81pA/
shownin Fig.6(c).
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Fig.6 Spectral smulation results (a) Equivalent input
noi se current density versus gate width of NM1;(b) Smu-
lated frequency responses; (c) Equivalent input noise spec-
tral densty
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Second ,when Gu= 0. 5pF ,Figure 6 (a) also shows
that the minimum input noise current densty of
4. 83pA/ J/Hz can be obtained with the optimum
width of 143 m for M1. The transimpedance gain
of the improved CS TIA and the conventional CS
TIA are 85 8dB (R = 3 75K) and 51dB (R =
1 5K) ,respectively ,as shown in Fig. 6 (b). Their
equivalent input noise spectral density at 1GHz are
4 83 and 6 03pA/ /Hz ,respectively ,as shown in
Fig.6(c).

Typical smulation results are listed in Table
1 ,which shows that the improved CS TIA has bet-
ter performance than the conventional CS TIA for
PDs with a high or low capacitance.

Tablel Typica smulated performance parameters

Girclits Cod Tra.nsi mpedance 1% (1GHz)
IpF gan/ (dB - Q) ! (pA/ »/FE)
Conventional 0.5 61.9 6.03
CS TIA 2 51.2 18.81
Improved 0.5 85.8 4.8
CS TIA 2 74.1 11.89

4 Limiting amplifier

Figure 7 (a) shows the LA structure,which
contains three broad-band amplifiers, an output
buffer ,and a DC feedback network. In order to im-
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prove the bias stability and reduce the crosstalk a
mong stages ,we adopt direct coupling between star

Fig.7 (& Limiting amplifier structure;(b) Broadband
amplifier
ges and provide independent bias for different sta-
ges. Figure 7 (b) shows the circuit of each broad-
band amplifier'® .

Due to the highrgain and direct coupling, a
small voltage off set at the input causes the output
stage to saturate and even makes the circuit loseits
function of limiting amplifying. The DC feedback
networks,which include Ru, Rz, Ra, Rz, G ,and
G ,make the circuit stable.

5 Measured results

The chip has dimensons of 0 666mm X
0 470mm = Q 313mm’ (Fig. 8). Together with a
pulse pattern generator (Advantest D3186) ,a dig-
ital sampling scope (Agilent 86100A) ,a cascade
probe platform ,and 40 GHz microwave probes,this
chip is determined to achieve good performance by
probe testing. With a 3 3V power supply, the
front-end amplifier consumes 122mW.

Fig.8 Microphotograph of the front-end amplifier

5.1 Voltage measurements

Figure 9 shows the measured eye diagrams of
the front-end amplifier with a 1 25Gb/s 2* - 1

Fig.9 Eye diagrams at a hit rate of 1L 25Gops (&)
Input voltage of 1L 3mVpp;(b) Input voltageof 1 1Vpp
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pseudorandom hit sequence (PRBS) signal at input
voltage amplitudes of 1L 3mVpp and 1 1Vpp. The
sngle output voltage swings are 334 and 329mV ,
respectively. The RMSjitters are 15 and 10ps. The
dynamic range of the input voltage is 1 3mV
11V,

5.2 Optical measurements

For optical measurements, a lightwave mul-
timeter (Agilent 83430A) and an attenuator (Agi-
lent 8163B) are used as alight source. A p-i-n pho-
todiode is used as an optical detector with a respon-
svity of 0. 8A/ W.A 1 25Gb/ s2**-1 PRBSsignal is
used as the modulation sgnal. The sensgtivity of
the front-end amplifier is estimated to be -
17dBm, with a photodiode output current of
15 8 A. Figure 1 0 shows eye diagrams at optical
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Fig. 10 Eye diagrams with optica sgnal input at
- 15dBm(23 31 A) (a) and - 17dBm (15 &1 A) (b)

1 25Gb/ s

TSMC 0. 2 m CMOS

2pF ,
3 3v
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sgnal inputsof - 15dBm(23 3 A) and - 17dBm.
The sngle output voltage swings are 326 and
325mV ,respectively. The RMS jitters are 15 and
10ps, respectively.

6 Conclusion

This paper presents a front-end amplifier de-
sgned and fabricated in 0. 2% m CMOS technology
for optical communications. Active inductor shunt
peaking technology and noi se optimization are used
in the desgn of theimproved CS TIA ,which over-
comes the inadequate bandwidth problem caused by
the large parasitical capacitance of the CMOS pho-
todiode and makes monolithic integrated circuits
with CMOS photodiodes into reality.
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