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A 12-Channd ,30G0/ s,0. 181 m CMOS Front- End Amplifier
for Paralld Optic-Fiber Receivers’

Li Zhiqun™, Xue Zhaofeng, Wang Zhigong, and FengJun

(Instituteof RF- & OEICs, Southeast University, Nanjing 210096, China)

Abgract : This paper presents a 12-channel ,30 G/ sfront-end amplifier realized in standard 0. 18 m CMOS technol-
ogy for parallel opticfiber receivers. In order to overcome the problem of inadequate bandwidth caused by the large
paradtical capacitor of CMOS photo-detectors,a regulated-cascode structure and noise optimization are used in the
design of the trana mpedance amplifier. The experimenta resultsindicate that ,with a parasitical capacitance of 2pF,
a sngle channel isable to work at bite ratesof up to 2 5Gb/ s,and a clear eye diagramisobtaned witha 0. 8mVp, in-
put. Furthermore ,an isolation structure combined with a p* guard-ring (PGR) ,an n* guardring (NGR) ,and a
deep-nrwell (DNW) for parallel amplifier is adso presented. Taking this combined structure,the crosstalk and the
substrate noise coupling have been effectively reduced. Compared with the isolation of PGR or PGR + NGR,the
measured results show that the isolation degree of this structureisimproved by 29. 2 and 8 1dB at 1GHz ,and by 8 1
and 2 5dB at 2GHz ,respectively. With a 1. 8V supply ,each channel of the front-end amplifier consumes a DC power
of 85mW ,and the total power consumption of 12 channelsis about 1W.
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1 Introduction

As tele and datacommunications are rapidly
developing ,opticfiber networks are being widely
implemented. The continuous increase in transmis-
son speed has motivated the design and implemen-
tation of high speed, high capacity opticfiber net-
works. These performances can be satisied by par-
alel opticfiber transmission systems.

Our 330G/ s parallel opticfiber receiver con-
ssts of 12 channels with 2 5Gb/ s per channel.
Each channel includes a front-end amplifier com-
bined with a transimpedance amplifier (TIA) fol-
lowed by alimiting amplifier (LA).At such a high
bit rate,the amplifier can be manufactured easly
by usng a GaAs or a dlicon hipolar technology ,
but with a higher cost. Advanced CMOS technolo-
gies are attractive from the standpoints of integra
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tion ,power ,and cost. With the feature size scaling
down to 0. 18 m and below ,CMOS technology is
becoming the most interesting process for optice
lectronic integrated circuits. So our 12-channel ,
30Gb/ sparallel front-end amplifiers are desgnedin
0. 18 m CMOS technology.

2 System structure

As shownin Fig.1,our 30Gb/ s parallel optic
fiber receiver includes 12 parallel channels with
each channel working at 2 5Gb/ s. The system con-
sstsof a micro-optics module,12 parallel photode-
tectors (PD) , and 12 parallel front-end ampli-
fiers™ . The micro-optics module couples the opti-
cal sgnalsfrom 12 parallel optic-fibersto 12 paral-
lel PDs. The parallel PDs convert the optical dg-
nalsinto electrical ones. The parallel front-end am-
plifiers amplify the small sgnalsfrom the PDswith
a high enough gain but a low noise factor.
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Fig.1 Paralld opticfiber recever structure

3 Design of paralld front-end ampli-

fiers

There are 12 front-end amplifiersin parald. Each
amplifier condstsof a TIA ,a dngle-end to dfferentia
converter ,and an LA ,as shown in Fg.2 ,where I is
the output current of the PD ,and Cw isthe parasit-
ical capacitance of the PD. The TIA converts the
weak current detected by the PD into a voltage sg-
nal. The LA amplifies the voltage sgnal of TIA
and boosts the sgnal swing to logical levels.

Single-ended
TIA Fto differential
converter

Limiting
amplifier

Fig.2 Principle diagram of front-end amplifier

Twelve parallel front-end amplifiersin CMOS
technology share a angle slicon substrate ,and the
sgnal of one amplifier enters another amplifier by
substrate noise coupling. Interference or crossta k
occuring between these amplifiers exacerbate the
sengtivity of the receiver. To decrease theinterfer-
ences between amplifiers,their isolation structures
are designed carefully. The desgn methods of the
preamplifier ,the sngle-end to differential convert-
er ,and the LA are given in the following sections,
and the isolation structures are al o discussed.

3.1 Design of TIA

The output current from a PD isvery weak ,on
the order of a microampere. To amplify this weak
current ,the TIA must be optimized for minimal e
quivalent input noise current to achieve maximal
sengitivity. The bandwidth of the amplifier is deter-
mined by the data rate with consderation to thein-
fluences of noise ,inter-symbol interference ,and jit-
ter on sgnals. A smaller bandwidth corresponds to
a smaller noise,but to a bigger inter-symbol inter-

ference. The choice of bandwidth is a trade-off be-
tween the noise and the inter-symbol interference.
The bandwidth is chosen at 0. 8 times the data
rate’® . With consderation of the parasitical param-
eters of CMOS technology ,the bandwidth of the
desgnisnormally greater than thisvalue. The TIA
must have a high enough gain to amplify the sgnal
and restrain the noise of the following circuits.

The basc circuit of the TIA is shown in
Fig. 3™ . The feedback resistor R is used for provi-
ding the voltage shunt negative feedback and reali-
zing high gain,wide bandwidth ,and wide dynamic
range. The bandwidth can be expressed by

BW = 1/ 2T RaGn (1)

where Rnistheinput redstance of the TIA ,and Gn
is the total input capacitance combined with Ce
and the input capacitor of the amplifier.
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Fig.3 Circuit diagram of the TIA

The PD in CMOS technology has greater size
than the onein GaAs or InP technology. It shows
therefore a larger Ga. Along with the transistor’ s
capacitance and the parasitical capacitance, Gn rea
ches about of 2pF. Asthe basc TIA hasalargein-
put red stance ,assuming that R.isabout 10002 BW
is2GHz ,and the calculated value of Gnis equa to
0. 8pF which is much smaller than the total input
capacitance of 2pF. Therefore,the TIA shown in
Fig. 3 does not satify the bandwidth requirement ,
and another TIA structure must be developed.

A regulated cascode (RGC) input configura
tion is used for the TIA as shown in Fig. 4. The
first stage is an RGC input configuration that in-
cludes a common gate amplifier combined with R: ,
M1 ,and Rs,and a common source amplifier com-
bined with Re and MB. The second stage isa TIA
that includes a source follower combined with M2
and R. ,a common source amplifier combined with
M3 and Rs , and another source follower combined
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with M4 and Rs. The RGC circuit has two advanta
ges: The first is that the RGC circuit has a very
stable DC bias. For example,if the current of M1
increases ,then the voltage at node 2 increases,and
the current of MB increases. Therefore the voltage
of node 1 decreases,thereby constraining the in-
crease of current in M1 and enhancing the circuit
stability. The second advantage is that the RGC
circuit hasa very low Rn,Rn=1/gwi (1 + gws Rs) ,
resulting in a wider bandwidth and a higher feed-
back resistance when compared with the TIA
shown in Fig. 4. Figure 5 shows the input resst-
ance of an RGC-type TIA.
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Fg.5 Input resstance of RGCtype TIA

To achieve a low noise level ,the RGC TIA
must be optimized to have a minimal equivalent in-
put noise current which is determined mostly by
the RGC input configuration and is expressed as
follows .

2
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From Eg. (2) ,the noise optimization methods
are described as follows.

(1) To decrease the equivalent input noise
current ,R: and Rs should be increased;

(2) The gatewidth of MB (Wwme) should be
optimized.

Figure 6 shows the equivalent input noise cur-
rent spectral densty of the RGC TIA asafunction
of Wme at 2GHz with a total input capacitance of
2pF for afixed feedback resstor of 1K2 . The opti-
mum Wwe was found to be 43 m with a minimal
equivalent input noise current of about 12 2pA/

JHz. The equivalent input noise spectral density

has been improved by 6pA/ vHz at the frequency of
2GHz by the optimization as shown in Fig.7.
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Fig.6 Equivalent input noise current spectral densty
as afunction of the gate width Wye
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Fg.7 Comparison of optimized RGC and conventional
RGC in noise performance

3.2 Design of singleend to differential converter

Because the TIA hasa single-ended output and
the LA has differential inputs,a single-end to dif-
ferential converter ,as shownin Fig. 8 is needed be-
tween the TIA and LA. Thiscircuit could hold the
same DC hias on the inputs of the differential am-
plifier and tranform the sngle-ended input into
the differential outputs.
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Fig.8 Sngleend to differentia converter
3.3 Design of limiting amplif ier

The function of the LA is to hold the output
sgnal to alimiting-amplitude state ,once the ampli-
tude of input signal exceeds a defined voltage. Be-
sides high speed and high gain,the LA must hold
an invariable output voltage in a large dynamic in-
put range. Figure 9 shows the L A structure ,which
contains three broad-band amplifiers, an output
buffer ,and a DC feedback network. Furthermore,
the full differential structure of the LA could re
duce the interferences caused by the variation of
the power voltage and temperature. In order to im-
prove the bias stahility and reduce the crosstalk among
stages ,we adopt direct coupling among stages and pro-
vide independent biasfor different stages.
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Voo Broad Broad Broad Ve
band band band Output
V. o amplifier| Jamplifier|| amplifier] buffer | V..

M Py
R:l ‘Li‘!'_l_ Rzz

Fig.9 Limiting amplifier structure

Due to the highrgain and direct coupling, a
small voltage offset at the input could cause the
output stage to saturate and even make the circuit
lose the function of limiting amplifying. The DC
feedback networks, which include Ru, Re, R,
Rz ,C ,and G ,are used to make the circuit stable.
3.4 Isolation design of parallel front-end ampli-

fiers

Some isolation methods, such as a p* guard
ring (PGR) or an n* guardring (NGR)"™ | have
been used to protect CMOS devices. Both of them
only surround the devices on the sdes and cannot
cover the bottom of the devices. Though most of
the substrate coupling noi se can be absorbed by the

surrounding PGR or NGR ,part of substrate cou-
pling noise can be coupled through the bottom of
the CMOS devices.

As for the isolation design of the parallel
front-end amplifier ,we can use the PGR or a conr
bination of PGR and N GR to surround each front-
end amplifier of the 12 channels, as shownin Figs.
10 and 11. The bottom of the amplifier is uncov-
ered,s0 the substrate noise can be coupled into
each amplifier through the bottom. In order to en-
hance the isolation of each amplifier ,a new isola
tion structure is shown in Fig. 12. This structure,
combined with PGR,NGR ,and DNW ,is used to
shield each amplifier from the substrate noise. The
PGR is connected to ground. The N GR is connect-
ed to Va and is used to surround the PGR to form
reverted p-n junctions respectively with p-well and
p-sub. The DNW is buried deeply in the substrate
and connected to the N GR. Thus the reverted p-n
junction between the p-well and the DNW ,and the
reverted p-n junction between the p-sub and the
DNW are formed. The PGR and

Fig.10 PGR islation structure

Fig.11 PGR+ NGR isolation structure

FHg.12 PGR+ NGR+DNW isolation structure
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the N GR could interdict the sde coupling pass,and
the DNW could interdict the bottom coupling pass.
Compared with other isolation structures, this
structure improves the isolation performance be
tween front-end amplifiers.

4 Chip fabrication

The 12-channel parallel front-end amplifiers
for parallel optical receivers are desgned and fabri-
cated in standard O 1§ m CMOS technology as
shown in Fig. 13. The chip has dimensons of
3 75mm x 0. 62mm = 2 325mm’ , and each front-
end amplifier has the same circuit structure and
layout. In order to compare the performances of
different isolation structures,three types are pres
ented: (1) The use of PGR only;(2) The use of a
combination of PGR and NGR; (3) The use of a
combination of PGR,NGR, and DNW.

Fg.13 Microphotograph of 12 paralle front-end am-
plifiers

5 Measured results

Together with a pulse pattern generator (Ad-
vantest D3186) ,a digital sampling scope (Agilent
86100A) ,a cascade probe station and 40GHz mi-
crowave probes,the chip is measured and performs
well inon-chip testing. With a1 8V power supply ,
each front-end amplifier consumes 85mW. The to-
tal power consumption of 12 front-end amplifiersis
about 1 02W.

5.1 Measurements of single front-end amplifier

Two eye diagrams are shown in Figs. 14 (a)
and (b) with a2 5Gb/ s 2* - 1 pseudorandom bit
sequence (PRBS) sgnal at the input,which are
measured with two voltage amplitudes of 2 and
0. 8mVy, at input. Some typical measurement re-
sults are listedin Table 1. The eyes are clear with-
out any noise pointsin them. Both eyes angle and
eyes height are large. Very little intersymbol inter-
ference (ISl) is present in the eyes and the meas
ured RM Sjitter proportionislessthan 0. 03U 1 (u-
nit interval) .

Tablel Measurement results of single front-end am-

plifier
Parameter Value
Technology 0.18 m CMOS
Supply voltage 1.8V
Data rate 2.5Gb/s
RMSijitter Lips at 2mVp
20ps at 0.8mVpp
Rise/ Fal time 100ps/ 101ps at 2mVpp
Sngleend output swing 288mV
Power dissipation 85mwW

Fig. 14 (a) Output eye diagram with 2mVy at
2 5Gb/ s; (b) Output eye diagram with 0. 8mVy, at
2 5Gb/'s

5.2 Measurements of two adjacent front-end anr
plifiers

In order to measure the crosstalk of two adja
cent front-end amplifiers, two 2 5Gb/s 2* - 1
PRBS signals with 2mVy, are input in two adjacent
front-end amplifiers isolated by the PGR + NGR +
DNW structure ,and their output eye diagrams are
shown in Fig. 15. Some typical measurement re-

Fig. 15 Output eye diagrams of two adjacent front-end
amplifiers
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sults are shownin Table 2. Compared with the out-
put eye diagrams of a sngle front-end amplifier
(shownin Fig.14(a)) ,the output eye diagrams of
two adjacent front-end amplifiers are very clear
without obvious crosstal k. The following measure-
ment results show that the PGR + NGR + DNW
structure isolates the parallel front-end amplifiers
effectively.

Table2 Measurement results of two adjacent front-
end amplifiers

Number | Input voltage | Jitter Sngle-ended output swing

1 2mVpp 11ps 288mvV

2 2mVpp 1l1ps 286mV

5.3 Isdlation measurement of paralld front-end
amplifiers

The input voltage of amplifier nis represented
by Vu ,and the output voltage of amplifier mis
Vm. Then the isolation degree of amplifier m to
amplifier nis defined as l.m =201g(Vm/ Vm2) when
other ports are matched. The higher the magnitude
of lm is,the better the isolation degree will be.
When a small sne signal is applied to the input of
amplifier n,and the output sgnal of amplifier mis
measured ,then I.m can be calculated. An HP8593A
spectrum analyzer is used to measure output sgnal
amplitude at frequencies of 155M Hz, 622M Hz,
1GHz,1 25GHz,2GHz,2 5GHz, 2 655GHz, and
3 318GHz, generated by the R&S SM P04 Sgnal
Cenerator. The measured isolation degrees are lis
tedin Table 3 and a comparison of different isola
tion curvesis shownin Fig. 16.

Table 3 Measured results of isolations for different
structures
Frequency PGR PGR + NGR PGR+NGR+DNW
/ dB / dB / dB
155M Hz 41.5 67.4 66.2
622M Hz 30.2 39.6 53.9
1GHz 23.2 44.3 52.4
1.25GHz 32.2 45.4 49.3
2GHz 34.8 40.4 42.9
2.5GHz 37.6 46.9 51.4
2.655GHz 44.8 49.6 59.4
3.318GHz 51.8 57 59.2
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Fg.16 Islation curvesof different structuresasfunc-
tion of frequency

At the frequencies of 1 25 and 2 5GHz,the
PGR + NGR + DNW structure improves the isola
tion degree by 29 and 8dB respectively over PGR i-
slation structure. It a so improves theisolation de-
gree by 8 and 2 5dB , respectively ,over the PGR +
N GR islation structure. This shows that the com-
bination structure of PGR,N GR ,and DNW has the
best isnlation among these three structures.

6 Conclusion

This paper presents a 12-channel , 30Gb/ s
front-end amplifier desgned and fabricated in
standard 0 18 m CMOS technology for parallel
opticfiber receivers. The RGC structure and noise
optimization are used in the desgn of the TIA,
which overcomes the problem of inadequate band-
width caused by the large parastical capacitor of
CMOS PD, and makes the front-end amplifiers
monolithically integrated with CMOS PDs into re-
ality. An isolation structure combined with PGR,
N GR ,and DNW for parallel amplifiersisalso pres
ented, which effectively decreases the substrate
noi se coupling and the crosstalk between the paral-
lel amplifiers,and achieves good isolation perfornr
ance. The measured results show that this chip has
the merits of low noise,low cost ,low power con-
sumption and monolithic integration, and can be
used in ultra high speed parallel optic-fiber commu-
nication systems.
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