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Abstract

This paper describes o CMOS optical signal receiver
circuit gg&iﬂﬂ analysis, and implementation, which
has been developed ];ar on—chip optical clock distribu-

tion. The TECEIUEr consists of a photo
detector,a transimpedence pre-amplifier, and a post-
amplifier, and a wave shaping stage. :'nfui current

. In order

dynomic range is between S0uAd and 1
10 achieve the high suitching the front-end part
of the optical receiver circust been in pure a
way to get the full 5V swing at the output with Auto-
matic Gain Control{AGC). The optical receiver circuit
has been implemented using CMOS 0.5um technology.
High speed operation up to {50-Mb/s has been verified
with power consumption of 9.3mW. It uses 5V single
power suppié: and the die size is 0.8 X 0.825 mm? in-
cluding bonding pads.

1 Introduction

As the clock frequency of VLSI systems and die area

continue to increase, the problem associated with clock
skew becomes one of the major problems in VLSI sys-
tems design. Timing constraints for the state of the
art VLSI in silicon are rapidly approaching commu-
nication limits available with layered two-dimensional
metal and ilicon wiring approaches. Transmis-
sion line effects and electromagnetic interferences are
two of the many challenges encountered in high fre-
guency clock distribution [1]
As a solution to minimize the clock skew on Ul-
tra Large Scale Integrated Circuit{ULSI) such as the
systems design using memory/logic merged technol-
ogy, the optical clock distribution using Si0g/5i or
SéiloziiSiDZ on chip WI:;:dguide is:;rlli‘:pn]med. [2, 3] e
ock receivers are periodi ong an opti
wave guide. In eaclP receiver, the o t.?cal i E&rg-
ing from the wave guide is converted to an electrical
current by a ph e, which is then amplified by a
low noise tra.nsimg:genue a.mgli.ﬁer.
This E&:ﬁer describes an CMOS integrated circuit de-
i r the optical receiver. The design con-
sideration is discussed in ion 2. Section 3 discusses
the circuit design issues followed by input noise consid-
eration in Section 4. Simulation and fabrications are
discussed in Section 5. Performance and conclusion
are discussed in Section 6 and 7, respectively.

2 Design Consideration
The principal system trade-offs involve the E}j]l])rsjm

of photo detection and wavelength of the optical sig-
nal. The designer of a photodetector generally has

T Linc

the option of applying a large enough reverse bias to

adjust the depletion layer width to match the photon
. = e of light, that is

absorption length for the wavele i

detected. This is where a principle conflict between
design elements of the goals for the optical clock dis-
tribution system.is cbserved. The optical receiver in
this paper uses a PIN photodiode among several other
choices, because the bandwidth is much higher than
that of avalanche photodiodes. This involves a non-

standard fnbbrgcanqn rOCESS. pre:ﬁ,ﬁlﬁm process
conflict can be a mounting diode on
the surface of a silicon ll.‘:])J}r.E

An optical receiver for a low-cost, high speed optical
link must convert %ﬁ range input current into a digi-
tal voltage signal. The optical clock is distributed over
gilicon using silicon-base wave guide, furthermore, the
wave guide to be bent to a certain extent on the
chip surface to distribute the optical signals to all over
the places on almost wafer surface. e, the op-
tical signal attenuation has to be considered. Based on
actual silicon-base wave guide simulation the typical
requirement for photo diode current ranges between
30uA and 100uA. ;  ian ; L &1
There are four main circuit design issues in designing
an optical transimpedence amplifier.

. To minimize input noise
. To maximize bandwidth for desired data rate

To produce rail-to—rail output voltage

. To stabilize for different process corners and tem-
peratures

I

The first three reﬁuirements are dependent each
other because bandwidth can often be increased at the
expense of noise, and gain bandwidth product is con-

3 Circuit Design

A circuit diagram of an optical clock re-
ceiver(transimpedence amplifier) is shown in Fig.1. In
order to accomplish the high speed amplifier, a local
shunt feedback inverting pre-amplifier is used. The re-
sistively biased NMOS fransistor is used as a feedback
element. The receiver circuit is composed of analo
preamplifier followed by post amplifier section whi
are analog buffer stages to amplify the detected input
%hntucurrent to voltage =i levels enough to drive

MOS logic circuits.
The receiver has been designed to provide a d ic
input current range between 30uA and 100uA using

Ll



Automatic Gain Control(AGC). Larger input causes
circuit saturation and smaller input current is limited
by noise. An AGC is required to follow the wide input

ynamic range. Without this AGC loop the input dy-

namic range would have been between 30uA and 60pA
instead tween 30pA and 100uA. optical re-
ceiver was design ed using a shunt feedback resistor. A

resistive feedback element is required for the photocur-
rent to modulate the gate signal of the N-type device
of the first a.mﬁ%;f;dng stage. The modulated auﬁgut
signal of the first stage is modulated and amplified
through the next three analog amplifying stages.
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Fig.1 Circuit diagram of transimpedence amplifier
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Fig.2 Analog inverting amplifier
Fig.2 shows the analog inverting amplifier. If body ef-
]

fect and channel le modulation are neglected, the
small-signal mita.ggggén is simply given by

Av = A1 JOR/E)
gm?2 (W/L)

B
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L _{Eﬂr“_t'r‘*] (1)
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where gmi, Emsz are transconductances of N and P
transistor, respectively,and Ip is drain current. Vg,
and Vg,z are gate source voltages of N and P transis-
tor, respectively, Vi and Vi are threshold voltages.

The relationship among slew rate, unity-gain band-
width is given by

SR= {Vgu 5 W}wl {E:I

where SR is slew rate, V,, and v; are gate and thresh-
old voltages of pull down transistor and wy is the unity
gain frequency of the amplifier.[4]
From equation (1) and (2) it becomes clear that there
is a trade-off relationship between gain and slew rate.
If the amplifier mlgefﬁgmd farﬁ gain, the slew raE
ECOMEs POOTET. paper speed requiremen
is more critical than other ﬁues. ] ore, transistor
sizes hm?:f been ?eﬁnmﬁd for high ﬂ%g_ram at the
expense of gain of the amplifier stages. insure mini-
mum gain - uhwedmtﬂtigle gain stages are used to get
eno uv;regll ain of the amplifier. These amplifiers
are connected cEmctl}' to each other without coupli
capacitors to ensure good response at low and hi
frequencies. The other issue is involved in transistor
sizing, which is the noise issue and it will be ad
in Section 4. Finally, a couple of digital inverter anji:ﬁ
stmﬁ has been added to obtain a rail~to—rail digi
signal at the output.

4 Noise Consideration

The simplified equivalent circuit of the input pream-
plifier stage of the transimpedence amplifier in Fig.1
1s shown in Fig.3. Since the noise due to the an

buffer st reamplifier iz negligible we focus

on the noise of the first input stage.
.
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Fig.3 Small signal eﬁuivﬂent circuit of the
preamplifier stage

In Fig.3 Cphotos CgeyCs,Cga represent the photodi-
ode capacitance, gate-to-source capacitance , stray ca-
pacitance, and gate-t ain capacitance of the input
transistor M1, respectively. R represents feedback
resistance while i, and i. represent the mean square
noise current at the feedback resistor and the channel.



Since modern devices demonstrate very low leakage
current, the noise in the photodiode can be ignored.
Under this assumption, there are two main noise
sources of the amplifier, which are thermal noise i
in the channel of the input pull-down transistor an

the thermal noise i, in the feedback resistor.[5] The

thermal noise in the channel is drain-source shot noise
and calculated as

2 = 4kTB(2/3)gm (3)

where k is Boltzmann’s constant, T is the tempera-
ture in Kelvin, B is the noise bandwidth of the re-

ceiver(constant). For the noise analysis, the effects of
each source on the Dutﬁmt voltage of the first stage are
determined. The nodal equation of Fig.3 gives

14 jw(Cs + Cou) x By .
(1/gm) x ] + juo CetamrinCoR; i A

gmrdag
1

1 _'illl'.n.-' !C',- +gm lejclj th

gmrdaz

Vnut —

+ {Rfj =

x i (4)

where C. = C,, + C, + Copote-

The noise current i. and i, can be represented as equiv-
alent input noise current i,y at the input instead of
splitting at the actual location as shown in Fig.3. Af-
ter nodal ana.l{?is with the equivalent input nolse cur-
rent source at V;, node in Fig.3, V,,; can be obtained

as follows.
| = f..h - 5
out = gty X 1 : EC.+gm'l'dlzc dJH '-r. ]
+j""' Fmrday

From Equations {4}. and (5)

: 1 . 3 3
feq = Py % (14 jw(Cs + Coa)Rr)ic +ir (6)

Therefore, the mean square value of the input noise is
given by

2
E = T.L‘ﬂ ® [Cg.l + ng +"2C-', + Cphn“,] ” E % E
Gom
g2 an? w [Csl + c!lii +fl + Cphatolz = E {T]I
LR
for high w.

From Equations (3) and (7)

A 2
g SS9 [Cos + Ug: + Cin]
S

x 4kTB(2/3)gm (8)

The parameters that can be controlled by designer in

Equation (8) are C;, and Cga. E becomes min
mum when C,; + é,d = C;pn. Therefore it is cle:
that input transistor size is determined by the phe
todiode and stray capacitance to minimize the inpu
noise which may appears as a large noise signal at th
output.

5 Simulation and Fabrication Result

Because the circuit should be stable over temper
ature, power supply, and process variations, an ex
tensive simulation has been performed before fabri
cation for entire process corners with back annotatio:
data. The optical receiver has been implemented usin
a standard 0.8um CMOS standard process technolog)
The microphotograph of the receiver is shown in Fig.4
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Fig.4 Microphotograph of the optical receiver

The chip size is 0.3x0.25mm?, and it dissipates
9.3mW power with 5V single power supply. The chip
characteristics are shown in Table 1.

Power supply oV
Power dissipation 9.3mW
Frocess U.8um CMUOS
Die size 0.3mm x 0.25mm
~ Maximum bit-rate 450-Mb [sec
“Input dynamic range | 30pA TO0pA

Table 1. Chip characteristics

Type LTU2ZPD0
Cutput power 3.0mW
Threshold current 44 4maA
Efficiency 0.3lmW/mA
Uperating current b52.dmA

Table 2. Laser diode characteristic



In order to measure the performance of the receiver
with optical signal a laser diode was connected to the
input of the circuit as a photodetector. Table 2 shows
the characteristic of laser diode used as a photodiode.
The power of the laser source was less than 1mW. The
optical receiver responded to the wide input dynamic
range, which is between 30uA and 100uA. The optical
recelver has to be carefully tested due to the ility
problem at high uency, which is caused by parasitic
capaci and inductances at bonding wire and pad
area. Fig.5 shows the transimpedence vs. frequency
characteristic of the CMOS receiver. The max-
imum transimpedence of the receiver is 50K{. Fig.6
ahxiw%nut. ut response with 30uA input photocurrent
at M.H];
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Fig.5 Transimpedence vs. frequency
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Fig.6 Qutput response with 30uA input current at
e R 450MHz A g

6 Conclusion

e mits Sh CHO o i
us .Bum ;
Wide input dl?‘ﬁamic range has been obtained =
Automatic Gain Control. This demonstrates
the potential of optical signal mm such as clock

distribution in ULSI o%hmemor}'ﬂogic mg:;:l'l technol-

applied systems. The speed of the optical receiver
ﬁ ggr;mn higher if the sghi]it:,r of theogmput stage is
improved. More careful layout and stability consider-
ation are required to improve the maximum bit-rate
and effective test.

References
[1] Aaron L,Fisher,N.Linde, “A 50-Mbit/s CMOS
optical transmitter integrated circuit”, IEEE J.
ggg-Stute Circuit. vol sc-21,n0.6,pp901-908, Dec
1 i
[2] W.stutius, W.streifer, "Silicon 1 n:itnde films on sil-
icon for ical waveguides . Optics. 16,
pp3218-3222,1977. i
[3] C.Dragoue, C.A. Edwards, R.C. Kistler, "Inte-
gated Optics NxN Mutiplexer on silicon” , JEEE
D!;gtf;\gti:a Technology Letters. vol.3, pp896-899,
[4] Paul R. Gray, Robert G. Meyer, "Analysis
and Dasiﬁn of ANALOG INTEGRATED CIR-
CUITS" ,John Wiley & Sons ppT49.
[5] Asad A. Abidi,"Gi transimpedence ampli-
fier in the fine line NMOS" JIEEE J. Solid-State
Circuits. vol sc-19, no6,pp986-994, Dec 1984.



