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1. Overview

The explosive prowth in data communications has stimulated the development of optical systems
for high channel capacity (typically 4-16 channels) and high bandwidth. In a fiber optic system,
a tramsmitter encodes the data in the form of laser pulses that are transmitted over a long optical
fiber. At the other end, a receiver detects the attenuated optical sipnal and amplifies it to digital

levels.
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Fipgure 1: Block dispram of an optical transmitter and recoiver.

A hlock disgram of an optical transmitter and receiver is shown in Figure 1. On the transmitter path,
the dats is multiplexed, encoded, and error correction bits are added. A laser driver and modulator
drive the laser diode, which transmits an optical signal over the fiber. After some loss in the fiber,
the optical sipnal is detected st the receiver end by the photodiode. A transimpedance amplifier
converts the small photodiode current into a voltage, which is then amplified to digital levels for
subsequent dipital signal processing. The transimpedance amplifier is also called a transresistance
amplifier in 6.012; for cultural reasons, we will stick with the transimpedance amplifier terminology.



Intepration of all of the functions on either side of Fipure 1 onto a single CMOS chip would save
costs, but the implementation has eluded systemn designers in part due to the complexity of realizing
high-performance receiver cireuits in CMOS. The poal of this desipn project is to desipn a fast, high
gain, low noise, and low power optical receiver in an inexpensive CMOS process.

2. Design problem statement

Figure 2 shows the schematic of the optical receiver. It consists of three CMOS stapes: a tran-
simpedance amplifier, a saturating or limiting amplifier, and an output driver. We describe these
three stages next.

Light creates electron-hole pairs that produce a current fyygy, in the reverse-hiased photodiode. The
diode can be modelled as a eurrent souree of value gy, which lows in the reverse bias direction of

the diode. Although the laser diode produces a large square wave pubse at the other end of the fiber,
dispersion and loss make the diode current figgp, appear sinusoidal. This enrrent is only guaranteed

to have a peak value of about 10 gA. Depending on the system, loss in the fiber could be lower

amd the peak diode current could be larper. However, to ensure proper operation for all systems,
the worst-case (ie. minimum) current must be used for the desipn. The receiver should operate at

speeds up to 1 MH=.
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Firure 2: Schematic of optical receiver.

The first-stage CMOS inverter 11 and feedback resistor constitute a transimpedance amplifier that
converts the photodiode current into a voltage V) at node ny. A feedback resistor sets the gain of
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the stage, which must be larpe to reduce the effects of noise in later stages.

To set a reasonable desipn point you might first want to start by wing a simple linear resistor and
determine what value yon eould use to meet you desipn poals. Unfortunstely, thourh linear resistors
can be realized in silicon technology by using undoped poly for large resistor values, this approach
consumes & lot of area. With the knowledpe of device physics that you have asoquired in 6.012, in
order to minimize the cost you have decided to realize this resistor using a PMOS hissed in the linear
region. An additional concern in this amplifier is that the rain needs to be as constant as possible
over the expected range of fyghe values. This means that the resistor value should be as constant as
possible over the range of voltages at its terminals, or, in other words, as linear as possible. Power
must be minimized in this design, so no extra bias cirenitry can be afforded. The PMOS device is
to be connected as shown in Fip. 2 with the gate of the PMOS connected to GNID and the bulk
connected to Vpp. The desipn decision that you need to make is to size the PMOS appropriately
to achieve the desired value of the resistor.

The cosed-loop small-sipnal gain n:':m of this first transimpedance amplifier needs to be as constant
as possible over the range of fyghe valoes shown in Figure 3. Yoo will need to derive an expression
for this closed-loop rain ;:' -, where ¥y is the voltage at node ni. Notice that since Jighs is small,
Viiode (the voltage at node ngpqe) and V) will stay close to the midpoint of inverter 11, and 11 will
be held in the high-gain region. Thus the transistors in inverter [1 will stay in the saturation region,
amd the small signal model can be used over the foll range of input corrent. For the fighe shown
in Figure 3, ¥} should have a peak-to-peak amplitude of at least 0.1 Vo (peak-to-peak voltage), as
indicated in Figure 3. For noise immunity, V) should be near the middle of the total voltage ranpge.
Therefore, the minimum of V) should be at 25 V., as indicated in Figure 3. To ensure that the
photodiode stays in reverse bias, amd in an attempt to keep the depletion region width constant, the
reverse biased dicde voltage Vg, should vary by no more than 10 mV peak-to-peak (10 mbgg). To
understand how Vijode varies with the input eurrent and output voltage, you will alko need to derive

an expression for Viwde as a function of fygee and ¥

The second stage is called a limiting or saturating amplifier. This high-gain CMOS stage amplifies
the small voltape Vi. For maximum amplification, ¥y should be in the high gain region of inverter

12. The open-loop voltage rain of the limiting amplifier Age should be large enough to ensure that
¥} is amplified to full logic levels. To seale 0.1 Vg, at node ny to b Vi at node iy requires & gain of

50. Since the gain away from the midpoint of the inverter will be less than the maximum gain Ay,
the specification is | Aya| = 90

The output CMOS stape drives both the wire capacitance and the input capacitance of the digital
signal processing circuits. This can be modelled s a constant 50 fF load capacitor. The output
driver should be high speed to maximize the frequency at which the receiver can operate. Since
the output will be routed to the digital side of the chip, it should also have pood noise margins.
Specifically, tpwn, tren < 05 nsec and NM, NMy > 1.4 V between the input amd output of
imverter I3.

Power consumption is a big differentiator in system design. To pet the edpe over competitors, power
should be minimized. Sinee the input and ootput voltages of inverter 11 are so small, 11 will stay
in the high gain region, dissipating static power. To simplify your hand caleulations, calealate the
power dissipated in 11 when [jp,=0. There is also dynamic power required to charge and discharge
the parasitic and load capacitance at nodes ny, ng and ng,. The total power consumption should



