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Figure 5.3: Typical
Packaged LED’s

(Photo courtesy of PD-LD, Inc.)

Figure 5.4: Surface-
emitting LED

Figure 5.5: Edge-
emitting LED

LIGHT-EMITTING DIODES

LED's are made of several layers of p-type and n-type semiconductors. A p-n junction
generates the photons, and several p-p and n-n junctions direct the photons to create a
focused emission of light. The p-p and n-n junctions direct the light by providing energy
barriers and changes in the index of refraction. There are two main types of LED’s
currently being used, surface-emitters and edge-emitters.

Surface-emitters are made of layers of semiconducting material that emit light in a 180° arc.
They are relatively inexpensive and very reliable, but the emission pattern limits the
coupling efficiency with the fiber, and therefore, the power that can be transmitted.
Surface-emitters are the most economical of the two types of LED’s, but they have low
output power and are generally slower devices.

 CONTACT (METAL)
~l o GaAs

e e e T T A e
e TR S s — AlGaAs

AREA OF CONFINEMENT

Edge-emitters are designed to confine the light to a narrow path directed out the side of
the emitter. This focusing of the light means more power is emitted, and more power can
be coupled to the fiber because the path is comparable to the size of the optical fiber core.
Edge-emitters can provide high optical power levels (even into smaller core fibers) and are
generally faster devices than surface-emitting LED’s.

LIGHT EMITTING
AREA
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LED’s can survive and operate in extreme temperature ranges (up to full military specifi-
cations, -55°C to +125°C), although their optical output power can drift considerably as
temperature varies. In general, shorter wavelength LED’s are less prone to drift over
temperature. Also, surface-emitting LED’s are almost always more stable over temperature
than edge-emitting types. An 850 nm LED may only drift -0.03 dB/°C, while a 1310 nm
LED may drift three to five times as much. Always, the LED’s optical power drops as the
temperature increases.

Temperature also affects the peak emission wavelength. Most LED’s exhibit a 0.3 nm/°C to
0.6 nm/°C drift in the peak emission wavelength as temperature varies. This can be impor-
t tant in multi-wavelength systems where there is a possibility of crosstalk, the interference
of one channel on another, if the LED wavelength drifts.

w3 e Figure 5.6: Typical
// LED Behavior versus
/ rase | Temperature
T & ‘/+50=C
g ) / /'J
g +100°C
& i / // ,///
5 - / /
o
e
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Of the two light source types, LED’s are the most widely used for short system fiber optic
applications. In general, LED’s tend to cost less than laser diodes, although the cost advan-
tage has diminished some, so they find wider application. A common trait of all LED types
is that they turn on much faster than they turn off. This is due to the long carrier recombi-
nation lifetimes in LED’s. Often, this carrier recombination will be in the tens of nanosec-
onds range. Most LED driver circuits employ special tricks to overcome this, such as
applying quick reverse bias to the LED at turn-off to sweep the carriers out of the active
region. Even with these circuit tricks, LED’s are limited to lower speed applications than
laser diodes. Most commercial LED’s have a top-end bandwidth of 100-200 MHz. A few
specialty LED’s are available with bandwidths as high as 600 MHz, according to manufac-
| turer’s claims, but still, LED’s are only widely used for data rates below 270 Mb/s. Part of
( the reason is that the wider spectral bandwidth of LED’s causes more dispersion in the
optical fiber. This increased dispersion severely limits optical signal’s maximum transmis-
sion distance.

| The availability of low-cost CD and DVD lasers has also limited the use of LED’s in high
data rate applications. These lasers are manufactured in very high volumes (over one
million a month) making them very economical. While these lasers were not specifically
developed for data applications, they often do very well at data rates of one gigabit per
l second or more.

LED Driver Circuits

LED optical output is approximately proportional to drive current. Other factors, such as
temperature, also affect the optical output. Figure 5.7 shows the typical behavior of an
LED. Two curves are shown. The top curve represents a 0.1% duty cycle with the peak
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Figure 5.7: Optical
Output versus
Currentin an InGaAsP
Light-emitting Diode

Figure 5.8: LED
Driver Circuits

current as shown on the horizontal axis. The bottom curve shows the output with 100%
duty cycle. The drop is primarily due to the heating of the LED chip. Most LED’s have
light versus current curves that droop or fall below a linear curve. A few, such as super-
radiant LED’s (near lasers) can have curves that bow upward rather than downward.
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LED’s are usually driven with either a digital signal or an analog signal. When the drive
signal is digital, there is no concern about LED linearity. The LED is either on or off. There
are special problems that need to be addressed when designing an LED driver. The key

concern is driving the LED so that the maximum speed is achieved. Figures 5.8a, 5.8b and

5.8c show three popular digital LED driver circuits.

+Power +Power +Power
+Power

= R2

Light
Out

(a) Series (b) Shunt (c) Faster

The first circuit, shown in Figure 5.8, is a simple series driver circuit. The input voltage is
applied to the base of transistor Q1 through resistor R1. The transistor will either be off or

on. With Q1 in the off condition, no current will flow through the LED, and no light will,

be emitted. When transistor Q1 is on, the cathode (bottom) of the LED will be pulled low.
Transistor Q1 will pull its collector down to about 0.25 Volts. The current is equal to the
voltage across resistor R2 divided by the resistance of R2. The voltage across R2 is equal to
the power supply voltage less the LED forward voltage drop and the saturation voltage of
the drive transistor. This circuit offers the key advantage of a low average power supply
current. If one defines the peak LED drive current as Iz .. and assumes that the LED
duty cycle is 50%, then the average power supply current is only I, g /2. Further, the
power dissipated is (I; gpyad/2) ® Vsuppry Where Vgppy is the power supply voltage. The
power dissipated by the individual components, the LED, transistor and resistor R1, is
equal to the voltage drop across each component multiplied by (I} ;p..,/2)- The key disad-
vantage of the circuit shown in Figure 5.8a is low speed. This type of driver circuit is rarely
used at data rates above 30-50 Mby/s. In general, there are two ways to design an LED drive
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circuit for low power dissipation. The first is to use a high-efficiency LED and reduce
I; gpmax t0 the lowest possible value. The second is to reduce the duty cycle of the LED to a
low value. Usually larger gains can be made with the second method.

The second LED driver circuit, shown in Figure 5.8b, offers much higher speed capability.
It uses transistor Q1 to quickly discharge the LED to turn it off. This circuit, known as a
shunt drive circuit, will drive the LED several times faster than the series drive circuit
shown in Figure 5.8a. The shunt drive circuit gives greater drive symmetry. In the shunt
driver circuit in Figure 5.8b, resistor R2 provides a positive current to turn on the LED.
Typically, R2 would be in the 40 Ohm range. This makes the turn-on current about 100 mA
peak. Transistor Q1 provides the turn-off current. When saturated, transistor Q1 will have
an impedance of a few Ohms. This provides a much larger discharging current allowing
the LED to turn off quickly. Power dissipation typically more than doubles in a shunt
driver circuit compared to the series driver. In fact, the circuit draws more current and
power when the LED is off than when the LED is on! The exact power dissipation can be
computed by first analyzing the off and on state currents and then combining the two
values using information about the operating duty cycle.

Figure 5.8c shows a variation on the shunt driver shown in Figure 5.8b. Two additional
resistors and two capacitors have been added to the basic circuit. These additional compo-
: nents further improve the operating speed. Capacitor C1 improves the turn-on and
f turn-off characteristics of transistor Q1 itself. Care should be taken to keep the value of C1
‘ down to prevent the transistor base from being overdriven and damaged. The additional
components, resistors R3 and R4, and capacitor C2 provide overdrive when the LED is
turned on and underdrive when the transistor is turned off. The overdrive and under-
drive accelerates the LED transitions. Typically, the RC time constant of R3 and C2 approx-
imately equals the rise or fall time of the LED itself when driven with a square wave. All of
these tricks together can increase the operating speed of the LED and driver circuit to
about 270 Mb/s. There have been numerous laboratory tests and prototype circuits that
have achieved rates to 500-1000 Mb/s, but none of these have made it into mass produc-
tion. Typically, these levels of performance require a great deal of custom tweaking on
each part to achieve the high data rates.

Figure 5.9: Response
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Figure 5.9 shows the response of an LED to a digital modulation signal. The electrical
signal shown is the type generated by more sophisticated LED driver circuits such as that
shown in Figure 5.8c. Starting at time zero, we first see the digital signal go to a logic level
1. The most remarkable part of this event is the strong overshoot seen on the electrical
drive signal. This overshoot may be two times the steady state logic 1 drive current, and it
accelerates the turn-on time or rise time of the LED. Even so, we see that the optical output
lags behind the electrical signal.
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Typical values for very high-performance LED’s and driver circuits would be 0.7 ns rise
time of the electrical signal and 1.5 ns optical rise time. Later, when the digital signal goes
back to a logic 0, we see the same process repeated. The electrical signal has a strong
undershoot component which acts to accelerate the turn-off of the LED. The undershoot
serves to reverse bias the LED, sweeping out the carriers. Even so, the turn-off time of
most LED’s is always slower than the turn-on time. Typical values for turn-off times are
0.7 ns for the electrical signal and 2.5 ns for the optical signal. Note that while in a logic 0
state, the drive current does not quite go to zero. It is common to provide a small amount
of pre-bias current, typically a few percent of the peak drive current, to keep the LED
forward biased and improve dynamic response.

LASER DIODES

There are two main types of laser diode structures, Fabry-Perot (FP) and distributed
feedback (DFB). DFB lasers offer the highest performance levels and also the highest cost
of the two types. They emit nearly monochromatic light (i.e. they emit a very pure single
color of light) while FP lasers emit light at a number of discrete wavelengths. DFB lasers
tend to be used for the highest speed digital applications and for most analog applications ,
because of their faster speed, lower noise, and superior linearity.

Fabry-Perot lasers further break down into buried hetero (BH) and multi-quantum well
(MQW) types. BH and related styles ruled for many years, but now MQW types dominate.
MQW lasers offer significant advantages over all former types of Fabry-Perot lasers. They
offer lower threshold current, higher slope efficiency, lower noise, better linearity, and
much greater stability over temperature. As a bonus, the performance margins of MQW
lasers are so great, laser manufacturers get better yields, so laser cost is reduced. One
disadvantage of MQW lasers is their tendency to be more susceptible to backreflections.
MQW lasers also perform poorly as detectors, making them ill-suited for ping-pong appli-
cations (described at the end of this chapter).

Most laser diodes used for fiber optic communications incorporate a rear facet photodiode
to provide a real-time means of monitoring the output of the laser. This is necessary
because the threshold current of the laser changes with temperature as does slope
efficiency. (Figure 5.19, later in this chapter, shows these effects.) Vertical cavity surface-
emitting lasers (VCSELSs), discussed later, are one of the exceptions. They have very stable
characteristics over time and often omit monitor photodiodes.

Figure 5.10: Laser
Construction Laser Diode Chip
] l Fiber

|
I [ |
Rear-facet Lens
Monitor Photodiode :

Figure 5.10 shows the typical optical construction of a laser diode. The laser diode chip
emits light in two directions. The light from one end of the laser chip is focused onto the
fiber and provides the useful output. The light from the other end falls on a large area ‘i
photodiode. Usually, this photodiode is mounted some distance from the laser chip and is
angled to reduce backreflections into the laser cavity.

—‘ | ‘.






