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EXPERIMENT 1

FIBER OPTIC DATA LINKS

OBJECT:

To observe and analyze various fiber optic data links when used for both digital and analog data transmission.

EQUIPMENT:

Function generators (Wavetek 186, Tektronix 115, HP 222A)
HP Digital Oscilloscope
2 Fluke 8050A multimeters
Variable D.C. power supply
Fiber optic data links 1) 3 Motorola links

2) Honeywell link
3) Hewlett Packard link
4) 20 MBaud link

THEORY:

The fiber optic data link consists of a transmitter which converts an electrical signal to a light signal, an optical fiber
to guide the light and a receiver which detects the light signal and converts it to an electrical signal.

Light sources are either light emitting diodes (LED's) or laser diodes and detectors are phototransistors or
photodiodes.

The Motorola data links all use the same transmitter with a GaAlAs LED emitting light at a wavelength of 820 nm.
The Motorola 1 receiver has a PIN photodiode detector.  The Motorola 2 receiver uses a phototransistor detector. 
The phototransistor is configured such that when light is incident on the base region a current flows from the
collector to the emitter.  The Motorola 3 receiver uses a photodarlington detector which consists of a second
transistor incorporated into the same substrate as the transistor detector.  The Motorola links are all noninverting data
links.

The Honeywell link uses a GaAlAs LED as emitter at a wavelength of 820 nm and a photodiode detector.  This is a
noninverting link.

The HP link uses a GaAlAs LED in the transmitter and an integrated photodetector and DC amplifier in the receiver. 
This is an inverting data link.

The 20 MBaud data link uses a GaAlAs LED as the emitter and an integrated detector/preamplifier in the receiver. 
This link is noninverting.

All links employ TTL input and have TTL compatible output.

Table 1.1 lists the various links and their optoelectronic components.  Specifications for all optoelectronic
components are in Appendix 1 along with circuit diagrams for the Motorola, HP and 20 MBaud links.  The different
values of collector resistance in the Motorola transmitter are used to regulate the current in the LED.
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Figure 1.1 a) 50/50 duty cycle b) 60/40 duty cycle c) 40/60 duty cycle

Data Link Emitter Detector Fiber

Motorola 1 MFOE71 MFOD71 ESKA SH 4001

Motorola 2 MFOE71 MFOD72 ESKA SH 4001

Motorola 3 MF0E71 MFOD73 ESKA SH 4001

Honeywell HF4102 SE3352 HFD4000 Belden 226101

HP HFBR-0200 HFBR1201 HFBR2201 HFBR-3001

20 MBaud MFOE1200F MF0D2405 Belden 227201

Table 1.1  Data Link Components

The Honeywell system was purchased as an assembled link and the schematic was not supplied.  A unipolar square
wave will be used as input to the data links to simulate digital data.

For experimental purposes maximum bandwidth will be defined as the frequency at which the output (see Figure 1.1) 
duty cycle becomes greater than 60/40 (or less than 40/60) or the frequency at which the output signal no longer
resembles the input signal.
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Figure 1.2 a) non-inverting link b) inverting link

Figure 1.3 a) rise time b) fall time

The delay time (td) and storage time (ts) will be measured for various data links as defined in Figure 1.2 for inverting
or noninverting links.

The rise time (tr) and fall time (tf) will also be measured as defined in Figure 1.3.
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PROCEDURE:

1. Time Measurements and Bandwidth

Using a 5 V square wave with a 2.5 V DC offset set at the suggested frequencies, measure the output voltage (Vout),
delay time (td), storage time (ts), rise time (tr), fall time (tf), duty cycle and bandwidth for the specified links.  Be
careful using the ‘measure risetime’ function- the oscilloscope does not necessarily measure the 63 % risetime but
defaults to a 90/10 risetime.  For the Motorola 2 link use the TTL output and for the HP link, ensure that the switch
is closed.  Some time parameters may be difficult to measure.  It may help to trigger the scope on whatever edge you
are measuring (rising or falling).  The duty cycle can be used to measure the Motorola 2 bandwidth but for the other
links determine the bandwidth from the frequency at which the output signal no longer resembles the input signal.

Suggested Link Vout td ts tr tf duty cycle bandwidth

4 KHz Motorola 2

140 KHz Honeywell

10 KHz HP

140 KHz 20 MBaud
 

Comment on the delay time, storage time and bandwidth for the various links and compare to any theoretical values
available.

For the Motorola 2 (TTL output), vary the transmitter collector resistance and measure the bandwidth.

Collector Resistance Bandwidth

330 S

68 S

33 S

Comment on the effect that changing the collector resistance has on the bandwidth.

2. Observation of Analog Transmission Capability

Analog transmission will be observed using the Motorola transmitter collector resistance set at 68 ohms.   Observing
the analog (A) output of the Motorola 1 receiver, begin with a 500 Hz, 830 mVp.p, 1.1 V DC offset sine wave input
and adjust the amplitude and DC offset until a sinusoid output of greatest attainable amplitude is observed (not
clipped or deformed).  Measure the output amplitude (this will be the reference value.)  Increase the frequency of the
input sine wave until the output amplitude drops 3 dB from the reference value (1//2 of the reference value since 20
log 1//2 = - 3 dB).  The frequency at which the signal has dropped 3 dB is the cutoff frequency.  Record the cutoff
frequency once it is determined.

Follow the same procedure to find the cutoff frequency for the Motorola 3 detector.  Start with a 500 Hz, 210 mVp.p,
1 V DC offset sine wave input.

Comment on the cutoff frequencies and the usefulness of these data links for analog signal transmission.
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3. Observation of Currents

3.1 Motorola Transmitter

Place an ammeter in series with the +5 V supply and the +5 V input on the Motorola transmitter.  Measure the LED
current of the transmitter for each value of collector resistance for both logic one (5 V DC input) and logic zero (0 V
DC input) inputs.

Input 330 S 68 S 33 S

+5 V

0 V

Calculate the average power consumption of the transmitter for each value of resistance.

3.2 Motorola Receivers

Measure the detector currents (ammeter in series with the +5 V supply and the D input on the receiver) for both
levels of input (+5 V and 0 V), for each of the Motorola receivers at each of the three values of transmitter collector
resistance.

Detector Input Voltage 330 S 68 S 33 S

M1 +5 V

 0 V

M2 +5 V

0v

M3 +5 V

0 V

Calculate the average power consumption of each receiver.  Comment on the effect of collector resistance value on
link performance and power consumption.
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3.3 HP Transmitter and Receiver

Measure the supply current (ammeter in series with +5 V supply and +5 V input to transmitter) and LED current
(ammeter connected to ammeter inputs and switch opened) of the HP transmitter for logic one and logic zero inputs. 
Measure the supply current of the receiver for both levels of input (ammeter in series with +5 V receiver input and
+5 V supply).

Input Transmitter
Supply Current

Transmitter
LED Current

Receiver
Supply Current

+5 V

0 V

Compare the LED Current measured to the expected value.

Use the supply current values to calculate the average power consumption of the transmitter and receiver.
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EXPERIMENT 2

FIBER TO FIBER JOINTS AND OTDR

OBJECT:

To learn proper fiber splicing techniques and to become familiar with the use of optical time domain reflectometry in
characterizing optical fibers.

EQUIPMENT:

Oscilloscope (>50 MHz)
50 S in line termination 
Orionics OTDR-102 or OTDR-103A 
Orionics FW-301 or Northern Telecom QSBE1A fusion set
2 Fibers
Tosco cutter
Fiber strippers

THEORY:

1. Fiber to Fiber Joints

The interconnection of fibers in a low-loss manner is of particular importance in fiber optic systems.  The particular
technique used for joining the fibers depends on whether a permanent bond or a demountable connection is desired. 
Permanent bonds are referred to as splices and demountable connections as a connector.

One splicing method is fusion splicing.  In this method the fiber ends are cleaved so that they are flat, perpendicular
to the fiber axis and smooth.  Proper end preparation will  minimize losses due to light being deflected and scattered
at the joint.  The fibers are then aligned, usually with the aid of a microscope, and heated with an electric arc so the
fiber ends are momentarily melted and bonded together.   Fusion splices can be produced with losses of less than
0.25 dB for identical fibers with these splicers.

A popular method for demountable connections is the channel-based connector.  The fibers are permanently fixed in
plastic or metal plugs with the use of retaining clips or springs.  The fiber end face is then cleaved and made flush
with the plug end face.  The two plugs may then be inserted in a connector which accurately aligns the fiber end
faces and allows them to be butt jointed.   Losses of 1-2 dB can be achieved with this method.

2. Optical Time Domain Reflectometry (OTDR)

The OTDR unit operates by periodically launching narrow laser pulses (10-100 ns) into one end of an optical fiber. 
The back scattered signal can then be analysed to determine the position of splices and breaks.  The length,  L, to a
given reflection in the fiber is
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PROCEDURE:

1. Fusion Sets

Identify the type of fusion set you have and read the instructions  pertaining to that set.

Set #1 Northern Telecom QSBE1A Fusion Set

Microscope : 40x focused by sliding up and down its mast or sliding the eye piece in and out.
Fusion Head: V-grooved with fiber clamps to hold fiber
Prefusion Time: Controls the duration of the prefusion cycle
Fusion Time: Controls the duration of the fusion cycle
Arc Power: Controls arc intensity
Enable Switch: Engages the prefusion and fusion switches
Prefusion Switch: Engages the prefusion arc.
Fusion Switch: Engages the fusion arc.
AC Amperes Meter: Indicates current levels.

To place a fiber in the set for viewing, lift the fiber clamp, lay the fiber in the groove and lower the clamp.  The
fusion set should be focused so that the fiber can clearly be seen.  To prefuse and fuse, the enable button must be
held down while the prefuse or fuse button is used.  Fibers must be aligned by hand with this set.
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Set #2 Orionics Model FW-301

Microscope: 17.5x to 105x , focused with focusing dials
Fusion Head: V-blocks with fiber clamps to hold fiber
Left XYZ Position Knobs: Move the electrodes and mirror along three mutually perpendicular axes.
Right XYZ Position Knobs: Move the fiber on the right side along three mutually perpendicular axes.
45° Mirror Control Knob: Positions a 45° mirror to provide two perpendicular views of the held fibers.
Timer/OFF/Manual Switch: Chooses between a timed arc or manually controlled arc.
Time Knob: Controls arc time from 0.1 to 3 seconds.
Start Button: Initiates the arc when in timer mode 
Current Knob: Sets the arc current level.
AC Amperes Meter: Indicates the current through the primary of the high voltage arc transformer.

To place a fiber in the set for viewing, lift the fiber clamps, lay the fiber in the groove and lower the fiber clamps. 
Each side of the fusion head is also equipped with two cable clamps that can be used to secure the fiber.  The fusion
set should be focused so the fiber can clearly be seen.  Once the fibers are in place the right XYZ knobs can be used
to move the right fiber.  The 45° mirror can be used to aid in lining up the fibers in all directions.  To prefuse or fuse
the safety shield must be lowered and the mirror must be removed from the electrode area by turning the mirror
control knob.   Once everything is in place an arc can be applied to prefuse or fuse using the timed controls or
manual controls.
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2. Cleaving the Fiber End

Use whichever method works best for you.  Safety glasses should be worn while cleaving.

Method 1: Use the Tosco cutter, on a hard flat surface, to remove approximately 0.5 cm of fiber.

Use the fiber strippers to remove approximately 5-8 mm of coating from the fiber.

Method 2: Using the fiber strippers, remove approximately 1.5 cm of coating off the end of the fiber.  Place
the exposed fiber perpendicularly across the edge of the Tosco tool.  VERY gently scratch the fiber
on the tool in ONE direction only.

Once the fiber has been etched use your finger to flick the end of the fiber off.
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3. Inspecting the Cleaved End

Place the cleaved fiber in the fusion set to inspect the end.  Once the fiber is placed in the set and is in focus, rotate it
to ensure that an acceptable cleave has been achieved.

If the end is not acceptable, repeat the cleaving procedure.

4. Setting up the OTDR Unit.

Once the fiber end is prepared, place it in the OTDR XYZ positioner.  There is a small dot on the OTDR that the
fiber must be aligned with.  This is NOT a hole, do not try to put the fiber end in it.  Either by hand, or by using a
positioning knob, move the fiber in as close as possible to the surface the dot is on.  The OTDR should have the
pulser ON, the pulse width set at 10 ns and the signal beamwidth set to 5 MHz.

Connect the signal output to one channel of the oscilloscope via a 50 S in line termination.  This channel should be
set for as low a volts/div as possible (typically around 5 mV/div).  If the scope has a x5 or x10 magnification option,
this can also be used.  Connect the pretrig output to another channel on the oscilloscope that can be used as the
triggering source.  A time base of 0.5-2 µsec/div should typically be used (depending on the fiber length).
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Once the scope is set up the OTDR signal power amplitude control should be turned up as high as possible without
causing excessive noise on the oscilloscope.  The display should look like:

Note that the OTDR amplifier is an inverting amplifier, and that the large dip is actually a large spike due to Fresnel
reflection at the air-fiber interface.

The fiber needs to be aligned with the dot on the OTDR unit.  The display on the oscilloscope will waver once you
are close.  If you are adjusting in one direction and are seeing a waver, you may want to switch adjustment
directions.  Adjust the fiber until it is aligned and a peak from the reflection at the other end of the fiber can be seen
on the oscilloscope.  Both ends of the fiber may need to be cleaved to obtain an end reflection.

From the oscilloscope, measure the time between the peaks and using the formula given previously, calculate the
length of the fiber.
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5. Splicing the Fiber

Once both fibers have been prepared and the lengths of both fibers have been established, one fiber must be
prefused.  To prefuse, align one fiber end between the fusion set electrodes.

Once the fiber is aligned between the electrodes:

Set #1 Northern Telecom Set #2 Orionics

With the prefusion time set around 4 seconds
and the arc power at about 4, hold down the
enable button and then hold down the
prefusion button.

Ensure the mirror is removed and the safety
shield is lowered.  Set the time knob to about
1.2 seconds, put Timer/OFF/Manual switch
on Timer, set the current knob to the marked
level and push the start button.

Examine the prefused end to ensure that it is acceptable.  If it is not, prefuse again, or re-cleave and prefuse again, as
necessary.

Once the fiber end is acceptably prefused, the fibers can be aligned for fusing.  (The Orionics set (Set #2) has a 45°
mirror to aid in alignment).
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Once the fibers are aligned they can be fused.  Look at the fibers to ensure fusion is taking place as you follow the
suggested instructions below:

Set #1 Northern Telecom Set #2 Orionics

With the fusion time set around 1.5 seconds
and the arc power at about 5, hold down the
enable button and press and hold down the
fusion button 5 times to supply 5 continuous
pulses.

Ensure the mirror is removed and the safety
shield is lowered. Set the time knob to about
1.2 seconds, put Timer/OFF/Manual switch on
Timer, set the current knob to the marked level
and push the start button 5 times to supply 5
continuous pulses.

Once the fusion is complete, the joint should be rotated and inspected to ensure that there is not excessive necking,
trapped bubbles, cracks or gaps.  Slight necking is normal but entrapped bubbles are not acceptable.

If it seems as though more fusion is needed, do so as seems necessary until you have an acceptable joint.

Once a successful splice has been achieved, place the spliced fiber in the OTDR unit and measure the length.  The
spliced length should be the sum of the previous two lengths.  If it is not, the splice was not successful.  If this is the
case, the splice needs to be broken, the fiber ends re-cleaved and the splicing procedure repeated.
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Figure 3.1 acceptance angle and light propagation

EXPERIMENT 3

NUMERICAL APERTURE

OBJECT:

Tracing the angular radiation (or reception) pattern of an optical fiber to determine its numerical aperture.

EQUIPMENT:

KOP-100 fiber optics kit
X-Y recorder
2 Fluke 8050A multimeters

THEORY:

The numerical aperture of a step-index fiber is the sine of the maximum acceptance angle of the fiber.  Numerical
aperture is also defined as the solid angle which encloses 90 % of the total emitted power of the fiber.

Figure 3.1 illustrates light propagation in an ideal step index fiber.  From ray optics theory numerical aperture is
defined as
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Since a fiber's acceptance and emission patterns are the same, the numerical aperture of a fiber can be experimentally
determined by measurement of the emission pattern of the fiber.  The radiation pattern can be expressed as

where Io is the energy intensity on the symmetry axis and  I(2) the energy intensity measured at an angle 2 from the
axis.

The total power intercepted within a cone of half angle 21 is

The total power emitted within a solid angle 2B (i.e.  21 = B/2) is

By definition N.A. is equal to the solid angle enclosing 90 % of the emitted power so

and in general m >> 1 so that

and

where 21 is the angle associated with intensity equal to 10 % of the maximum.  Therefore by definition.

In practice the launch N.A. in a multimode fiber tends to be greater than the equilibrium numerical aperture, N.A.eq. 
The N.A.eq is attained after the launched modes have reached equilibrium.  The value of N.A.eq, therefore, is the
important characteristic when considering launched optical power.
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Figure 3.2 analysis of a radiation pattern

The method of determining N.A. will be to inject light into fibers of increasing length and measure their radiation
patterns.  The value of 21 can be determined from the radiation pattern since the ratio of the angle at I(21) to the
angle between the endpoints in degrees is proportional to the same ratio in centimeters (see Figure 3.2) .

Once the value of 21 is determined, the N.A. can easily be found.  A graph of N.A. versus fiber length will be used to
determine N.A. eq..

PROCEDURE:

Set the MOD-DIR switch at DIR at GAIN at X10.  Connect the TIL24 LED(12) to the TRANSMISSION output and
the PIN photodiode (14) to the PIN input.

Install the PIN photodiode on the X-Y mechanical stage and screw the TIL24 LED to the L bracket  (18) mounted on
the turntable.  The L bracket should be mounted so the LED faces the PIN detector.  Adjust the X-Y stage for a 5 cm
separation between the LED and the detector.  Set the variable DC power supply to 4 V and connect it to the
TRANSMISSION input.  Turn the electronics module on.  Connect the ROTATION and PREAMP outputs to
voltmeters.  The ROTATION output is proportional to the angular rotation of the turntable (10 mV/degree).  Adjust
the height of the X-Y stage to get maximum PREAMP signal at zero degrees rotation angle.  Connect the
ROTATION and PREAMP outputs to the X and Y inputs of the recorder respectively (see Figure 3.3).  Record the
angular radiation pattern of the TIL24 LED from -90 to +90 degrees (Z=90°), or as close to -90 to +90 degrees as
possible .
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Figure 3.3 equipment connections
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Remove the LED from the L bracket.  Connect one end of the 0.5 m F2 fiber to the LED and the other to the bracket. 
Maximize the PREAMP output as before.   Record the angular radiation pattern of the fiber from -90 to +90 degrees. 
Determine the fiber numerical aperture using the method described in the theory.  Repeat the above procedure for the
1.0 m F3 fiber.

Adjust the X-Y stage for a 3 cm separation between the LED and detector.  Maximize the PREAMP output. 
Connect the 2.0 m F4 fiber to the LED and bracket.  Record the angular radiation pattern of the fiber from -60 to +60
degrees and determine its numerical aperture.

Adjust the X-Y stage for a 2 cm separation.  Maximize the PREAMP output.  Record the angular radiation pattern of
the 4.0 m F5 fiber from -60 to +60 degrees and determine its numerical aperture. 

Draw a graph of numerical aperture vs. fiber length.

Questions:

1. For a core refractive index of 1.6 and cladding refractive index of 1.526 calculate the fiber N.A.
2. Compare the value calculated above with the graphical results obtained in the experiment.
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Figure 4.1 a) lateral (axial) b) longitudinal (end separation) c) angular

Figure 4.2 lateral misalignment: a) side view b) end view

EXPERIMENT 4

MISALIGNMENT LOSSES

OBJECT:

Determination of connecting losses due to lateral misalignment, longitudinal displacement, and angular misalignment
of fiber cores.

EQUIPMENT:

KOP-100 fiber optics kit
2 Fluke 8050A multimeters

THEORY:

When joining two fibers, either with a splice or a connector, losses due to misalignment will occur.  The three types
of misalignment are: lateral misalignment (also called radial or axial misalignment), longitudinal (end) displacement,
and angular misalignment.

1. Lateral Misalignment

Lateral misalignment is the separation of the axes of the fibers by a distance d as shown in Figure 4.2.
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Figure 4.3 connecting losses vs ratio d/D

This displacement reduces the amount of overlap of the two fiber end faces and therefore the amount of power
coupled from one fiber to the other.  For multimode, step-index fibers of identical numerical aperture and radius a, a
reasonable approximation is that the optical power coupled from one fiber to the other is proportional to the core
area common to both fibers.

The common area can be calculated as

and the total area of an end face is At = Ba2        (m2)

so that coupling efficiency (0LAT) is

and losses due to lateral misalignment are
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Figure 4.4 longitudinal displacement: (a) side view (b) end view

2. Longitudinal Displacement

Longitudinal displacement is the separation of the two end faces of the fibers by a gap s.  The emitting fiber radiates
in a solid angle of which only a portion is intercepted by the receiving fiber.  The amount of light received is
dependent on both the fiber's acceptance angle (2a) and on the length of the gap, s.  See Figure 4.4.

Assuming, as in the previous case, the fibers are multimode step-index type, and ignoring Fresnel reflections, a
reasonable approximation is that the optical power coupled is a ratio of areas.

The loss due to longitudinal displacement is
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Figure 4.5 connecting losses due to core separation vs ratio s/D

Figure 4.6 angular misalignment

Longitudinal displacement losses can be greatly reduced with the use of an index adaptation liquid as observed in
experiment 5.

3. Angular Misalignment

The third type of mechanical misalignment is angular misalignment.
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Figure 4.7 connecting losses vs alignment angle

Using the same assumptions as in the previous cases the loss due to angular misalignment has been shown to be

where 2  = angular displacement in radians

n1  = core refractive index

n  = surrounding medium refractive index

) = refractive index difference
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Figure 4.8 lateral misalignment approximation

PREPARATION:

1. Calculate the theoretical loss due to lateral misalignment of 0 to 1.4 mm.  Graph this as loss, in dB, versus
the ratio d/D, where d is the lateral offset and D is the core diameter (1.42 mm).

2. Calculate the theoretical loss due to angular misalignments of 0 to 30 degrees.  Graph this as loss, in dB,
versus angle of misalignment.

PROCEDURE:

1. Losses due to Longitudinal Displacement

Set the MOD-DIR switch at DIR and GAIN at X1.  Connect the TIL24 LED to the TRANSMISSION output and the
PIN photodiode (14)  to the PIN input.  Connect the 0.5 m F2 fiber (2) to the LED and the pigtail fiber (8) to the
photodiode.  Install the L shaped bracket (18) on the turntable such that at zero degrees rotation the connector is on
the edge of the turntable.  Connect the F2 fiber to the L bracket.  Insert the pigtail fiber (8) into the mounting block
(16) on the X-Y mechanical stage and secure it with a set screw.  Adjust the X-Y stage to bring the two fiber end
faces together.  Set the DC power supply at 4 Volts and connect it to the TRANSMISSION input.  Turn the KOP-
100 electronics module on.  Connect the PREAMP output to the multimeter and adjust the X-Y stage to obtain
maximum output as close to zero degrees rotation as is possible.  Connect the TRANSLATION output to the other
multimeter (see Figure 4.9). This voltage is proportional (1V/cm) to the horizontal position of the X-Y stage. 
Record the PREAMP output for a 0-7 mm range of fiber separation.  Plot the loss in dB versus fiber separation (s/D)
where D is the fiber diameter (1.42 mm).

Since the detector output voltage is directly proportional to optical power, the use of the following equation is
appropriate, where V0 is the voltage measured at 0 separation and Vi is the new voltage reading at each subsequent
measurement:

2. Losses due to Lateral Misalignment

Adjust the X-Y stage for 0.5 mm separation between the fibers.  Connect the ROTATION output to the multimeter
(see Figure 4.10).  This output voltage is proportional (10 mV/degree) to the angular rotation of the turntable. 
Record PREAMP output for angular rotations of 0.3, 0.6, 0.9, 1.2, 1.5 and 1.8 degrees in the positive (clockwise)
direction.  Rotate the turntable approximately 0.3 degrees past the desired point and then return to the desired point
before recording the PREAMP output.  For this part of the experiment the following method of approximating the
lateral misalignment, d, will be used:
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The distance L (4 cm) from the rotation axis to the transmitting fiber end is large relative to the lateral displacement,
d, so 

where ", in radians, is the angular displacement of the turntable.

Calculate the lateral displacement, d, for the degree of rotation in each case above.  Plot loss in dB versus d/D, where
D is the fiber diameter (1.42 mm).  Compare these results to theory.

3. Losses Due to Angular Misalignment

Remove the L bracket from its position and reinstall it so the connector is above the center of the turntable (see
Figure 4.11) .  Adjust the X-Y stage for 0.5 mm separation between the fibers.  Adjust the stage as in part 1 for
maximum PREAMP output at zero degrees rotation.   Record the PREAMP output for rotation of 0 to 30 degrees. 
Calculate the losses due to angular misalignment.  Plot loss, in dB, versus angle and compare with the theoretical
values.
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Figure 4.9 equipment connections for part 1
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Figure 4.10 equipment connections for part 2
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Figure 4.11 equipment connections for part 3
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Figure 5.1 coupling length (unconstant ")

EXPERIMENT 5

LINEAR ATTENUATION

OBJECT:

To determine the linear attenuation of an optical fiber at wavelengths of 650 nm and 940 nm.

EQUIPMENT:

KOP-100 fiber optics kit
1 Fluke 8050A multimeter

THEORY:

The fibers in the KOP -100 kit are of the step index type.  The core refractive index is 1.6 and the core diameter 1.42
mm.  These are multimode fibers.  Multimode fibers have several advantages for the laboratory set-up; the ease with
which power can be launched into them, ease of interconnection, and the fact they can be excited using a LED which
is the type of emitter used in the KOP kit.

One of the most important characteristics of the optical fiber is the attenuation of the optical signal as a function of
distance traveled in the fiber.  The basic mechanisms of attenuation are absorption, scattering and radiative losses. 
Both absorption and scattering are wavelength dependent and therefore the fiber attenuation will be also.

The excitation of a multimode fiber causes the energy to be distributed in several modes.  Several hundred modes
can be set up in the fiber immediately adjacent the optical source.  However, not all of the modes will travel the
entire length of the fiber.  The input of the fiber plus a coupling length (Lc) can be thought of as a transition region
up to where the mode distribution comes to a steady state.  In this region, attenuation will be a function of length,
and, beyond this region, attenuation per meter will be a constant.  See Figure 5.1.
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Figure 5.2 power incident on incremental length of fiber

The attenuation coefficient (") will be used to express the rate of diminishment of average power with respect to
distance along the fiber.

The differential method will be used in this experiment to determine the total fiber attenuation per unit length.

Suppose that an amount of optical power P(x) is incident on the incremental portion of length )x.  The amount of
energy diffused and absorbed is statistical and is proportional to P(x) and )x so

where " is the attenuation coefficient.  This can be written as

Solving for P(x) gives

assuming that measurement takes place beyond coupling length (Lc) and therefore " becomes a constant.

Solving for " we obtain

where x1, x2 are in meters, and the power attenuation per meter is

The PREAMP output on the KOP-100 module is a voltage proportional to the optical power incident on the PIN
diode and therefore may be substituted for P(x) in order to determine ".
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PROCEDURE:

1. Linear Attenuation at 940 nm.

Connect the variable DC power supply to the electronics module.  Set the MOD-DIR switch on the electronics
module to DIR. Set GAIN at X1.  Connect the TIL24 LED (12) to the transmission output and the PIN photodiode
(14) to the PIN input.  Connect the F1 fiber (1), to the TIL24 LED using a male-male fiber connector.  Connect the
1.0 meter long F3 fiber (3) between the F1 fiber (using a connector) and the photodiode.  Set the variable DC power
supply at 3 Volts and connect it to the transmission input.  This voltage is the LED intensity modulation signal.  Turn
the KOP-100 electronics module on.  Measure the PREAMP output with the multimeter.  Replace F3 with the 2, 4
and 6 m fibers (F4(4), F5(5), F6(6)) respectively and record the PREAMP output for each (see Figure 5.3).   Plot the
results on semi-log graph paper: normalized amplitude (for the semilog axis) vs fiber length (linear axis). Calculate
linear attenuation, ", in dB/m for both the transition region and the steady state region as determined graphically. 
Compare these values and comment on any differences between them.

2. Linear Attenuation at 650 nm.

Set GAIN at X10.  Set the DC supply at 4 Volts.  Connect the TIL221 LED(13) to the power supply.  Note the
proper polarity for the LED connection (red +, black -).  Connect the F1 fiber to the TIL221.  Proceed as in Part 1 to
measure the PREAMP output for the 1, 2, 4, and 6 m fibers (see Figure 5.4).  Plot the results as in Part 1 to
determine the two regions and calculate values for " for each range.  Comment on any differences.
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Figure 5.3 equipment connections for part 1
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Figure 5.4 equipment connections for part 2
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Figure 6.1 Emission and acceptance angle differences

Figure 6.2 emission pattern

EXPERIMENT 6

INJECTION LOSSES

OBJECT:

To determine the coupling efficiency between an emitter and an optical fiber.  To determine the half power
beamwidth for the TIL24 LED.

EQUIPMENT:

KOP-100 fiber optics kit
HP 7045A X-Y recorder
2 Fluke 8050A multimeters

THEORY:

Injection losses occur at the coupling of an emitter and an optical fiber.  Injection losses are due to the loss of optical
power which radiates outside of the fiber’s acceptance cone.

The radiation pattern of a LED can be expressed as

where Bo is the radiance on the symmetry axis and B(2) the radiance at an angle 2 from the axis.
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For the step-index fiber, assuming perfect coupling, the coupled power (PF) can be found by integrating the radiance
from a point source over the solid acceptance angle of the fiber and then integrating over the emitting area.  For a
Lambertian emitter

where rs  = source radius (rs < a)

a  = fiber core radius

2a = fiber acceptance angle

2s  = source angle

The total emitted power (PS) is

and coupling efficiency (0c) is found to be

For a non-Lambertian source (m¥1) using the same method as above

The method to be used in the experiment consists of plotting the angular emission pattern of a LED and of a short
length of fiber (to minimize attenuation).  The two patterns can then be used to calculate coupling efficiency.

The half power beam width (full width at half maximum) of a light source is the total angle subtended between the
two points where light intensity is one half the maximum intensity (i.e. on the symmetry axis, 2 = 0°).
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Figure 6.3 radiation pattern of emitted optical power

21/2 is the half-angle at half power: the half power beamwidth is thus 221/2.   Once 21/2 is known, m can be found
from:

Following the analysis of Lab 3, 2a can be obtained from the fiber radiation pattern as before.

Once m and 2a are known the couping efficiency, 0c can be calculated.
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PROCEDURE:

1. Set the MOD-DIR switch at DIR and GAIN at X10.  Connect the TIL24 LED (12) to the TRANSMISSION
output and the PIN photodiode (14) to the PIN input.  Install the TIL24 LED on the L bracket (18) mounted on the
turntable.  Fasten the PIN photodiode to the mounting block (16) mounted on the X-Y mechanism.  Set the variable
DC power supply at 3 volts and connect it to the TRANSMISSION input.  Turn the KOP-100 module on.  Position
the DETECTOR approximately 4 cm from the LED.  Observe the PREAMP and ROTATION outputs with the
multimeters.  The ROTATION output is proportional to the angular rotation of the turntable (10 mV/degree).  Adjust
the height of the X-Y mechanism so that maximum PREAMP signal is measured as close as possible to zero degrees. 
Connect the ROTATION output and the PREAMP output respectively to the X and Y inputs of the recorder (see
Figure 6.4).    Record the angular emission pattern of the LED from -90 to +90 degrees.   Determine the LED half
power beam width, 221/2.

2. Connect the F1 Fiber (1) to the LED and to the L bracket (see Figure 6.5).   Record the angular emission pattern
of the fiber.  Use the two patterns to calculate coupling efficiency, 0c.

Questions:

1. Given that the half-power beam width of the TIL24 LED is 35 degrees (21/2 = 35°/2) calculate the "m"
value which characterizes the LED emission pattern.

2. Use the "m" value to calculate the theoretical coupling efficiency of the LED and fiber and compare this to
the value found in the experiment (n1 = 1.6, n2 = 1.526).
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Figure 6.4 equipment connections for part 1
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Figure 6.5 equipment connections for part 2
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Figure 7.1 the dielectric interface

(1)

EXPERIMENT 7

CONNECTOR LOSSES

OBJECT:

Measurement of the losses associated with a coupling connector.  Also to verify the influence of the condition of
fiber end surfaces, and index adaptation liquid, on connector losses.

EQUIPMENT:

KOP-100 fiber optics kit
Index adaptation liquid (glycerine)
Fluke 8050A multimeter

THEORY:

1. Connector Losses

The connector is a temporary mechanical means of joining two optical fibers.  An understanding of the losses in a
connector is necessary as connectors are widely used in optical communication links.  Losses in a connector are due
to many factors.  Losses due to reflection at a dielectric interface will be examined in this experiment.

From previous transmission theory and with reference to Figure 7.1 reflection and transmission coefficients, D and J,
respectively can be found.

Solving for the boundary conditions it is found that 

where 0 = intrinsic impedance of the medium.



44

(2)

(3)

(4)

(5)

Figure 7.2 effect of index adaptation liquid

In fiber optics the index of refraction, n, is the defining characteristic of a medium and is related to the intrinsic
impedance as follows

Substituting equation (2) into equation (1) gives

Relating this to power

and the power loss at one interface is defined as

and since

then

2. Effects of Polishing and Index Adaptation Liquid

Polishing ensures a clean flat surface free of residual particles at a fiber end and increases the amount of power
coupled at a connector.  The use of an index adaptation liquid reduces fiber separation loss by reducing the beam
divergence.
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Figure 7.3 polishing techniques

PROCEDURE:

1. Influence of Polishing

Set the MOD-DIR switch to DIR and GAIN at X1.  Connect the TIL24 LED(12) to the transmission output and the
PIN photodiode (14) to the PIN input.  Connect the F1 fiber to the TIL24 LED.  Connect the 10 cm unpolished fiber
F7(7) between the F1 fiber and the PIN photodiode.  Use only two turns of the retaining cap on the PIN receptacle. 
Set the variable DC supply at -1 Volt and connect it to the TRANSMISSION input.  This is the bias voltage for the
LED.  Turn the electronics module on.  Measure the PREAMP output with the multimeter (see Figure 7.4) and
record.  This voltage is proportional to the optical flux at the detector.  Disconnect the unpolished fiber F7 and polish
both endfaces.

Fiber Polishing

Place the #400 silicon carbide medium grade finishing paper on a firm flat surface.  Hold the fiber firmly and
upright.  Trace circular figures on the #400 paper with the fiber end face approximately 25 times.  Clean the fiber
end.  Repeat the above procedure with #600 paper.  Place a small quantity of polishing powder on the felt polishing
fabric.  Add a drop of distilled water and polish as above until the fiber end has a glossy finish.

Reconnect the F7 fiber and measure the PREAMP output.  Calculate the gain, in dB, due to polishing.

2. Loss due to the Optical Connector

Remove the F1 fiber and connect the F7 fiber directly to the LED.  Record the PREAMP output.  Calculate the loss,
in dB, due to the connector.

3. Gain Due to Index Adaptation Liquid

Reconnect the F1 fiber to the LED and the F7 fiber.  Measure the PREAMP output.  Place a small amount of
glycerine into the connector between fibers F7 and F1.  Reconnect the fibers and measure the PREAMP output. 
Calculate the gain, in dB, due to the use of the index adaptation liquid.

Questions:
1. Calculate the expected loss due to one fiber to fiber connector.  The refractive index of the fiber core is 1.6. 

Compare this to the result found in part 2 above.  Comment on any discrepancy.
2. Calculate the expected connector loss when index adaptation liquid is used.  The refractive index of

glycerine is 1.47.  Compare this to the experimental result.

Note: When the experiment is completed both ends of fiber F7 should be rubbed with #400 paper to restore them
to their original state.  The connector and fiber ends should be cleaned of index adaptation liquid.
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Figure 7.4 equipment connections
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EXPERIMENT 8

CHARACTERISTICS OF A LED

OBJECT:

Determination of the characteristic curve of a LED.  Measurement of the LED electro-optic response time and of the
junction and case thermal time constants.

EQUIPMENT:

KOP-100 Fiber Optics Kit
Function generator
Oscilloscope
2 Fluke 8050A multimeters
HP 7045A X-Y recorder

THEORY:

1. Characteristic Curve of the TIL24 LED

The characteristic curve of output power versus input current for a LED is linear over a suitable range of current for
a particular LED.   This range generally extends from a few milliamperes up to approximately 50 milliamperes for a
LED without a heatsink, or up to 150 milliamperes for a LED with a heatsink.  At lower currents the electron-photon
conversion efficiency is low while at higher currents a saturation phenomenon occurs due to the heating of the
semiconductor.

Experimentally the optical power emitted from the LED will be measured with the PIN photodiode, the current of
which is proportional to the incident optical power.  This current is then fed to a current-to-voltage converter.  The
converter output is thus proportional to the optical power.  The biasing circuit for the LED, internal to the KOP-100
module is configured such that the LED current, ILED, can be expressed as

where VT is the TRANSMISSION input voltage.

2. Electro-optic Time Constant

The electro-optic time constant, J, of a LED is the time for the LED current, and thus the optical power emitted, to
reach 63 percent of it’s maximum value.  This response time is very important when determining the maximum
bandwidth for which the LED is modulable.  The cutoff frequency of a LED is expressed as

Experimentally the method used to measure the electro-optic time constant will be to apply a 3 V pulse to the LED
bias circuit and measure the time constant of the signal from the detection circuit.  This value is a very close
approximation of the LED time constant since the time constant of the photodetector is much smaller (.5 ns).



48

Figure 8.1 electro-optic time constant

Figure 8.2 junction thermal time constant

3. Thermal Time Constants

The LED external efficiency is dependent upon temperature.  Therefore it is important to know the thermal
characteristic of the LED.  If a high level square current pulse is applied to the diode the emitted optical power will
vary with time as a result of the temperature rise caused by the power dissipated in the junction.  This temperature
rise subsequently lowers the electron-hole pair recombination efficiency.  Therefore the junction takes a certain
amount of time to reach its equilibrium temperature and recombination efficiency.

The measurement method shall consist of applying a square wave of low frequency to the LED bias circuit and
measuring the time for the output pulse of the detector to diminish by 63 % of the difference between the peak value
and the equilibrium value.  This time is JJ the junction thermal time constant.

The LED case and mounting also take a relatively long time after the application of a current step to reach their
thermal equilibrium.  To determine the case time constant a current step will be applied to the LED bias circuit and
the case thermal time constant, Jc, is measured in the same manner as the junction thermal time constant above.
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Figure 8.3 case and mounting thermal time constants

PROCEDURE:

1. Characteristic Curve of the TIL24 LED

Set the MOD-DIR switch at DIR and GAIN at X1.  Connect the TIL24 LED (12) connector to the TRANSMISSION
output and the PIN photodiode connector (29) to the PIN input.  Connect the 1 m F3 fiber (3) between the LED and
the PIN photodiode.  Connect the variable DC supply to the TRANSMISSION input.  Monitor the PREAMP output
voltage, Vs, with the multimeter.  Vary the input voltage, VT from -3 V to +3 V while recording Vs (see Figure 8.4). 
Using the equation given in part 1 of the theory to calculate ILED plot results as Vs versus LED current, ILED. 
Comment on the linearity of the LED output power versus input current.

2. TIL24 Electro-optic Time Constant

Connect the PIN photodiode connector to the DETECTOR input.  Set the Transistor-Diode switch at Diode and
connect the LED directly to the PIN photodiode.  Apply a 1 kHz, 3 V pulse at the TRANSMISSION input.  Observe
the DETECTOR output with the oscilloscope (see Figure 8.5).  Measure the electro-optic time constant, J.  Calculate
the LED cutoff frequency, fc.  Adjust the function generator to provide a 3 V peak-peak, 1 kHz sinewave and use this
as the TRANSMISSION input.  Measure the DETECTOR output at 1 kHz.  This will be the reference  value (0 dB
maximum value).  Increase the frequency until the DETECTOR output has dropped by 3 dB (1//2 of the maximum
value since 20 log 1//2 = - 3 dB).  Record the cutoff frequency, fc.  Compare the cutoff frequency measured with that
calculated above.

3.1 Junction thermal time constant

Connect a 10 Hz, 6 V peak-peak square wave to the TRANSMISSION input.  Observe the DETECTOR output on
the oscilloscope and measure the junction thermal time constant, JJ (see Figure 8.6a).

3.2 Case and Mounting Thermal Time Constant

Connect the DETECTOR output to the y input of the X-Y recorder. Use the recorder’s X time base option of about
5 sec/inch or whatever seems suitable.  Just after starting the recorder a 4 V step input should be applied to the
transmission input.  To do this, the variable DC supply should be set to 4 V and quickly plugged in after the recorder
has started (see Figure 8.6b).  The recorder may jump back to the start of the page but it must be left running until it
reaches an equilibrium value.  From the plot measure Jc, the LED case and mounting thermal time constant.
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Figure 8.4 equipment connections for part 1
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Figure 8.5 equipment connections for part 2
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Figure 8.6 equipment connections for a) part 3.1 b) part 3.2
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Figure 9.1 photodetector time constant

EXPERIMENT 9

PHOTODETECTOR CHARACTERISTICS

OBJECT:

Measurement of the time constants and relative sensitivities of a phototransistor and a photodiode.  Measurement of
the linearity of a photodetector.

EQUIPMENT:

KOP-100 Fiber Optics Kit
Function generator
Oscilloscope
Fluke 8050A multimeter

THEORY:

Photodetectors are devices which sense incident optical power and convert this varying signal into a correspondingly
varying electric current, by means of electron-hole pair generation.  The photodetector time constant is a function of
the carrier travel time within the depletion region.  It depends upon the depletion zone thickness and carrier velocity.

The two main classes of photodetectors are photodiodes and phototransistors.   The photodiode is configured such
that only the reverse-biased collector-base junction is used, the emitter lead is left open. When light is incident upon
the base region a current is generated in the diode.  In the phototransistor the emitter forms part of the circuit and
thus the photocurrent generated by the collector-base junction is amplified by the transistor current gain $.  Thus the
sensitivity of the phototransistor is much higher than that of the photodiode due to the forward current gain. 
However, the addition of the second junction (base-emitter) increases carrier transit time and therefore the
phototransistor has a much longer time constant than the photodiode.

Another important characteristic of the photodetector is linearity.  The photodetector must have a wide range over
which the photocurrent generated varies linearly as a function of the incident optical power.

Experimentally, a step input of light will be applied to the photodetector and its time constant (0-63 %) measured at
the detector output using the oscilloscope.
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The relative sensitivities of the phototransistor and the photodiode will be compared by applying a constant voltage
to the input of the transmission module and observing the magnitude of the output signal.

The linearity of the PIN photodiode will be determined by measuring the output signal for the photodiode as a
function of its separation from a light source.  Since the light source used approximates a point source its
illumination varies in an inverse square law.  Photodiode linearity can then be evaluated by graphing the
measurements on a log-log chart.  Theoretically, the results should then be a straight line of slope -2.

PROCEDURE:

1. Relative Time Constants of a Phototransistor and a Photodiode.

Set the MOD-DIR switch at DIR.  Connect the TIL24 LED (12) to the TRANSMISSION output.  Connect the
TIL99 photodetector (15) to the DETECTOR input.  Set the TRANSISTOR-DIODE switch at TRANSISTOR to use
the detector as a phototransistor.  Interconnect the LED and detector using the 1 m long F3 fiber (3).  Turn the KOP-
100 module on.  Set the function generator for a 3 V peak-peak square wave a 1 kHz.  Connect it to the
TRANSMISSION input.  Observe the DETECTOR output on the oscilloscope (see Figure 9.2).   Measure the
detector time constant, J.  Set the TRANSISTOR-DIODE switch at DIODE to use the detector as a photodiode. 
Connect the LED directly to the detector (remove the F3 fiber).  Measure the photodiode time constant.  Compare
the two time constants relative to those given in the data sheets.

2. Relative Sensitivities of a Photodiode and a Phototransistor

Set the DC supply at 2 V and connect it to the TRANSMISSION input (see Figure 9.3).  Note the DETECTOR
output amplitude (VOD).  Change the switch setting from DIODE to TRANSISTOR.  Note the new value of the
output signal (VOT).   Comment on the relative sensitivities of  the two configurations.

3. Determining the Linearity of a PIN Photodiode

Set the GAIN at X10.  Connect the PIN connector (29) to the PIN input.  Connect one end of the F3 fiber to the LED
and connect the other end to the L bracket (18) mounted on the turntable.  Install the PIN photodiode (14) on the
mounting block installed on the XY mechanism.  Apply a 3 V signal at the TRANSMISSION input (see Figure 9.4). 
Adjust the turntable and the XY mechanism to have a maximum output signal for 0° angle of rotation, while fiber to
detector separation is 2 cm.  Vary the separation, s, from 2 cm to 11 cm (in 1 cm increments, the TRANSLATION
output is proportional (1 V/cm) to the position of the X-Y stage) and record the output signal amplitude, VOUT. 
Graph the results as log VOUT versus log s.  Comment on the linearity of the PIN photodiode.
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Figure 9.2 equipment connections for part 1
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Figure 9.3 equipment connections for part 2
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Figure 9.4 equipment connections for part 3
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EXPERIMENT 10

TRANSMISSION OF INFORMATION
OBJECT:

To compare the operation and dynamic range of a pulse-width modulated and an amplitude modulated data
transmission system.

EQUIPMENT:
KOP-100 Fiber Optics Kit
Oscilloscope
Function Generator
Fluke 8050A multimeter

THEORY

Two methods of data transmission using the KOP-100 module will be observed, pulse-width modulation (PWM) and
intensity modulation (IM).

For PWM data transmission the input signal (Vin) is fed to a modulator which generates a train of constant frequency,
constant amplitude, duty-cycle modulated rectangular pulses.  These pulses are converted to light pulses by a LED
and transmitted along a fiber.  The photodetector signal is fed into a current to voltage converter, the output of which
feeds a demodulator. The demodulator output signal's amplitude (Vout) and pulse width are proportional to the input
signal.  Because of its characteristics a constant strong output signal is obtained but is abruptly cut off if the input
signal becomes too weak.

For IM transmission the input signal  (Vin) directly modulates the LED current and therefore the optical signal.  The
photodetector then converts the optical signal to a current which is fed into a current to voltage converter.  This
output drives a loudspeaker.  The key difference between the two systems is that the amplitude of the electrical signal
driving the LED is constant in the case of PWM but is variable for the direct (IM) transmission.

PROCEDURE:

1. Pulse width and Amplitude Modulation of the Input Signal.

Set the MOD-DIR switch at MOD and gain at X1.  Connect the TIL24 LED (12) to the transmission output and the
PIN photodiode (14) to the PIN input.  Connect the 1 m long fiber F3 (3) between the LED and the detector.  Set the
variable DC supply at 2 Volts and connect it to the TRANSMISSION input.  Turn the KOP-100 module on. 
Measure the pulse width (W) at the PREAMP using the oscilloscope and signal amplitude (A) using the multimeter
(see Figure 10.1). Vary the voltage from +2 to -2 Volts in 0.5 V increments.  P1ot pulse width and demodulated
signal amplitude vs input voltage.  Comment on the linearity of the PWM system.

2. Comparison of the Dynamic Ranges of  the Pulse-Width Modulated Transmission System and of the
Intensity Modulated Transmission System.

Connect the earphone to the AMP output.  Adjust the function generator for a 200 mV peak-peak sinewave at 1kHz. 
Disconnect the fiber from the photodetector and mount it on the L bracket on the turntable.  Mount the PIN
photodiode on the X-Y mechanical stage (see Figure 10.2).  Align the fiber and the PIN photodiode.   Measure the
maximum fiber to detector separation for which the signal is still audible.  Also monitor the AMP output on the
oscilloscope.   Set the MOD-DIR switch at DIR.  Measure the maximum fiber to detector separation for which the
signal is still audible.  Monitor the AMP output as above.  Comment on the dynamic ranges of the two transmission
systems.  Which is the preferred system?
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Figure 10.1 equipment connections for part 1
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Figure 10.2 equipment connections for part 2
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KOP-100 Fiber Optics Module

Important Characteristics of the Principle Elements

1. Fiber

-plastic core and cladding
-step index type
-NA: 0.48
-core refractive index: 1.6
-cladding refractive index: 1.526
-core diameter: 1.42 mm
-cladding diameter: 1.52 mm

2. TIL24 LED

-peak emitting wavelength: 940 nm
-spectral bandwidth: 50 nm
-half power angle: 35°
-output flux at 50 mA: 7 mW/sr
-maximum current: 100 mA

3. TIL 221 LED

-peak emitting wavelength: 650 nm
-maximum current: 50 mA

4. C 30808 PIN Photodiode

- photosensitive surface area: 5 mm2

-spectral response (10 %): 400 to 1100 nm
-sensitivity: 0.6 A/W at 900 nm
-dark current: 30 nA
-quantum efficiency: 80 % at 900 nm
-risetime: 5 ns at 900 nm

5. TIL Phototransistor

5.1 Phototransistor configuration

-photocurrent: 5 mA at 20 mW/cm2

-risetime: 8 µs
-falltime: 6 µs
-hfe: 200

5.2 Photodiode configuration

-photocurrent: 40 µA at 20 mW/cm2 
-risetime: 350 ns
-falltime: 500 ns
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KOP-100 parts list
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