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This paper describes an optical-frequency pulse-position-modulation
experiment using a Gads luminescent diode as the source and either a
PIN or an avalanche photodiode as the detector. The experimental system
transmits an audio band from 300 Hz to 3.4 kHz at an 8-kb/s repetition
rate. Timing synchronization between the transmitter and receiver has been
accomplished by two methods: by transmitting a separate clock signal and
by recovering the timing from the PPM signal itself. Data show, with each
scheme, peak-signal-to-RMS-noise ratios of 70 dB can be achieved with the
required average optical power at the receiver being — 7?8 dBm with a PIN
detector and —88 dBm with an avalanche detector.

I. INTRODUCTION

Recent advances in low-loss optical fibers,! in solid-state photode-
tectors,? and in optical-frequency (0.r.) power sources** have stimu-
lated interest in 0.F. communication systems for numerous applications.
Pulse-position modulation (ppm) is particularly attractive for o.¥. com-
munications because the optical energy source can be operated at a
low, message-independent, duty cycle to extend the lifetime of the
device, and the technique affords a high noise immunity to the types
of noise that dominate in a well-designed optical receiver. By employ-
ing a short pulse width and thereby expanding the bandwidth of the
transmitted signal, the effect of detector leakage noise (dark current)
and some forms of amplifier noise are reduced.

This paper describes an experiment performed to evaluate the per-
formance that can be achieved in transmitting a single message channel
by means of optical ppm.* Included are descriptions of the following:

*In an independent work (Ref. 5), a transmitter and receiver are described for
an optical PpM system in which timing information was provided by a reference
pulse in each time slot. The signal-to-noise ratio performance of the receiver was not
given,

285



(i) The modulator that encodes the audio signal into a ppM signal.
(72) The optical link using a GaAs LED as the source and either a
PIN or an avalanche photodetector at the receiver.
(#47) The detection circuitry employing high-impedance front-end
amplification techniques.®’
(iv) The demodulator that transforms the ppM back to the original
audio signal.

(v) The timing recovery scheme implemented using a phase-
locked loop with the phase diseriminator being the demodulator
itself.

(vi) The results of experiments performed to measure the system
performance.

Il. THE OVERALL SYSTEM

Figures 1a and 1b are block diagrams of the overall transmitter and
receiver, respectively. Included are diagrams of the associated
waveforms.

An audio signal, filtered to limit the transmitted bandwidth from
300 Hz to 3.4 kHz (3-dB points), is applied to a “sample-and-hold”
circuit that transforms it into a staircase waveform having a step
width of 125 us. This staircase and an inverted 8-kHz sawtooth are
applied to a comparator. The comparator output is high during the
interval in which the sawtooth amplitude is greater than the staircase
and low when the staircase amplitude exceeds that of the sawtooth.
This results in pulse-width modulation (Pwm) at an 8-kb/s repetition
rate with the falling edge of each pulse varying in position within a
time slot; this position relates directly to the audio signal amplitude.
By adjusting the pc offset on the sawtooth, the trailing edge of the
pulse is set to oceur at the midpoint of the time slot when there is no
audio input. This position corresponds to the zero reference.

Pulse-position modulation is obtained from pwm by producing a
narrow pulse each time the comparator goes from a high to a low state.
The timing components for the device were chosen to produce an out-
put pulse width of the order of 0.5 ps. This results in a duty cycle of
0.4 percent, which is compatible with present state-of-the-art, large-
optical-cavity, solid-state lasers.® (These lasers are capable of being
operated with up to a l-percent duty cyecle.)

The ppMm signal is amplified and applied to a GaAs light-emitting
diode (LED) by means of a driver stage. The driver is capable of apply-
ing 500-mA pulses to an LED. During this experiment, however, the
LED was driven by pulses having peak amplitudes between 200 and
300 mA.
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In this experiment, the optical signal traverses an air path. Fiber loss
is simulated by neutral density filters (providing large amounts of
attenuation) and a pair of crossed polarizers (providing small but
precise changes in attenuation). At the receiver, the signal is focused
onto a photodetector, either a PIN or an avalanche device. The external
quantum efficiency (amperes/watt) for each device has been measured.
From this, by monitoring the average current through the device,
the received average optical power may be obtained.

The detected signal, before demodulation, is processed by the
following three stages:

(¢) High-impedance front-end amplification—This approach is
similar to that taken by J. E. Goell in his 6.3-Mb/s repeater
research.” Figure 2 is a block diagram of the three-stage ampli-
fier used. The first stage provides a high impedance for the
photodetector, the second provides variable gain, and the third,
a source follower, is provided to decouple the input amplifier
from subsequent circuits.

(%) Equalization—To compensate for the distortion introduced by
the long input time constant, the circuit of Fig. 3 is used. The
equalizer, a series capacitor and a resistance shunted to ground,
is wired between two video amplifiers.

(447) Filter—This stage, a two-section, low-pass Butterworth filter,
limits the bandwidth of the signal pulse and noise. Two emitter-
follower stages supply the proper impedances at the input and
output (Fig. 4).

The ppum signal from the detection circuitry described above is ap-
plied to one input of a comparator. The other comparator input, which
determines the threshold of the device, is connected to a variable pc
source. This threshold was set with the received optical signal at the
minimum value for which the demodulated audio output, when viewed
on an oscillosecope, showed no distortion or noise. This method is
justified because, for signal levels slightly higher than this value, the
signal-independent noise is dominant.

The demodulator consists, basically, of two sample-and-hold circuits
and a low-pass filter. The first sample-and-hold circuit is triggered by
the PP signal and samples a sawtooth wave. The output is a staircase
with the following properties:

(z) The amplitude of each step varies as a function of the position
of the received pulse in the time slot.
(72) The step width varies according to the PPM signal.

288 THE BELL SYSTEM TECHNICAL JOURNAL, FEBRUARY 1975



HIGH- VARIABLE
IMPEDANCE GAIN SOURCE
AMPLIFIER AMPLIFIER FOLLOWER

| | |
O
weur | L L cautOzen

QUTPUT WAVEFORM

Fig. 2—High-impedance front-end amplifiers and output waveform.
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Fig. 3—Equalizer stage and output waveform.
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Fig. 4—Low-pass filter stage and output waveform.

Constant step width is achieved by using a second sample-and-hold
circuit triggered by a repetitive 8-kb/s pulse train.

Filtering this staircase waveform removes the high-frequency com-
ponents introduced by the sampling circuits and yields the original
audio signal.

The timing recovery scheme incorporated in the receiver is described
in the appendix.

Ill. EXPERIMENTAL PROCEDURE AND RESULTS

This section describes the experiments performed to measure the
channel’s performance.

For the noise measurements, additional filtering was provided to sup-
press the third harmonic of the 60-Hz supply voltage, the high fre-
quencies introduced in sampling (in the modulator and demodulator),
and out-of-band thermal noise. The filter employed, a Rockland Model
1100, was set for a Butterworth high-pass response and a Bessel low-
pass response. The passband (300 Hz to 3.4 kHz) has a ripple of
+0.5 dB and a 24-dB/octave rolloff.

A RuMs voltmeter was used to measure peak-signal-to-rMs noise
ratios® at the receiver output. The baseband signal level was measured

* This ratio will be referred to as sNg.
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and converted to its corresponding peak value for the largest possible
signal pulse excursion transmitted through the channel. The rMs noise
was recorded directly, being measured with no audio signal applied.
The optical pulse in all cases has a 20-ns rise time and a 3-dB width
of 500 ns.

3.1 PIN detector

Figure 5 shows the swr’s in dB plotted as a funetion of received
average optical power. Four bandwidths were implemented by the
low-pass filter in the detection circuitry which sets the bandwidth for
the detected signal pulse and noise; the 3-dB widths are 5.5 MHz,
1 MHz, 600 kHz, and 200 kHz. These curves exhibit three regions:
rapid increase, gradual increase, and no increase in sNR with increasing
optical power.

For optical signal levels of the rapidly increasing region, the output
noise is primarily due to spurious threshold crossings caused by front-
end amplifier thermal noise. This noise may also add to the signal pulse
such that it will not exceed the predetermined level.

In the gradually increasing region, the predominant degradation is
due to time jitter on the transmitted pulse, originating in the trans-
mitter. The front-end noise also leads to an uncertainty in determina-
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Fig. 5—Peak signal to rMs noise ratio in dB plotted as a function of average
received optical power in dBm using a pIN detector.

PPM EXPERIMENT 291



tion of the time of a threshold crossing. With increasing power, the
effect of this front-end jitter is reduced.

For optical signal levels greater than —66 dBm and for filter band-
widths of 5.5 MHz, 1 MHz, and 600 kHz, the noise resulting from the
amplifiers and sampling circuits in the transmitter and receiver limits
the performance. This effect occurs at —59 dBm for the 200-kHz
filter. Increasing the received optical power does not improve the sNr
in this region.

As the filter bandwidth decreases from 5.5 MHz to 600 kHz, both
the noise and signal decrease. It can be shown that, with the high-
impedance front-end, the noise (which is dominated by the rET-series
noise source) decreases faster.” Thus, the power required to prevent
threshold violations decreases with decreasing bandwidth. This effect
is evident in Fig. 5. However, if the filter is too narrow, leakage noise
will begin to dominate the FEr-series noise source, and the required
power will increase with decreasing filter width. This occurs in going
from the 600-kHz to the 200-kHz filter. In the gradual increase
region, increasing the filter width increases the noise voltage more
slowly than the pulse slope for all cases. Therefore, increasing the
bandwidth increases the sNr at a specified power level until threshold
violations become significant.

3.2 Avalanche gain

For this stage of the experiment, the PIN detector was replaced with
a Texas Instrument Tixs 56 avalanche detector. The filter bandwidth
in all cases was set to 1 MHaz.

Figure 6 shows snr plotted as a function of average received optical
power for avalanche gains at 1, 10, 50, 65, and 80. (The accuracy of the
measured sNR’s is of the order of 4=1.5 dB.) We see from this that, by
increasing the avalanche gain from 1 to = 60, less optical signal power
is required to achieve a given sNr. The optimum gain for this device is
&2 60. For avalanche gains larger than =2 60, the excess avalanche
noise, rather than thermal noise, becomes dominant and, since this
noise increases faster than the signal as avalanche gain is increased,
more signal power is required to achieve a given sNR. Data for an
avalanche gain of 80 illustrate this point, as it requires a received power
of —83.5 dBm to achieve a 75-dB sNr. However, a 75-dB sNR may be
achieved at a level of —85.5 dBm with a gain of 65.

With the avalanche detector biased for optimum gain, /~315-dB
more loss may be tolerated between transmitter and receiver than in
the case with unity gain.

The data for Figs. 5 and 6 were recorded for the following two
methods employed to synchronize the receiver: by transmitting a
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Fig. 6—Peak signal to ®ms noise ratio in dB plotted as a function of average
received optical power in dBm using an avalanche detector.

separate clock signal and by recovering the timing from the ppm
signal itself. (This is discussed in detail in the appendix.) Differences in
performance of the order of 0.5 dB were observed ; for this reason, it
is concluded that the timing recovery circuit functioned properly over
the range of power levels used in the experiments.

3.3 Distortion

Distortion present on the output signal is shown in Figs. 7a, 7b, and
7¢. The photographs show the output for snr’s at 75 dB, 77 dB, and
79 dB, respectively. Because the rRMs noise is constant, the sNr here is
determined by the signal amplitude. This distortion is introduced by
the sampling circuits and amplifiers. It is not a basic limitation of the
system. The degree of distortion was investigated using a spectrum
analyzer to measure the relative amplitudes of the fundamental,
second-harmonie, and third-harmonic components for different audio
signal levels. Figure 7d shows the relative difference between the
fundamental and second harmonic and between the fundamental and
third harmonie plotted as a function of signal power. With full modula-
tion (Fig. 7c), the second-harmonic distortion is 10 dB below the
fundamental.
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IV. CONCLUSIONS

An optical PPM communication experiment has been described. The
receiver is capable of recovering timing synchronization from the
transmitted ppm signal itself. Peak-signal-to-RmMs noise ratios greater
than 70 dB (the objective of the experiment) have been achieved. By
using a PIN detector and a 1-MHz filter, this objective can be achieved
at an average received optical power level of —73 dBm. With full
modulation, the second-harmonic distortion is 10 dB below the funda-
mental. Since existing LED’s can couple —10 dBm of average optical
signal power into an optical fiber, the allowable attenuation would be
& 60 dB, which allows a range of 15 km for fibers having 4-dB/km
loss. However, with a large-optical-cavity laser as the source, we can
contemplate that as much as +20 dBm might be injected into a fiber;
this would increase the tolerable attenuation to = 90 dB (correspond-
ing to a range of & 22 km). Data show that an additional improvement
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of 15 dB may be obtained by using avalanche gain in the receiver. A
ppPM system of this nature would be able to tolerate =~ 105 dB of fiber
loss between transmitter and receiver. This corresponds to =2 26 km
of fiber, which makes this system very attractive.
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APPENDIX

A ppM system requires timing synchronization between transmitter
and receiver clocks.!® Two methods have been employed to accomplish
synchronization. The first is to simply carry a timing signal from the
transmitter to the receiver by a coaxial cable. The second method,
which is deseribed in this section, is a scheme that recovers the timing
from the transmitted ppm signal itself.

The sawtooth oscillators in the transmitter and receiver have been
designed to free run at approximately the same frequency; however,
bias-voltage fluctuations and temperature changes may cause one to
drift with respect to the other.

A change in relative phase results in a pc level shift at the output of
the first sample-and-hold circuit in the demodulator. This pc level is
defined as the error signal. To compensate for this frequency drift, the
error signal is applied to a voltage-controlled oscillator (vco) in such a
manner as to change the oscillator frequency in opposition to the
initial frequency drift. In essence, the demodulator acts as a phase
diseriminator in a phase-locked loop.

The vco and associated circuitry, shown in Fig. 8, are used to com-
plete the loop when connected between the first sample-and-hold out-
put and the sawtooth-trigger input. The sampled output contains two
components, an audio staircase and the error signal. The error signal
is amplified by the operational amplifier, while the audio is suppressed
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Fig. 8—Voltage-controlled oscillator and associated circuitry.
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by the feedback capacitor. The differential input sets the loop reference.
Two diodes connected back to back at the operational amplifier output
serve to limit the frequency range over which the vco can be varied.
The error signal is further amplified and applied across the vco. The
final stage amplifies the vco output to a sufficient level to trigger the
sawtooth generator.
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