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1.0 Introduction

As the demand for higher speeds in data networks increases, the capabilities of
conventional electronic circuits will be exceeded [']. Future high speed networks may
incorporate photonic techniques to provide a variety of functions, e.g., switching, processing and
computing, and transmission, owing to the vast amounts of bandwidth these technologies provide
[’]. Therefore, the generation of synchronized optical clocking, or timing signals is important in
the development of these high speed optical networks. For time domain multiplexing systems
(TDM) an optical clock recovery system is an important component. In addition, for wavelength
division multiplexing systems (WDM), a clock recovery system that works robustly for multiple
wavelengths would also be of value. Clearly, an efficient and robust scheme for recovering an
optical clock signal from an incoming optical data stream is desirable.

Clocking signals can be extracted or regenerated from a data 51gnal through optical,
electrical or hybrid techniques. All-optical clock recovery offers the most promise for ultrafast
systems because it avoids the speed limitations of electronic components. Several techniques for
all-optical clock recovery have been demonstrated using external cavity semiconductor lasers [2,
"], self-pulsating laser diodes [‘°], and fiber lasers using fiber nonlinearities [l and
semiconductor nonlinearities [*].

Several optical clock recovery techniques have been demonstrated but not characterized
for performance capabilities. A theoretical model of synchronization to an external pulse stream
for a semiconductor laser has been reported [°], but little has been done experimentally. In this
dissertation, we will experimentally characterize the dynamics of all-optical clock recovery using
semiconductor traveling wave amplifiers. We will look at the timing jitter of the generated clock
signal with respect to the incoming data stream and how it varies with injected power from the
data signal, frequency detuning of the repetition rate. and wavelength detuning. In addition, we
will measure the amount of time required for the system to generate a synchronized clocking
signal subsequent to the injection of the data pulses, which we will call lock-up time. We will
also measure the amount of time it takes for the system to lose synchronization after the data

stops, which we will call the ring-down time.

2.0 The Optical Clock Recovery Experimental System

We have successfully constructed in our laboratory an all-optical clock recovery system
using traveling wave amplifiers (TWA) in an external cavity configuration ['°]. Figure 1 shows a
schematic diagram of the clock recovery experiment. There are three main components to the

experimental setup, the transmitter, the amplifier/modulator, and the clock recovery oscillator.
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Figure 1: Clock Recovery Schematic Diagram.

The purpose of the transmitter and the amplifier is to generate the optical data stream that
will be used to regenerate the clocking signal. The transmitter generates a steady stream of
pulses and the amplifier increases the power and modulates the pulses into an optical data bit
pattern. Though we use an almost identical system for the transmitter as the clock recovery
oscillator, in a real system any transmission source can be used as long as the data pulses stay
within the system limits for wavelength, repetition rate, and pulse width. The transmission
source could be, for example, another node in an optical communications network, or a master
clock source in a multichip module (MCM) computer.

The transmitter laser is cbmprised of a 350 pm long AlGaAs angled stripe traveling wave
amplifier (TWA) operating at 830 nm. The TWA is placed inside a resonant cavity in which the
round trip time for an optical pulse is 3.2 ns. This corresponds to a repetition rate of 311 MHz.
In many commercial applications, the all-optical clock recovery oscillator would operate at
higher repetition rates. However, in order to facilitate probing of the fundamental dynamics of
the system, an external cavity configuration must be used with a large enough cavity to allow for
additional components to be placed inside. The large cavity length constrains the achievable
repetition rates. For characterizing the dynamics of the system, however, this data rate is
sufficient. In our experiment, our repetition rate corresponds to the STS-6 data rate in the

SONET standard.
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The transmitter TWA is DC biased at 150 mA to produce CW laser output at 2-3 mW
average optical power. Then we apply an RF modulation through a bias tee to actively modelock
the laser. The RF modulation is frequency tuned to the cavity resonance (~311 MHz) to provide
the optimal modelocked pulse stream. A multiple quantum well (MQW) saturable absorber "
is placed at the rear cavity mirror to hybrid modelock the laser. The RF modulation provides
temporal stability and the MQW saturable absorber provides better pulse shortening for the
modelocked laser ['?].

The transmitter output is coupled into a 500 um long angle stripe TWA. This TWA is
DC biased at 300 mA to amplify the output data stream to produce 20-30 mW average output
power. The amplifier also generates the pulse pattern by modulating the bias current. Figure 2
shows the modulation characteristics of the amplifier. For an input power of 1.4 mW and a DC
bias of 300 mA, the output power is 25.5 mW. Without the input power, the amplified
spontaneous emission is 7.9 mW. This results in a contrast ratio (gain/ASE) of 2.2.
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Figure 2: Modulation characteristics of the TWA amplifier. (a) Amplifier output with and
without input power showing contrast between laser amplification and ASE. (b) Optical
amplification vs. DC bias current for a fixed optical input. (c) Electrical bias pulse used to
modulate the amplifier output.




After the amplifier, the data is ready for transfer through a data channel to the clock
recovery oscillator. Typically this would be through an optical fiber, waveguide, or a network of
optical interconnections. For this experiment the data stream was directly free-space coupled
into the clock recovery oscillator using a pellicle beamsplitter inside the clock cavity. The
beamsplitter has a nominal reflectance of 4%. An optical isolator, with greater than 30 dB
extinction, frustrates unwanted feedback through the amplifier.

The clock recovery oscillator is nearly identical to the transmitter oscillator. The cavity
length should be matched to the transmitter since it effects the allowable repetition rates for the
system. The laser should also be passively modelocked with an identical MQW saturable
absorber to assure that the data pulses will be within the excitonic absorption peak of the
clocking saturable absorber. However, the clock oscillator is not synchronized with the
transmitter since it has been independently modelocked by the saturable absorber. There will
also be significant pulse to pulse timing jitter, which is characteristic of passively modelocked
lasers [2]. An RF current bias is not used to reduce the timing jitter because active modelocking
would stabilize the clock phase inhibiting eventual synchronization with the data stream through
injection modelocking.

When the data stream is injected into the clock recovery oscillator, it will cause the pulse
stream to become synchronized with the data. Figure 3 shows the optical pulse train from the all-
optical clock recovery system. The clock pulses and the transmitter pulses are combined with a
beamsplitter and detected by a fast photodetector. The constant phase delay between the clock
and transmitter pulses shows that the signals are indeed synchronized.
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Figure 3: Optical pulse train from clock recovery system (larger pulses from clock, smaller ones
from transmitter).




3.0 Theory of Operation

When a laser oscillator is operating in the CW mode, many longitudinal modes exist in
the cavity ["’]. These longitudinal modes have random phase with respect to each other. In
modelocking, the phases of the longitudinal modes are locked together through some external
mechanism. Locking the modes together causes the laser to emit a periodic train of pulses.

The MQW saturable absorber acts as a nonlinear switch inside the cavity to lock the
phases of the longitudinal modes. Excitonic absorption in the absorber is strong at low
intensities, but at higher intensities it becomes bleached. Since the phases of the longitudinal
modes are random and fluctuating, at some instances some or all of the modes will be in phase.
When this happens, it will generate a high intensity pulse that will bleach the saturable absorber
and be sustained in the cavity. Thus, a pulse train will form out of the random noise fluctuations
in the CW laser, and passive modelocking has occurred.

Figure 4 show that there is hysteresis in the output power of the laser system when an
MQW saturable absorber is introduced into the cavity. The nonlinear effects of the saturable
absorber allow us to injection modelock the laser to another oscillator. The data signal energy is
injected into the cavity so that it encounters the saturable absorber. Thus the data signal
modulates the saturable absorber by bleaching and the longitudinal modes existing inside the
cavity are locked to the data stream. |

It is also possible to exploit the nonlinear properties of the TWA. Injecting the data
signal into the TWA will cause depletion of the gain as the data signal is amplified. This will
frustrate passive modelocking unless it is synchronized with the data stream. The extra gain will
also decrease the threshold injected power needed bleach the saturable absorber.
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Figure 4: Nonlinearity of output power due to intracavity MQW saturable absorber.
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Assuming that the external signal has the same repetition rate as the clock signal, and
they are both operating at approximately the same wavelength, modulation of the saturable
absorber will synchronize the clock with the data signal. One way to verify this is to observe that
the phase noise sidebands on the clock signal will be eliminated. This means that the timing

jitter has been reduced, which will be discussed in greater detail in the following section.

4.0 Timing Jitter

4.1 Measuring Timing Jitter

One of the most significant pﬁrameters for measuring the stability of a clocking system is
the timing jitter. There are several different types of timing jitter that can be measured for a
synchronized clocking system.

The pulse to pulse timing jitter of the clock oscillator is the variation in the repetition rate
of the clock oscillator with respect to itself. When we measure this, we are measuring how
precise the clock period is over time. This is the timing jitter that would be most significant
when it is not important to mimic the jitter on the input data. A regenerator/repeater is an
example of a system where this type of jitter would be important.

We use standard power spectrum techniques [, '*] to measure the pulse to pulse timing
jitter of the clock oscillator. The optical pulse train is detected with a high speed photodetector
and analyzed with an RF spectrum analyzer. The temporal jitter of the pulse train manifests
itself as an increase in the power contained in the phase noise sidebands of the power spectrum.
Figure 5 shows the RF spectra for pulse trains from a hybrid modelocked laser system and from a
passively modelocked laser system. The additional phase noise sidebands clearly shows the
extra timing jitter on the passively modelocked system.
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Figure 5: RF Power spectrum of laser system that is (a) passively modelocked and (b) hybrid
modelocked.



The relative timing jitter can be estimated from the power spectrum by using [']

AT 1 PS Av
7:27271 M
PC Br

where T is the pulse period, AT is the variation in the pulse period, n is the harmonic number of

B -

the power spectrum being used in the measurement, Ps and P are the powers contained in the
phase noise sideband and the carrier, respectively, Av is the -3 dB bandwidth of the phase noise
sideband, and B, is the resolution bandwidth of the spectrum analyzer. Figure 6 shows the
frequency squared dependence of the phase noise sidebands, which is characteristic of timing
jitter.

The timing jitter for the passively modelocked laser in Figure Sa can be estimated, using
equation (1), to be 32 ps. The timing jitter for the hybrid modelocked laser in Figure 5b is more
difficult to measure from this data set because the noise was smaller than the background noise
of the spectrum analyzer. But assuming Av will be the same or less for the hybrid modelocked
transmitter, we can estimate that the timing jitter is less than 5.7 ps. Additional measurements
with better resolution bandwidth and at higher frequency harmonics have shown hybrid
modelocking has, indeed, much less timing jitter, about 0.5 ps . Figure 7 shows the RF spectrum
for the clock recovery oscillator after it is injection modelocked by the transmitted data stream.

Power Ratio (Ps / Pc)

20 40 60 80
Harmonic Number (n)

Figure 6: Frequency squared increase in phase noise power due to timing jitter.

From the phase noise sidebands in the RF spectrum shown in Figure 7, we calculate the
timing jitter on the injection modelocked laser output (clock signal) to be 0.5 ps, which is

comparable to the transmitter’s timing jitter. Thus. the timing jitter is greatly reduced.
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Figure 7: RF power spectrum for the injection modelocked clock recovery oscillator.

Another type of timing jitter that is important to measure is the relative timing jitter of the
clock pulses with respect to the data pulses. This is especially important when the clock is to be
used in switching or logical computation systems where the clocking pulses and data pulses must
arrive at another device simultaneously. In this case, it is desirable that the clock pulses maintain
the jitter of the data stream.

Nonlinear optical cross-correlation techniques can be used to measure the timing jitter
between the clock and data stream ['"]. Figure 8 shows a scheme for using correlation techniques
to measure the relative pulse to pulse timing jitter between the transmitter and the clock
oscillator. The transmitter and the clock oscillator output beams are both directed into an

autocorrelator, with a small relative time delay, T4 between the pulses.
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Figure 8: Correlation scheme for measuring relative timing jitter between the transmitter and

clock.

Since the correlation of two pulses can be written as

Ry(D)= [L(OL(t+7) 3)

It can be shown that the resultant measured signal from the autocorrelator gives

S(t)= R (2)+ Rp(7)+ Rp(t — 7))+ R (£ + 1), 4)
where Rec, Ryp are autocorrelation functions of the clock and transmitter respectively, and Rer,
Rc are cross-correlation functions between the clock and the transmitter. When the relative
timing jitter is greater than the maximum autocorrelation width, the cross-correlation
components of the signal will be proportional to the cross-correlation convolved with the jitter
distribution. Thus, measuring the FWHM of the cross-correlation peak will allow us to measure
the relative timing jitter. Assuming a Gaussian distribution for the timing jitter J(t), the jitter can

be calculated from

2 2 P >
Tor =TectTp + 175 (5)




4.2 Timing Jitter vs. Injected Power

We expect that the pulse to pulse timing jitter varies with the optical power of the
injected data stream. We attenuated the injected optical power with a variable neutral density
filter as we observed the RF spectrum and the temporal pulse pattern. When the injected power
was small, the clock signal appeared to be unsynchronized with the data signal, and the RF
spectrum had the large phase noise sidebands characteristic of a passively modelocked laser.
When we increased the injected power, the clock pulses appeared synchronized with the data,
and the RF spectrum had the low phase noise characteristic of the hybrid modelocked data
pulses. Our experiment reveals that the clocking system shows a threshold behavior, with the
clock oscillator being completely locked to the data stream or completely unlocked, i.e. free
running, depending on the injected power. The timing jitter remains small with sufficient
injected power and jumps to a significantly larger value when the injected power decreases
below the locking threshold. Near the threshold, it is difficult to measure the timing jitter
because the system shows erratic behavior. Figure 9 shows a single sweep RF spectrum of the
clocking signal at threshold. The actual RF spectrum observed on the spectrum analyzer
fluctuates erratically when the system is operating near the threshold.

The clocking threshold varies greatly with a multiple of parameters, including alignment
of the clocking system, coupling with the transmitter, quality of the focus point on the saturable
absorber, and pulse quality of the injected data stream. The smallest stable threshold we
observed was 58 puW of injected optical power. However, much smaller thresholds were
observed for very brief times, suggesting that it is possible to decrease this power significantly.
Lack of mechanical mounts capable of providing the necessary degree of mechanical stability
may be responsible for the higher threshold. It is desirable to reduce this threshold as much as
possible to reduce the amount of power that is removed from the data stream to lock the clocking

system.
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Figure 9: RF spectrum of the clock oscillator near clocking threshold shows erratic behavior.

4.3 Timing Jitter vs. Frequency Detuning

There may be small variations between the repetition rates of the transmitter system and
the clocking system. In a multi-node optical communications network there may even be several
sources of data all operating at slightly different repetition rates. It is important that the clocking
system be robustly able to lock to each of these repetition frequencies independently. In our
experimental demonstration, we were able to drive the transmitter system to operate at different
frequencies by adjusting the frequency of the signal generator that provides the RF bias
modulation for active modelocking.

Given that the system has a fixed timing jitter, Figure 10a shows the amount of frequency
detuning possible with a given injection power. As this suggests, a wide detuning range can be
obtained simply by maintaining a large enough injected power. With an injected power of about
700 uW, over 200 kHz of detuning, or a fractional bandwidth of 7.1x 10, is possible. Figure 10b
shows two RF spectra at the maximum and minimum frequencies of the detuning range.
Frequency detuning shows the same threshold behavior as varying the injected power. The
phase noise sidebands stay small until the transmitter is tuned outside of the maximum range,
then the phase noise becomes large as the clock reverts to “free-running” in passively

modelocked operation.
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Figure 10: (a) Frequency Detuning vs. Injected Power with exponential fit (b) RF spectrum at
the maximum and minimum of the detuning range.

4.4 Timing Jitter vs. Wavelength Detuning

There may also be slight variations in the wavelength of the injected data stream and the
operating wavelength of the clock regeneration system. In the case of WDM, it would be
desirable to use the same clock recovery system for multiple wavelength channels. The clocking
system will work robustly for a range of wavelengths as long as the wavelengths are within the
gain bandwidth of the TWA and/or within the excitonic absorption band of the saturable absorber
depending on the clocking scheme. If the clocking data is injected directly onto the saturable
absorber, then it is only necessary to be within the absorption band of the absorber. If it is also
injected through the diode for gain modulation, then the bandwidth of the laser diode must be
taken into account.

To perform the wavelength detuning experiment, it will be necessary to accurately
control the wavelength of the transmitter laser by using an intracavity filter. A narrowband filter
will be placed inside the cavity to force the system to operate at the desired wavelengths. The
filter can be angle tuned to change the operating wavelength. The system can be tuned through
the spontaneous emission bandwidth of the laser diode, which is 20 nm. Figure 11 shows a
schematic diagram of the wavelength tunable laser system.

We will measure the timing jitter as we vary the wavelength and determine the
wavelength detuning range, similar to the frequency detuning measurements shown in the

previous section.

12
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4.5 Timing Jitter vs. Bit Pattern

In all of the experiments we have performed, we have used an unmodulated data stream.
The data bit pattern was a series of all "1”s. It is necessary to look at the timing jitter when the
data stream is modulated with different bit patterns. It is likely that there will be extra timing
jitter, and possibly some amplitude fluctuations on the extracted clocking signal.

To act as an amplifier/modulator the TWA is modulated with short (4 ns) electrical pulses
while the amplifier is DC biased below the amplification threshold. All pulses are suppressed
except for the ones that pass through the amplifier at the same time as the electrical pulses.
Figure 12 shows the output of the pulse slicer. It is operating at one tenth of the fundamental

repetition rate.
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Spectrum after slicing showing modulation.

It will also be significant to measure the lock-up time, or the amount of time it takes for
the clock to generate a synchronized clocking signal after the data pulses starts to be injected.
This will have significant impact on the latency of the system.

This can be done by sending a short string of puises (“1”s) separated by a long delay
(“0”s). If the system locks onto the pulses, there will be a decrease in timing jitter. If they do
not, the timing jitter will stay characteristic of the passively modelocked oscillator. The number
of pulses in the data stream can be increased until synchronization is observed. It is expected,
due to the strong nonlinearities in the laser diode and the saturable absorber, that synchronization
should occur within a few pulses, perhaps even after just one pulse.

The system ring-down time, or the time it takes for the system to lose synchronization
after the data stops, is also important to characterize. After the data stops, random fluctuations in
the passively modelocked clock laser will cause it to drift out of synchronization. A long ring-
down time allows the system stay accurately synchronized when the data stream contains long

14



strings of “0”s. It may also decrease latency if the clock pulses stay synchronized even when

there is no data present.
The ring-down time can be measured by sending a long stream of pulses (“17s) followed

by a short delay (“0”s). If the clock looses synchronization quickly, we will observe extra timing
jitter. The timing jitter will be measured with increasing delay lengths to measure the system’s

performance over time after the data stream stops.

5.0 Future Work

As suggested in the previous sections, there is still much to be done with the system as it
is currently configured. A better understanding of the dynamics of clock recovery is necessary in
order to find ways to improve the system’s performance. We may also want to look at different
ways we can inject the data stream, including changing its polarization to make it orthogonal to
the clock pulses. This may decrease interaction between the injected pulses and the clock pulses
inside the laser diode.

We would like to demonstrate the system at higher repetition rates. It is perceived that a
commercially viable version of this type of clock recovery system would be monolithically
integrated, or compacted with miniature bulk optics. In either case, to increase the repetition
rate, the cavity length must be decreased, or the clock must be operated with multiple pulses in

the cavity at the same time.
In addition, we plan to perform similar oscillator synchronization experiments with

TWA’s at a wavelength of 1.5 um. This wavelength is of greater significance, and of greater

application in optical photonic systems.
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