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The laser noise has been well studied theoretically and experimentally. Most of the
experimental works were concerned about the standard deviation of the noise, with the implicit
assumption that the noise distribution is Gaussian, which disagrees with other publications
where the distribution is studied. We employ a new approach to measure the semiconductor
laser noise distribution down to a 10" BER with a measurement time of less than an hour.
This method takes advantage of the high sampling rate of BER testers (BERT) available today.
We found that the noise distribution for a 1310nm Fabry-Perot semiconductor laser and a
1550nm DFB semiconductor laser are well fitted by Gaussian distributions.

The results have been sent and accepted for publication in IEEE Photonics Technology Letters.
The paper title is “Intensity Noise Distribution of Semiconductor Lasers Measured Using Bit
Error Rate Testers”.
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Semiconductor Lasers Measured Using Bit Error Rate Testers”.

noise measurement, relative intensity noise, bit error rate, photon statistics, semiconductor lasers,
optical fiber communication..
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I. Introduction
Fiber optics is a major technology for modern-day communication. The noise in a digital
communication system increases the bit error rate (BER) and hence limits the communication
link distance and data rate.[1] In the fiber-optic communication systems, the noise comes
mostly from lasers, fibers and receivers/detectors. In this project, we investigate
experimentally the noise distribution of some semiconductor lasers.

The laser noise have been well studied theoretically [2,3] and experimentally [4-6]. Most of
the experimental works were concerned about the standard deviation of the noise, with the
implicit assumption that the noise distribution is Gaussian. Since BER is a low probability event,
a detailed knowledge of the noise distribution in the tail end is important. Liu [5] studied the
distributions of several lasers and found them to be non-Gaussian. His setup measured the
noise within a certain solid angle accepted by the optics, and likely includes large amount of
spontaneous emission. In our experiment, we measure the noise of the laser light after
coupling into a single-mode fiber (SMF), which is a more relevant quantity in the
communication. We also use a new approach to measure the laser noise. Taking advantage
of the high sampling rate of today’s BERT, we are able to probe the noise distribution, in about
an hour, down to the 10™* regime, a level not reachable with other methods.

I1. The experimental setup and the measurement principle

DC current ] BERT

Sampling
source A
SCOPE  |¢o oo
DC block
Y Diode oMP
Bias T > > O/E converter
Laser

Fig.1 The schematic for the laser noise measurement setup.

The experimental setup is shown in Fig.1. A stable DC current source is used to bias the laser
to maintain a fixed output power. The bias T (Picosecond Pulse Lab 5541A-104) is used as a
low-pass filter to reduce the drive current noise. Its AC input is terminated with a 50 resistor.
The laser output is fed to an O/E converter (Tektronics ORS20 which has a 1.87GHz bandwidth)
through a 2-m SMF. A DC block (Picosecond Pulse Lab model 5501) removes the DC
component of the electrical signal to prevent the input to BERT (HP/Agilent 70843B or Agilent
86130A) from exceeding its limit. This signal can be routed either to the BERT or to a
sampling scope (Agilent 86100A with HP83487A plug-in) to measure the noise histogram.
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To calibrate for the noise of the test equipments, the noise standard deviation from the OE
converter output with the laser turned off is measured by the scope and found be to 0.56mV.
Since the laser noise (at 0.5mW) measured on the scope (see below) is about 6mV, the noise due
to the O/E converter and the scope is negligible. It will also be shown below that the BERT
measured noise standard deviation with 0.5mW laser power is consistent with that measured
with the scope. Thus the BERT noise is also negligible.

Our approach of using the BERT to measure the laser noise is as follows. The laser power
fluctuates about its average. It is the distribution of this fluctuation that we want to quantify
and that is what is what contributes to the BER in an optical communication system. If we
vary the BERT 1/0 threshold setting and measure BER, we are effectively measuring the noise
distribution. Three different signal patterns can be used for this purpose, a pseudo random bit
stream (PRBS), a “1010” periodic pattern, or a continuous wave (CW) pattern. With the
former two, the BERT should sample at the bit center for the noise distribution.  Since the laser
has a finite bandwidth, a PRBS optical pattern has a deterministic jitter (DJ) causing every bit to
have a different height. The measured distribution will then be the sum of the DJ and the laser
intensity noise, an undesirable situation. With a “1010” periodic pattern, DJ is not present.
However, there is still random jitter from the electronics and the laser random turn-on delay,
which confound the laser noise. We thus adopt the CW pattern, where the measured noise
comes purely from the laser. With this setup, since the intensity is from the sum of all modes.
the mode partition noise is not manifested here.

If the laser intensity distribution is f(x), then the probability, P, (x), that a sampled intensity is

below x is given by PL(x):J‘_X f(u)du. Similarly the probability, P4(x), that a sampled

intensity is above x isP, (X) :jj f(u)du. With the laser running CW, we inform the BERT

that the data pattern is “1111” when we sample the noise distribution below the average to find
PL(x), and “0000” ” when we sample the noise distribution above the average to find Py(X).
With a Gaussian distribution with an average X, and a standard deviation o,
1 __ (X — Xo)2 |

ex ,
2ro p_ 20°

f(x)=

PL.(x) and Pyx(x) are complementary error functions

%erfc[_(x_xf’) and Lerfc (X_XO)] respectively.

V2o 2 V2o

[11. Results and discussion
Early in the experiment, we observed an unusually large instability in the measured BER when
the test condition is fixed. Figure 2 shows the BER versus time. Each data point corresponds
to the BER averaged over a 0.1 second interval. In Fig.2(b) the laser pigtail output was
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Fig.2 BER instability over time. (a) has 4 additional connectors and (b) has none.

Two commercial semiconductor lasers from Gigacomm Corporation were studied, a 1310nm
Fabry-Perot (FP) laser and a 1550nm distributed-feedback (DFB) laser, both with a SMF pigtail.
With biased CW to produce a 0.5mW power into the SMF, the measured BER (with a BERT
sampling rate of 3Gb/s) corresponding to the probability distribution P, and Py are plotted in
Fig.3(a) and (b) for the FP and the DFB lasers respectively. The 1/0 threshold setting was in
mV and has been converted to mW using the calibrated O/E responsivity of 760V/W at 1310nm
and 874V/W at 1550nm. The FP laser was tested with a BERT in Emcore and the DFB with a
similar BERT in Avago.

|
70



1.E+00

1.E-02

1.E-04

o
L 1.E-06 -|
m
¢ Exp
1.E-08 | —— Gaussian fit
1.E-10 {
.
1E12 ; ; ; ; ‘
440 460 480 500 520 540 560
1/0 threshold setting (uW)
(a)
1E+00
1E-02 { O7¢%
1E-04 ~
5 1E-06
0 -06 * Exp
—— Gaussian fit
1E-08 -
1E-10 ~
1E-12 ‘ ‘ ‘ ‘ ‘
440 460 480 500 520 540 560
1/0 threshold setting (uW)
(b)

Fig.3 Noise distribution plot for (a) 1310nm FP laser and (b) 1550nm DFB laser

In each figure, the data points are fitted separately above and below the average power point
with an error function which would result from a Gaussian intensity distribution. Though the
Gaussian fits the experimental data well, the standard deviation, , above and below the average
differ slightly. With the FP laser, o is larger below the average, while the DFB trend is
opposite. Since the same DFB laser measured with the Emcore BERT skewed in the same
direction as the FP, the difference observed here cannot be attributed to the lasers. To find the
cause, the DFB intensity histogram at 0.5mW is taken with the sampling scope. The histogram
in Fig. 4 clearly is symmetrical. Since the voltage scale of the scope is expected to be much
more accurate than that of the BERTS, we conclude that both noise distributions are symmetrical
and the observed difference is due to the scaling uncertainty above and below the 0 mV in
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BERT. (Note that the average is 0 mV due because the DC block removed the DC
component.)

Mesaured
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Fig.4 Intensity histogram of the DFB laser at 0.5mW measured with a sampling scope.

This symmetric Gaussian laser noise distribution disagrees with the Liu’s results [5] where the
distribution is observed down to about 10, In his setup, the optical power is taken from an
emission area and a solid angle which is likely much greater than that which would be coupled
into a SMF.  Thus the noise signal to noise ratio would be higher than that in this experiment.
It is not clear whether this can explain the difference in the 2 experiments.

Due to the high BERT sampling rate (3Gb/s), the time to measure a distribution down to 10™* is
about one hour. The FP and the DFB lasers have an estimate bandwidth of 2.8GHz and 2GHz
respectively. With a 1.87GHz O/E converter bandwidth, the overall system bandwidth is
1.6GHz with the FP and 1.4GHz with the DFB. In analogy to the Shannon’s sampling theorem,
a higher sampling rate than 3Gb/s is unlikely to produce statistically more meaningful results
with the same test time. As to whether the sampling scope can be used to probe the noise
distribution, the answer is yes but with a very limited range. Due to its sampling rate of about
40K samples per second, it would take over a year to collect a statistically meaningful 20
sampling points beyond 10™* regime.

IV. Conclusion

We have devised a new method to measure the laser noise distribution. Relying on the high
BERT sampling rate, this approach is more efficient in probing down to the low probability
regime. Using this method, we characterized a 1310nm FP laser and a 1550nm DFB laser and
found their noise distribution to be Gaussian down to 10"
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Overall the project ran better than expected. Before the experiments were performed, we did
some estimate of the noise from the other sources such as the receiver, the scope and the BERT,
and decided that they should not be a problem. Yet there was a concern that they may somehow
overwhelm the laser noise. Fortunately they turned out to be an order of magnitude smaller than
the laser noise.

We made a modification of test data pattern from the proposed plan. The original plan called
for using periodic “1010” waveform to drive the lasers. Since this pattern can still have timing
jitter which would confound the laser noise, we eventually used a constant current (CW),
eliminating the possibility of timing jitter. The BERT was able to deal with this kind of data.
This helps make the results very clean. And the experiment clearly indicates that the laser noise
distribution is Gaussian all the way to the 10" BER for the 2 lasers studied.

Compared with the previous published laser noise experiments, this setup has 3 advantages.
First, the BERT samples the data at 3*10° (3G) times per second. With a 20-minutes test time,
we were able to collect a statistically meaningful 36 errors when the BER is 10, Thus the
whole distribution can be obtained in about an hour. With a longer test time of 5 hours, which
we did not try, the distribution can be probed to 10**. Second, we measured the noise of the
light into the SMF, not into free space. This noise distribution is what is affects BER in the
optical fiber communication. Third, the setup is simple. The only key equipment is the BERT.

This method is valuable in determining the noise distribution of other noise sources. Today’s
optical communication links requires a BER of 10™ or less. It is important to be able
experimentally probe the noise distribution there in order to see whether it is Gaussian, a
commonly assumed distribution used in calculation the overall system performance. This
method offers the most efficient way to this end. As such, this result is suitable for publication,
and we intend to submit it to a well-read international journal at the later date.

We have accomplished our proposed objective of furthering the knowledge of laser noise. As
for second goal of training students in the fiber communication area, due to my personal decision
to leave my teaching post to go back to U.S. where my family is, my sole graduate student
switched to work with another faculty. The experiments were performed by myself with the
help my ex-colleagues Charlie Wang and John Wilks using their BERTs in U.S. Thus the
training portion did not pan out.
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e FEE P using a bit error rate tester (BERT) down to a bit error rate (BER) of
10™™, much lower than previously capable using other methods. A
lower BER can be attained with a 10 times test time.  This is relevant
to today’s fiber-optic communication need which generally requires a
BER of 102 or less.
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The noise measurement using a BERT is a very simple setup. It can
be applied to either AC or DC signals. Due to the high sampling rate
of BERT, it allows for finding the distribution to very low probability
region.
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This approach can be applied to the noise measurement of other
devices or systems.
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