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Computer Simulation and Noise Analysis of the
System Performance of 1.55-um Single-Frequency
Semiconductor Lasers
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Abstract—A theoretical model for the noise analysis of the system
performance of 1.55-pm single-frequency semiconductor lasers is pre-
sented. Computer simulations are used to analyze the role of various
noise sources in a 1.7-Gbit/s transmission experiment where the data
was transmitted over 69 km using a 1.56-xm distributed-feedback laser.
The bit-error-rate curves generated from numerical simulations agree
well with the results of the transmission experiment. The relative con-
tributions of various noise sources in limiting the system performance
are discussed and compared. In particular, we consider circuit noise,
shot noise, laser intensity noise, mode-partition noise, parasitic reflec-
tions, and the frequency chirp.

I. INTRODUCTION

ECENTLY much effort has been concentrated on

studying lightwave transmission at 1.55 pm using
single-frequency lasers [1]-[9]. The performance of these
transmission experiments depends critically on various
noise sources such as mode-partition noise, the frequency
chirp, reflection-induced noise, shot noise, and circuit
noise of the front-end amplifiers used in receivers. In some
of the transmission experiments, a noise floor in the bit-
error-rate curve was observed [1], [2] and attributed to
mode-partition noise. In other experiments, lasers with
extremely high side-mode suppression ratio ( >1000) were
used [3], [7] and in most of these experiments [5], [6] the
transmission distance was found to be limited by the chirp.
Recent experiments, using a single-frequency laser with
low chirp (0.4 A)and low-loss fibers (0.20 dB/km), have
achieved repeaterless transmission distance of 130 km at
2 Gbit/s [8] and 103 km at 4 Gbit/s [9]. Meanwhile, an-
other report has suggested that reflection-induced noise
[10] can play an important role in governing the perfor-
mance of lightwave systems.

In this paper we provide a theoretical basis for the sim-
ulation of bit-error-rate curves in transmission experi-
ments. Computer simulations are used to analyze the rel-
ative contribution of each noise source to the measured
bit error rate, and hence provide an indication of the di-
rection through which the system performance can be
improved. Such an analysis would be difficult to carry out
experimentally because it is difficult to separate the con-
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tribution of each noise source. We useé computer simula-
tions to analyze the system performance of a transmission
experiment where the data was transmitted at 1.7 Gbit/s
over 69 km of single-mode fiber using a 1.56-pm distrib-
uted-feedback double-channel planar-buried-heterostruc-
ture (DFB-DCPBH) laser [11], [12]. Our results suggest
that in this transmission experiment the system suffered
severe performance degradation from parasitic reflections
and chirp. Parasitic reflections degrade the receiver sen-
sitivity while the chirp limits the transmission distance
because of dispersion-induced delay of various frequency
components. Our results also show that mode-partition
noise is not a major source of error in our case as there
are only two side modes and the side-mode suppression
ratio is greater than 1000. This conclusion is consistent
with the theoretical calculation based on photon statistics
[13], [14] as well as with other transmission experiments
[8], [15]

In the following sections, we first present the results of
a transmission experiment performed using a 1.56-um
DFB-DCPBH laser. We then discuss the theoretical
framework which is used to simulate the results of the
transmission experiment. Finally we discuss the limita-
tion on the bit-rate-distance product set by each noise
source,

II. 1.7-GBiT/s TRANSMISSION EXPERIMENT

We have performed a transmission experiment at 1.7
Gbit/s using a 1.56-um DFB-DCPBH single-frequency
laser. This laser has a second-order grating etched on the
substrate and has no antireflection coatings on its facets.
It shows single-mode operation up to the 3-mW level with
a mode suppression ratio of 1000 to 1 under both dc and
1.7-Gbit/s modulation. The transmission experiment was
performed at 1.7 Gbit/s with a pseudorandom NRZ bit
pattern over a distance of 69 km of single-mode fiber with
an average loss of 0.25 dB/km and a dispersion of 17
ps/km-nm. The receiver used has a high impedance GaAs
FET preamplifier with a SAGM APD [3], [16]. The power
coupled into the fiber was —4.6 dBm. The off: on extinc-
tion ratio was 1:6. This laser was particularly sensitive
to parasitic reflections and showed ~ 10 percent ampli-
tude variation in the optical spectrum which was moni-
tored simultaneously during the transmission experiment.
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Fig. 1. Longitudinal-mode spectrum of the DFB-DCPBH laser under 1.7-
Gbit/s modulation. The mode suppression ratio is 1000 to 1.
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Fig. 2. Chirp-induced line broadening of the DFB-DCPBH laser under 1.7-
Gbit/s modulation. The chirp amplitude is about 1 A.
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Fig. 3. Eye diagram of the received signal at 1.7 Gbit/s after transmission
over 69 km of fiber.

Fig. 1 shows the optical spectrum under the above op-
erating conditions. The mode suppression ratio of the laser
under 1.7 Gbit/s modulation is 1000: 1. Fig. 2 shows the
chirp of about 1 A resulting from the 1.7 Gbit/s modu-
lation. Fig. 3 shows the received eye diagram at 1.7
Gbit/s after a transmission over 69 km. Fig. 4 shows the
bit error rate curves for 3 m and 69 km of fibers. The
system suffered a 2.2-dB power penalty at 1 x 1077 bit
error rate. In the following section we use computer sim-
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Fig. 4. Experimental data points (*) and simulated bit-error-rate curves
(solid line) of the 1.7-Gbit/s transmission experiment. Fiber length is 3
m for curve @ and 69 km for curve b.

ulations to analyze the contribution of each noise source
to the system performance degradation.

III. THEORY

We first present the theoretical framework used in our
computer simulations. The noise sources we consider in-
clude circuit noise, shot noise, laser intensity noise, re-
flection-induced noise, mode-partition noise, and chirp-
induced noise. The circuit noise and the shot noise govern
the ultimate receiver sensitivity; their contribution does
not lead to a floor in the bit-error-rate curves. The laser
intensity noise and the reflection-induced noise degrade
the receiver sensitivity and can lead to a bit-error-rate floor
if their magnitude is large enough [10]. However, since
their contribution is nondispersive, they do not impose
any limitation on the transmission distance, i.e., their
contribution is merely degrading the receiver sensitivity
over that expected only from the circuit noise and shot
noise. By contrast, the contribution of both the mode par-
tition and the chirp depends on fiber dispersion. Their
presence can therefore severely limit the transmission dis-
tance. Among the two, the chirp is expected to be the
most limiting factor for the performance of single-fre-
quency semiconductor lasers.

We consider an avalanche photodetector (APD) on
which a random bit stream consisting of ‘1’ and **0”’
(on and off states) is incident at the bit rate B. The de-
tected signal S, or S, in the two states is the average cur-
rent given by [17]

Sj=<ﬂ>{M>b-, j=0 or 1 (1)

hy
where (ng/hv) is the responsivity of a detector with
quantum efficiency » to the incident photons of energy hv,
(M ) is the average APD gain, and b; is the average power
received during a single bit. The bit error rate results from
the noise current o; associated with the signal S;. Assum-
ing the Gaussian statistics, the probability that a bit is
incorrecily identified or the bit error rate is given by [17]
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P(E) = -_}x/Z_—; EQ exp (—x%/2) dx

1
= erfe (Q/V2) 2)
where erfc (x) denotes the complimentary error function
and

QSD—&=&

Og ay

- D

. (3.}
The decision level D is chosen to yield equal P(E ) in the
two states. Eliminating D in (3) _gives

Q= (8 — S)/(og + 01). (4)

A value of Q = 6 is required to maintain P(E) below
107°. Writing r = by /b, as the off/on extinction ratio,
and P,, = (b, + b;)/2 as the average detected power,
(4) becomes

o= (1) () w0 255

The noise current o; gets contributions from several
sources. In what follows we discuss the contribution of

(5)

each noise source. The analysis is applicable to both the

““off>* and ‘‘on’’ states denoted by j = 0 or 1. For our
transmission experiment the ““off’” state is above thresh-
old. The total noise current is thus obtained by taking the
root-mean-square value of the individual noise currents.
The bit-error-rate curves can be generated by using (2)
and (3).

A. Circuit Noise

The circuit noise is the contribution to the output noise
from the amplifier and the bias circuit. For a receiver that
has been incorporated with an FET front-end amplifier
[3], the variance of the noise current at the bit rate B (due
to the amplifier and bias resistor referred to the input) is

(17
5 4kT ( r
, == | — -+
e { R\ R
(ZTC)

8m

) + qu‘m} JzB

+ 4kTT ~— I, B> (6)
Here g, is the transconductance of the FET preamplifier,
C is the total input capacitance, R; is the load resistance,
and I, is the dark current. For a GaAs FET the numerical
factorI' = 1.15. The parameters J, and J; are the weight-
ing factors and depend on the input and output pulse
shapes [18]. Note that o, ; is the same for both the “‘on”’
and “‘off "’ states. Equatlon (6) is obtained from a simpli-
fied circuit model. In our simulations we use o7, jas a fit-
ting parameter to the measured receiver sensitivity.

B. Shot Noise

The variance of the noise current due to shot noise is
given by [19]

i) = 2q{(M) F(M)S,J,B. (7)

Here (M ) is the average APD gain and F(M) is the
excess noise factor which can be expressed as [19], [20]

1
F(M =k(M)+(2———)l—k 8
(M) an) -0 ®
where £ is the ionization ratio of the majority and mmomy
carriers.

C. Laser Intensity Noise

The laser power in general fluctuates with variance
ar,zmr. These power fluctuations induce noise in the signal
current governed by

Ugig = ( ) (M> lasr:r

Laser power fluctuations can be calculated using the rate
equations [21]. It can be shown that if N, and N, are the
number of photons and carriers in the laser cavity, the
variance of N, is approximately given by

03 =~ (N,) + (N.). (10)

Typically, (N, ) = 10° while (N, ) ~ 10°, lmplymg that
onp = (N, e /2 . Note that in thls model the noise power
is roughly clamped at threshold and is independent of the
laser power [22]. Typical values of the noise power ob-
served experimentally are ~ —23 dBm for a 2-GHz band-
width. For an ‘“‘on’’ state power level of 2 mW, this cor-
responds to a signal-to-noise ratio (SNR) of 400. We use
SNR as the model parameter and rewrite (9) as

2 2
"Js:ig,j = (E) (M)z (él%i) (11)

both for the “‘on”’ and ‘‘off*” states, since in our case the
“‘off >’ state is above threshold.

D. Reflection-Induced Noise

External optical feedback into the laser cavity will cause
the laser to develop side modes around the main mode.
These side modes are the external cavity modes and cause
additional fluctuations in the laser power. If the signal-to-
noise ratio induced by reflection is (SNR )¢, the variance
of noise current is [10]

(9)

2

oif,-( )< po
(SNR),
=0 or 1. (12)

We assume that the parameter (SNR),; is the same for
the “‘on”’ and “‘off ** states. This is a reasonable assump-
tion since the effect should depend on the fractional
amount of power reflected back into the laser, and in our
case both the “‘on’’ and “‘off>” states are above threshold.

E. Mode-Partition Noise

The presence of longitudinal side modes in single-fre-
quency lasers will introduce mode partition noise in light-
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wave systems [14], [15]. The noise due to side modes
consists of two parts. First, the presence of side modes
will cause additional fluctuations in the laser power. Sec-
ond, after traveling through a dispersive fiber, the power
carried by the side modes will be dispersed relative to the
main mode. This causes dispersion-induced fluctuations
in the received power. These two effects can be combined
to give an effective mode suppression ratio [14]

(MSR).r = MSR/~2N (13)

where we assumed that there are N side modes with a con-
stant mode-suppression ratio. It can be shown that the
variance of noise current cannot be greater than

N 2 2Nb?
Cr;,p,,‘j = (E) (M>2_ ___J'2 .
hy (MSR)

We shall conservatively use equation (14) for mode-par-
tition noise in our simulations.

F. Chirp

Chirp of single-frequency lasers is a major source of
error in high bit-rate transmission. The carrier and photon
density variations result in relaxation oscillations with
frequency »g and a damping time constant I'. Because of
these relaxation oscillations the optical pulse and the
wavelength both exhibit damped transient oscillations
during the turn-on and turn-off of the laser pulse. These
are described by

p(t) = posin (2avge — §) ™™ (15)
AN(t) = ANg sin (2awgr — 8) e . (16)

Here pg is the initial oscillation amplitude, A Ay is the chirp
amplitude, and 6 and 6 are phase angles. After traveling
through a fiber with dispersion coefficient D = (dw /d\)
- (d*B/de’) for a distance z at a bit rate B, the pulse
shape will be distorted. 1f an undershoot of the relaxation
oscillation is delayed because of fiber dispersion to appear
at the decision time and falls below the decision level, an
error will be detected. This pulse amplitude distortion to-
gether with the timing jitter in the decision circuit result
in an amplitude noise in the receive power. The noise
variation is given by (see Appendix)

2 20
2 |
0rs = (-Z—‘*’) (M)’ 2| L P exp

[-n(f - )]

where A7} is the solution of the transcendental equation
(A3).
G. Bit-Error-Rate Curves

The various noise contributions can be added to get the

total variance of the noise current

2 _ 2 2 2 2
Oj = O+ Og; + OGig; + Ok

(14)

(17)

+ 0ot Onyy =0 or 1. (18)

mpn.}
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Equations (2), (5), and (18) can then be used to generate
the bit-error-rate curves by plotting P( £ ) as a function of
the average received power P,,. As an illustration of the
theoretical analysis, we use it to simulate the bit-error-
rate curves of the 1.7-Gbit/s transmission experiment. In
the case of transmission over 3 m of fiber, there is prac-
tically no dispersion. The receiver sensitivity measured is
governed by circuit noise, shot noise, laser intensity noise,
and reflection-induced noise. Since the circuit noise and
the reflection-induced noise are not accurately known,
0% and o4, are determined by fitting the bit-error-rate curve
a in Fig. 4 in the range from 10™* to 107'". The values
of o2 and o2 are uniquely determined by fitting the mea-
sured receiver sensitivity at 10™'% bit-error-rate and the
slope of the bit-error-rate curve. The shot noise is calcu-
lated with the following parameters {3], [23]: n = 68 per-
cent, (M ) =9.1, k= 0.35, and J, = 0.79. In a separate
measurement the SNR for laser intensity noise is found to
be 400 at the operating power of 2 mW. For the mode-
partition noise we have measured MSR = 1000 for our
laser, and we take the number of side modes N = 2 with
a mode separation of 10 A. The chirp contribution is cal-
culated using (17) with the following experimentally de-
termined parameters: vz = 4 GHz, I' /vz = 1, and p, / b,
= (.15. These parameters are only approximate and may
vary by 20 percent. The fiber dispersion is 17 ps/km-nm.

IV. RESULTS AND DISCUSSION

The performance of a lightwave system is best charac-
terized by generating the bit-error-rate curve as a function
of the received power. One important feature of the bit-
error-rate curves in a logarithmic plot is the change in
slope that can result in the appearance of a noise floor.
This feature is due to different functional dependence of
the noise on the signal power for different noise sources.
The circuit noise o, is independent of the signal power,
the shot noise o, is proportional to the square-root of the

signal power ( \/!;; ), and all the other signal induced noise
contributions are proportional to the signal power (; ). In
other words, the signal-to-noise ratios or the Q-values are
proportional to b;, Jlg and independent of b;, respec-
tively. It can be easily shown from (2) and (5) that in the
logarithmic plot of bit-error-rate curves the circuit noise
will give rise to a slope twice as large as the shot noise,
while all the other noise sources will lead to the appear-
ance of a noise floor if their contributions are sufficiently
large. In order to get a feeling of the relative contributions
of various noise sources in limiting the system perfor-
mance, we use computer simulations to analyze the re-
sults of our transmission experiment.

The results of our computer simulation of the bit-error-
rate curves for the 1.7-Gbit/s transmission experiment are
shown in Fig. 4 together with the experimental data. The
bit-error-rate curve a with 3 m of fiber was fitted to obtain
o, and o, as discussed before. The circuit noise current
of 469 nA and (SNR),.; = 11 provided a reasonable fit to
both the receiver sensitivity and the observed slope of the
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TABLEI
CONTRIBUTIONS TO THE NOISE CURRENT FROM YV ARI0US NOISE SOURCES AT
THE RECEIVED POWER OF —27 dBm wiTH Q = 6.1 AND P(E ) = 6.7 X
107 '° FOR THE TRANSMISSION EXPERIMENT AT 1.7 Gbit/s OVER 69 km oF

FIBER

Noise Source Noise current bit “1"” (nA) Noise current bit “0" (nA) |
circuit noise [ = 469 [ = 469
shot noise [ - 675 Toup - 276
laser intensity noise Taig s = 66 [ = 66
reflection noise O et 1 - 2400 [ - 401
mode partition noise | T - 53 [ = 88
chirp noise - - 719 [ - 79
Total o - 2640 o - 989

(Shot noise, laser intensity noise, mode partition noise and chirp noise are
calculated from experimentally determined parameters. Circuit noise and
refiection-induced noise are determined by fitting the baseline bit-error-rate
curve in the range from 10™* to 107'°))

bit-error-rate curve a. Note that (SNR ). is the only pa-
rameter that can be varied to give the correct slope of the
curve. The fitted value of (SNR ), is also consistent with
amplitude fluctuations in the optical spectrum observed
experimentally. The calculated curve b for 69 km of fiber
was obtained without adjusting any parameter and is in
reasonable agreement with the experimental data. The
contributionis to the noise current from various noise
sources are shown in Table I. We can see that the system
performance is severely limited by reflections which sig-
nificantly degraded the receiver sensitivity. The addi-
tional noise due to chirp has limited the transmission dis-
tance to 69 km. However, in other transmission
experiments [8], [9] the use of a low-chirp laser and low-
loss (0.20 dB/km) fiber has allowed repeaterless trans-
mission at 2 Gbit/s over 130 km and at 4 Gbit/s over 103
km. In the following we discuss the role of various noise
sources in limiting the transmission distance as a function
of the bit rate.

Calculations using practical values of the receiver pa-
rameters showed that any noise source has negligible ef-
fect on the receiver sensitivity if the signal-to-noise ratio
for that noise source is greater than 200 [10]. With this in
mind, we can estimate the relative contributions of var-
ious noise sources to the bit error rate. The laser noise in
general is very small ( < —23 dBm). For a 2-mW oper-
ating power, this corresponds to a signal-to-noise ratio of
400. This value is sufficiently large and causes a negli-
gible power penalty in the receiver sensitivity. Fiber-far-
end reflections can induce sufficient power fluctoations to
result in large power penalties [10]. A power penalty of
2.5 dB due to reflection was experienced in our experi-
ment. The reflection-induced noise is, however, indepen-
dent of the length of fiber [10] and therefore does not im-
pose any limitation on the transmission distance. The
signal-to-noise ratio for mode partition noise in the ex-
treme case varies roughly as MSR /\[ﬁf [14]. If there are
only 2 side modes, a MSR = 400 will impose negligible

103
CHIRP LIM|T ——

T T T T 11

F o LOSS LIMIT
‘e 0.2 _dB/km

10°

T T T

TRANSMISSION DISTANCE ( km)

BIT RATE (Gb/s)

Fig. 5. Limitation on transmission distance due to fiber loss and chirp at
wvarious bit rates. Also shown are the experimental data points from [3],
151, [6], [8], [9]. Note the improvement in the chirp-limited transmiission
distance with an increase in the damping rate of relaxation oscillations.

power penalty in the receiver sensitivity. Since single-fre-
quency lasers with a MSR of greater than 400 are readily
available, the mode-partition noise is not expected to limit
the transmission distance in single-frequency lasers. Chirp
is not a limiting factor at low bit-rates, since the relaxa-
tion oscillations are sufficiently damped at the decision
point. At high bit-rates (=2 Gbit/s), however, the un-
damped relaxation oscillations would induce errors in the
decision and the chirp may become the major noise source
for limiting the transmission distance. In the following,
we show that strong damping of relaxation oscillations is
a governing factor for improving the performance of high-
bit-rate long-haul lightwave systems.

Fig. 5 shows the chirp-limited transmission distance at
various bit rates for a bit-error rate of 1077, Also shown
is the fiber loss-limit at 0.2 dB/km assuming an average
launched power of 1 mW and a receiver sensitivity of
—42.6 dBm at 420 Mbit/s with an APD [3]. The chirp
limits for 1 A and 0.5 A chirp amplitudes are calculated
for lasers with relaxation damping constants I' /v = 1,
1.5 and 2, assuming a fiber dispersion of 17 ps/km-nm.
The chirp limit depends strongly on the relaxation damp-
ing constant. Also shown in Fig. 5 are the experimental
points for transmission experiments at 0.42, 1, 2, and 4
Gbit/s reported in [3], [5]1, [6], [8]. [9]. It can be seen
that the transmission distances at 0.42 and 1 Gbit/s [3],
[5] were loss limited, while the transmission distance at
2 Gbit/s [6] was limited by the chirp. In the other exper-
iment at 2 Gbit /s [8] the use of a low chirp (0.4 A) laser
and low-loss (0.2 dB/km) fiber has resulted in a trans-
mission distance of 130 km. In this experiment the trans-
mission distance is actually loss limited due to a low
launched power (—3.8 dBm) and the fiber splicing loss
unaccounted for in our calculation. Operation of this laser
at a higher power ( —1.6 dBm) increased the damping rate
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of relaxation oscillations and made it possible to perform
the experiment at 4 Gbit/s over 103 km of fiber [9].

V. CONCLUSION

We have used computer simulations to analyze the sys-
tem performance of a 1.7 Gbit/s transmission experiment
performed using a 1.56-um DFB-DCPBH single-fre-
quency laser. It is demonstrated that computer simula-
tions are very useful in analyzing the relative contribution
of various noise sources to the bit-error rate. Our results
show that parasitic reflections and the frequency chirp
were the major noise sources in our 1.7-Gbit/s transmis-
sion experiment. We have used our numerical model to
study the dispersion-limited transmission distance for
lightwave systems operating in the Gbit/s range. The
mode-partition noise is not a limiting factor if the single-
frequency laser has its side inodes suppressed by a factor
‘of 400 or more. By contrast, the frequency chirp severely
limits the system performance at high bit rates. The chirp-
limited transmission distance is found to improve signif-
icantly with an increase in the damping rate I' of relaxa-
tion oscillations. Since I' can be increased by increasing
the bias level of the laser, it may become necessary to
operate the high-bit-rate lightwave systems with a rela-
tively low extinction ratio in order to reduce the chirp and
increase the transmission distance.

APPENDIX
DERIVATION OF (17)

To calculate the signal-to-noise-ratio degradation in-
duced by chirp, we consider signal transmission at the bit
rate B with a time slot 7, = 1/B. When such a signal is
transmitted through a fiber with dispersion D = (dw /d\)
. (dzﬁ/dwz) for a distance z, the whole bit stream is
delayed on average by a time Dz A\, where A, is the center
wavelength. In addition, the signal at time ¢ suffers a dif-
ferential delay A7 with reference to the center wave-
length, where

At = DzAN(1). (A1)

As a result, the decision circuit at the receiver with the
decision point set at the time 7, /2 (with reference to the
onset of a pulse) receives a signal originated at the time
T,/2 — A7, where A7 is given by

A7 = DzAN(: = T,/2 — A7). (A2)

The effect of the differential delay A7 represented by
(A2) is that an undershoot in the optical pulse due to re-
laxation oscillations is delayed and appears at a different
position of the pulse when it arrives at the decision cir-
cuit, If this undershoot happens to appear at the center of
the pulse where the decision time is set and falls below
the decision level, an error will occur. Equation (A2) may
have multiple solutions representing different portions of
the optical pulse being delayed and detected by the deci-
sion circuit. In order to account for delays A 7 greater than
T,/2, i.e., signals originating from earlier bits, we write
AT = nT, + A7} where n is an integer and A7] lies be-
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tween — 7, /2 to +7, /2. Equation (A2) is then modified
to become

nT, + A7l = DAN(t = T,/2 — Ar]).  (A3)

Each detected signal presents a fluctuation of magni-
tde p(t = T,/2 — A7}) about the mean value b, of the
bit ‘‘1"". Let P, be the probability of finding a bit ““1”” in
the nth bit. The total fluctuation about the mean value b,
of the bit ‘*1”" at the decision point is then given by

A=2P, p(t=T,/2 — Ar}). (A4)
n,i
For n = 0, i.e., for the bit under consideration, P, = 1.
For other bits n # 0, P, = 3 for a pseudorandom sequence
since there are equal probabilities for other bits to be ‘1’
or “‘0’". Equation (A4) is a conservative estimate because
it assumes that every bit of “‘1°” starts with a relaxation
oscillation that is not generally the case in the non-return-
to-zero format of the pseudorandom word modulation.
We assume that there exists significant time jitter in the
decision time and average the fluctuation A over one re-
laxation-oscillation cycle. This is a fair assuimption since
under normal operating conditions the relixation-oscilla-
tion frequency is about 4-5 GHz which corresponds to a
time scale of 200-250 ps, a reasonable value of time jit-
ter. Using (15) in (A4) and performing the average, we
obtain

(A) =0 (A5)
and
(A% = 5 P2 %exp [—20(T,/2 — A7)]. (A6)

The standard deviation of the amplitude fluctuation is

¢ =A%) —(a)’

1/2
__p_o 2ex — y - ‘T{' ‘.
_ﬁ[gpn p [-20(7,/2 a:)]] (A7)

The standard deviation of the photocurrent fluctuation is
obtained by multiplying o by (ng/hv) (M ). This leads
to (17) of the text if we replace T, by 1 /B.
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