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Laser Mode Partition Noise in Lightwave
Systems Using Dispersive Optical Fiber

Robert H. Wentworth, George E. Bodeep, and Thomas E. Darcie

Abstract— 1t is well known that semiconductor laser mode
partition noise (LMPN) can impair the performance of high-
speed digital communication links. LMPN can also impair analog
optical systems, and this phenomenon has not previously been
well-characterized. In this paper we present theoretical expres-
sions for the noise spectra that result when light from a nearly
single-mode or strongly multimode semiconductor laser is passed
through a length of dispersive optical fiber. These results are
tested experimentally. A widely used model is found to greatly
overestimate the partition noise of a DFB laser; a model for the
strongly multimode case is found to match experimental results
for a multimode laser. It is observed that partition noise can
be significant even for multimode lasers operating near the fiber
dispersion minimum.

I. INTRODUCTION

HE performance of lightwave system can be adversely ef-

fected by fiber reflection [1]—[4] and laser mode partition
noise (LMPN) [5]. LMPN, which is known to be an important
noise source in high-speed digital systems, can also be a
problem in 1.3- and 1.55-pm analog systems using multimode
or nearly single-mode (e.g., DFB) lasers with weak side
modes. In this paper we derive expressions for the intensity
noise spectra due to LMPN for a nearly single-mode laser and
a strongly multimode laser. These spectra are compared to
experimental data obtained using DFB and multimode lasers
in a system containing 10 km of single-mode fiber.

“Laser mode partitioning” refers to the tendency for optical
power to distribute itself between different optical modes of
a laser in such a way that the power in individual modes
fluctuates but the total power in all modes is relatively steady.
Semiconductor lasers are subject to mode partitioning because
different optical modes compete for the same gain. Partitioning
becomes a problem when dispersive propagation delays cause
the fluctuations in the powers of individual modes to become
separated in time, so that at a given time the fluctuations of
various modes no longer cancel one another.

II. GENERIC LMPN NOISE SPECTRUM

Let us compute the spectrum of the noise at the output of
a dispersive fiber illuminated by a CW laser subject to mode
partitioning.
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Given that optical power at the input to the fiber has the
form

Lin(t) =) Sim(t) 1)

where S, (t) is the power in mode m, the power at the fiber
output will be

Lows(t) = Y Sm(t —em). @)

Here ¢, is the group delay of mode m. Fiber attenuation is
assumed to be the same for all modes, and has been omitted
from I,,:(t). It is assumed that dispersion is too small to
significantly distort the signal carried by a single mode, but is
large enough to potentially separate in time the signals carried
by different modes.

The dispersion Dy may be defined by

_de(N)
Dy==0x

where €(A) is the group delay, A is the wavelength, o is the
dispersion coefficient, and Lgpe, is the length of the fiber. If
the dispersion is nearly constant over the laser spectrum, and
if the laser modes have an approximately uniform wavelength
spacing A, then

= 0 Lgper (3)

Em & €g + mAe 4
where

&g = Lﬁber/ygﬂ (5)

Ae = O.LﬂberlkA (6)

and where vy is the group velocity of mode 0. Note that (4)
need not apply if different transverse or polarization modes are
taken to be involved in mode partitioning. The assumptions
implicit in (4) will not be invoked in what follows until the
case of a strongly multimode laser is analyzed.

For a laser subject to mode partitioning, the total intensity
noise will typically be small compared to the partition noise
manifest at the output of a long dispersive fiber. Hence, the
total optical power is taken to be equal to a constant, [;,, and
the power in one mode (arbitrarily taken to be mode 0) can
be expressed in terms of the power in the remaining modes

So=Trot — Y Sm(t). )

m#0
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1t follows that

Iout - out

> {[Sm(t —em) = Sm(t)]

m#0
[Swlt—c0)-Sm]}  ®

where Ty = lior is the mean of I,y (t), and S, is the
mean of S,,(#) (which is assumed to be a stationary random
process). Hence, the autocovariance of I,y (t) is
OOV{ out( )7Iout(t + At)] =
[Iou.t,(t) - Iaut] : [Iout(t + At) - fout]

3 S {Cow[Sm(t— em),

m#£0 n#0
Sp(t + At ~ €,)]
— Cov[Sm(t — em), Sn(t + At — &)
— Cov[Sm(t —€,), Sn(t + At — &,)]
+ Cov[Sp(t —e0), Sn(t + At —g0)]}.  (9)

By the Wiener—Khinchin theorem [6], the (two-sided) spec-
trum of the intensity noise at the fiber output, Goue(f), is the
Fourier transform of the autocovariance of I,y (t). Using the
convention

Flh(At)] = / h(At)e 2™ At d At

—o0

(10)

for the Fourier transform, Gou(f) is

Goutl )= D > Gun(f)
m#0 n#0
) [ei?ﬂ(in—-im)f _ e—iZw(em—eo)f

6i27r(sn—5.))f + 1]

=4 E Z G (f)eim(En—em)
m#0 n#0

- sinfr(em — €0) f] sin[r(en

~eo)f] (11)
where
Gmn(f) = Sm(t)v‘s’n(t+At>]}

is the noise cross-spectral density of the intensity in modes m
and n.! This result for G,y (f) is general: it only depends on
the assumption that total intensity noise is negligible.

F{Cov] (12)

III. SPECTRUM FOR A NEARLY SINGLE-MODE LASER

The noise spectrum Gy ( f) can be calculated more explic-

itly in a number of special cases. We first consider the case of

a laser with one strongly dominant mode.

Following Henry et al. [7], we note that the gain seen by a
weak side mode is nearly constant in time, so that the complex
field amplitude, f,,(t), for such a mode evolves as

d ﬂ(t)
— Bm(t) =
= Bn()

+ Fou(t) (13)

"'Note that the restrictions m # 0 and n # 0 could be omitted from (11)
since the excluded terms are each equal to zero.
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where
Tm = Sm/R = Y7o (14)

where
Yin = 8m/S0 15)
70 = So/R. (16)

Here, R is the spontaneous emission rate (per mode), and
F(t) is a Langevin noise term due to spontaneous emission,
and Y, is the mode suppression ratio for mode m.

Note that the model described by (13)—(16) is in part
equivalent to saying that 1) the complex electric field in each
side-mode is a gaussian noise process, and 2) the power
in each side-mode is randomly distributed according to an
exponential probability density function. This exponential dis-
tribution has been demonstrated experimentally in a number
of cases [8], [9].

Since fluctuations in gain (which would otherwise couple
mode amplitudes) are ignored, [5,,(¢) and (,(t) will be
independent when M # n, m # 0, and n # 0. The Appendix
shows that (13) leads to

Qngfn Oran,
1+ (21 fr)?
Thus, the intensity noise spectrum for mode 7 has a Lorentzian
rolloff, with a half-power frequency of (277, )"

Substituting (17) into (11), and converting to (one-sided)
relative intensity noise, we find

RIN(f) = 2Gout(f)/ out

_42

m#0

Gmn(f) = m#£0,n#0.

17

m ~ 50)/f}~
(18)

For reference, recall that Y,,, is the relative strength of mode m,
em 18 the dispersive delay, and 7,, is a characteristic fluctuation
time expressible in terms of the spontaneous emission rate.
The time 7, could also be determined directly through an
experiment capable of observing the intensity noise spectrum
of mode m alone.

The noise spectrum described by each term in (18) has nulls
at integer multiples of the frequency 1/(g,, — £¢). In the time
domain, this reflects the fact that for every fluctuation in the
side mode, there is a perfectly anticorrelated fluctuation in

— ™ _lsin®[r(e
l+(27r’rmf):| [

the main mode which is displaced in time by a relative delay

(em — €0). In converting the total power (which sums main
and side-mode powers) to the frequency domain, one multi-
plies the time-domain signal by a sinusoid at the frequency
of interest, and then integrates to get a Fourier amplitude. For
sinusoids at frequencies which are multiples of 1/(e,, — &¢),
the side-mode fluctuation and the anti-correlated relatively
delayed main-mode fluctuation receive equal weights when
they are multiplied by the sinusoid; as a result, their effects
cancel out and the Fourier amplitude at these frequencies is
zero. At other frequencies the Fourier sinusoid weights the
fluctuations and counter-fluctuation unequally so that cancel-
lation is incomplete and there is a nonzero noise amplitude;
the result is a spectrum with periodic nulls.
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IV. SPECTRUM FOR A STRONGLY MULTIMODE LASER

The partitioning of multimode lasers is in general difficult to
describe analytically. However, simple results can be obtained
when all modes are assumed to have the same average power.
In particular, specializing the results of [10] yields

Mbéyy — 1 2719 12
Gmn(f) = =72 to! 19
<) (M+1) 1+(27r7’0f)2} M? (19)
where M is the number of modes and
_ Itot
To = UER (20)

This expression for 7 is consistent with (16) since Sy =
Tiot /M. While the assumption that all modes have equal
power is clearly inaccurate, it should permit a semiquantitative
estimate of the noise level likely to be observed in systems
using strongly multimode semiconductor lasers.

Because mode intensities are correlated in the strongly
multimode case, the summation in (11) would in general
include (M — 1)? terms. To facilitate combining these terms,
we assume (4) applies (thus accounting only for different
longitudinal modes and assuming uniform dispersion). Sub-
stituting (19) into the exponential form of (11), we sum over
M modes with indexes 0 to M — 1. Collapsing the sums using
the formula for the sum of a geometric series, and doing some
additional tedious simplification, we find

1 { B sinZ(WMAef)]
M+1 M2sin?(rAef)

41

14+ 2770 f )2 .
As in the previous section, the result is expressed in terms of
the (one-sided) relative intensity noise. For reference, M is
the number of modes, Ae is the dispersive delay between any
two adjacent modes, and 7 is a time constant related to the
spontaneous emission rate or, alternatively, to the width of the
intensity noise spectrum of an individual mode.

The noise spectrum in this case also exhibits nulls, this time
at frequencies which are integer multiples of 1/Ae. Whenever
a fluctuation occurs in one mode, this is compensated for by the
aggregate of fluctuations in other modes. These compensating
fluctuations are delayed relative to one another by integer
multiples of Ae; for Fourier sinusoids at frequencies at mul-
tiples of 1/Ae, various correlated fluctuations are weighted
equally, so they cancel, resulting in periodic nulls in the
spectrum—just as in the nearly single-mode case.

For comparison, let us calculate the signal transmission
characteristics of this system. Suppose the noise-averaged
input signal has the form

RIN(f) =

ey

Tia(t) = Re[I/ e~ (22)
with average modal power given by
Sm(t) = Re[I},e™ "1 /M] (23)
and the output signal has the form
Tou(t) = Re[I} e ™21, (24)
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It may be shown that the signal transfer function (neglecting
optical attenuation) is
1'/

out

7
Iin

2 sin? (rMAef)
© MZsin® (rAef)’

Thus the signal response is maximal at frequencies where
the LMPN is minimal. This is sensible insofar as good
signal transmission and good mode-fluctuation cancellation
both require the signals carried by all modes to be in phase
with one another.

A practical result of (25) is that in order to achieve ad-
equate signal transmission systems will generally operate at
frequencies smaller than 1/(M A¢).2 In this regime the LMPN
will be small compared to its maximal value, RIN,,x =
dro/(M +1).

In applying (21) to predicting the LMPN from a real
multimode laser, one difficulty is deciding what value of M is
appropriate given the laser spectrum. While the full-width at
half-maximum number of modes or something similar might
be used, it has been speculated that for some noise calculations
an effective number of modes should be calculated according
to [10]

(25)

(26)

Mg = [Z (ﬁm/ftotf} B

m

We shall make use of this formula for mode number though it
is not clear whether or not it provides an optimal estimate. Our
theoretical results do not depend sensitively on mode number.

V. EXPERIMENT

The detected noise spectrum for 1.55-ym multimode and
nearly single-mode lasers were obtained using high-speed
InGaAs p-i-n photodiode and microwave spectrum analyzer.
The system used consisted of 10 km of standard single-mode
fiber with a loss of 0.25 dB/km and nominal dispersion of
17 ps/nm km. Each laser was coupled to the fiber using a
lensed fiber that was fusion-spliced to a optical isolator. A 500-
MHz subcarrier was applied to the laser through a microwave
bias-tee, resulting in a modulation depth of 4.5%. Since the
LMPN was the dominant noise source, a carrier-to-noise
measurement could be used to determine the LMPN.

The optical spectrum of the nearly single-mode laser (insert
of Fig. 1) shows a strong side mode, 6 dB below the main
mode and 1.7 nm away. Based on the CNR measurement
(Fig. 1) the effective intensity noise at 500 MHz is —128 dB
(1 Hz). The theory predicts a dip in the LMPN at a frequency
1/(em — €0) (3.4 GHz based on the nominal dispersion) and
such a dip is observed roughly 3.75 GHz. The discrepancy in
locations is attributed to uncertainty in the dispersion value.

The noise spectrum predicted by (18) and the measured RIN
are shown together in Fig. 2. The theoretical curve is based
on 1/(e,, —eo) = 3.75 GHz and 1/(2r7,) = 200 MHz.
These parameter values were chosen so as to roughly match
the peak locations and fall-off characteristics of the theoretical

2There are in principle transmission windows at frequencies which are mul-

tiples of 1/(M Ac); however, these windows are likely to be at frequencies
too high to be of interest for most purposes.
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Fig. 1. RF spectrum for case where light from a nearly single-mode laser
is detected after 10 km of fiber. Upper curve is for a 500-MHz subcarrier
with modulation depth m = 0.041. Lower curve is detector noise. The noise
bandwidth was 3 MHz. Inset is optical spectrum.
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Fig. 2. Relative intensity noise: theory (for nearly single-mode case) and
experiment (data abstracted from Fig. 1).

and experimental curves. A minor discrepancy between the
two curves is the lack of a second dip in the experimental
RIN. This may be attributable to either the high receiver noise
at the frequency of the expected second dip, or to the fact
that total intensity is not so well stabilized as the frequency in
question nears the relaxation oscillation frequency.

A more glaring discrepancy is that between the magnitudes
of two curves; the theoretical curve peaks nearly 20 dB higher
than the experimental curve. This clearly indicates that the
mode] assumptions are not appropriate for the laser in question.
In retrospect, this is not surprising: in DFB lasers different
longitudinal modes can have very different field distributions
inside the laser, and as a result different modes need not
necessarily compete for the same gain. Thus partitioning
effects can be much smaller than would be the case with a
hypothetical Fabry—Perot (FP) laser with the same spectrum.
The model used to derive (18) is a widely used model, and our
results demonstrate that this model cannot be safely applied
to DFB lasers.

A 1.55 pm multimode laser was used to test predictions
for the multimode case. The optical spectrum and noise
spectrum are shown in Fig. 3, for a modulation depth of 4.5%
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Fig. 3. RF spectrum for case where light from a strongly multimode laser is

detected after 10 km of fiber. Upper curve is for a 500-MHz subcarrier with
m = 0.045. The noise bandwidth was 3 MHz.
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Fig. 4. Relative intensity noise: theory (for strongly multimode case) and
experiment (data abstracted from Fig. 3).

and bias current of 42 mA. Carrier power and noise power
at 500 MHz were measured using the spectrum analyzer.
These measurements yield and effective intensity noise of
—101 dB (1 Hz) at 500 MHz. Fig. 4 shows the spectrum
predicted by (21) for Meg = 6.7 (calculated from the optical
spectrum in conjunction with (26)), 1/Ae = '5.75 GHz,
(compared to 5.2 GHz based on the nominal dispersion) and
1/(277) = 100 MHz (chosen to fit the data). In the multimode
case, theory and experiment agree relatively well.

Fig. 4 establishes a good correspondence between theory
and experiment over a broad range of frequencies. For CATV
applications, one would actually be interested in the quality of
agreement over a much narrower range of frequencies (e.g.,
frequencies below 1 GHz). The experiments of this study do
not directly address the adequacy of the models in this regime.
In Fig. 4 there would appear to be a 4-5 dB discrepancy
between theory and experiment at low frequencies; however
there is considerable uncertainty in the model parameters and a
different choice of parameters might provide good agreement
in this regime.

A second observation to be made is that the theoretical
models we have described nominally apply to unmodulated
lasers, yet in most systems of practical interest the laser will
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Fig. 5. Relative intensity noise: theory (strongly multimode result) versus
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be modulated. Empirically we have observed that applying
CATV multichannel modulation does not significantly affect
the observed noise spectrum. Thus the models we have de-
scribed would appear to be relevant despite their failure to
explicitly account for modulation effects.

A third experiment was conducted using a 1.3-um multi-
mode laser. The laser wavelength was 1.327 um while the
fiber dispersion zero was 1.307 um. The level of LMPN was
determined for three different carrier frequencies (60, 200,
and 320 MHz) and for three different fiber lengths (2, 6, and
10 km). The noise present without any fiber was subtracted
off. The results are plotted in Fig. 5. For comparison, the-
oretical results based on (21) have also been plotted, using
the model parameters 1/(277) = 100 MHz, Ae = (1.4 ps)
(fiber length), and M = 2. (Note M = 2 was arrived at
as a reasonable guess based on the observed spectrum; the
calculated Mg was somewhat larger.) One would not expect
perfect agreement between theory and experiment, given that
1) the number of strong modes was bit low to justify calling
the laser “strongly multimode”; and 2) near the dispersion
minimum the dispersive delay between adjacent modes varies
significantly as one moves across the laser spectrum. Even so,
the theory appears to provide a useful estimate of observed
noise levels. Note that this experiment indicates LMPN can be
a concern even for systems using multimode lasers operating
near the dispersion minimum.

APPENDIX A
INTENSITY-NOISE SPECTRUM OF WEAK SIDE-MODE

Solving (13), one finds

ﬂmm(t_l'_ At) :ﬂ(t)e—Atﬂrm
t+AL

+ / e—(t+At—t’)/27—m Fm(t/) dt'.
@7
Since F,,(t) is taken to be Gaussian, it follows that 3,,(t) is

also a Gaussian random process. Both 3,,(¢) and F,,(t) are
taken to have zero mean, and for A¢ > 0 and fixed ¢ we can
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take 3, (t)Fm(t + At) = 0. Thus,

B ()Bm(t+ AL) = |B(0)Pe= 8/ =
for At >0

? e—At/?Tm
m +

(28)

where (,,(t) is taken to be normalized so that its magnitude
squared is the optical power, S,,(¢). Since, the autocorrelation
must map to its conjugate as At — —Af, it follows that in
general the autocorrelation of the field is

B ()P (t+ At) = SppeAH/2mm (29)
By the Gaussian moment theory [11], the autocorrelation of
Sm(t) can be expressed in terms of the autocorrelation of

Fm(t)

S (1) S (t + At) = B, (£) B ()85, (t + AL)B(t + At)
= B3, (6)Bm(t) - B, (t+ AL) B (t + At)

+ B3, ()Bm (t + AL) - B, (t + A1) (2)

= S+ ST, (30)

Hence,
Cov[Sm(t), Sm(t + At)] = Soe~1dM™  (31)

Fourier transforming this, and taking into account the inde-
pendence of side modes, one obtains (17).
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