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Effect of many weak side modes on relative intensity noise of distributed
feedback semiconductor lasers
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An increase of the relative intensity noise of nearly single-mode distributed feedback lasers with
respect to that predicted by single-mode theory after propagation in dispersive fiber at frequencies
up to 5 Ghz has been measured. A simplified multimode theory is presented which explains the
increase in noise. €1998 American Institute of Physid$s0003-695(98)03508-9

The performance of a lightwave communication system @
is often affected by the laser’s relative intensity naigéN). 1QA$i== 5 TGyAN+F,, 4
When the link includes propagation in dispersive optical fi-
ber, it is important to determine the RIN at the fiber output 1 o
(i.e., at the receiverwhich can be different from the RIN at with I'y=—+23,Gy P, I'p. = Rsy/Pi+T'BiP; andG;=G;
the laser due to FM-to-AM conversion. T ' '

In addition to effects, which can be described by a
single-mode laser theofythe side modes in a nearly single-
mode laser contribute to RIN. After propagation in disper- . . ) . -
sive fiber, mode partition nois@PN) can be converted to UM€ into the mode, and«; is the linewidth enhancement
laser excess noise, and hence, increased RIN at the regeiveCtor- The termsFy, Fp, and F, are Langevin noise
This is one of the factors that lead to the choice of nearlysources associated with carrier recombination and spontane-
single-mode DFB lasers in communication applications. ~ Ous emission into mode

We report here an effect of MPN that affects RIN in ~ Equations(2)—(4) can be easily solved numerically.
low-noise lasers even when the side-mode suppression ratidowever, more insight is gained by making some approxi-
(SMSR) is greater than 35 dB. Since the gain spectrum inmations that are valid in the case of nearly single-mode la-
semiconductor lasers is broad, there usually exists a broagers. The gain margin of théh modeAG;, which is defined
spectrum of weak Fabry—PerdFP) side modes. These as the difference between the inverse of the photon lifetime
modes, while greatly suppressed relative to the main modgnd the gain for that mode, is related to the cw photon den-
together can contribute enough power to affect the RIN irsity P; according toAGistg/Pi .2 For side modes below
some circumstances. We demonstrate this effect experimefnreshold, the gain margin is large compared to dynamic
tally, give a theory that accounts well for the observed phevariations in the gain and dominates the rate at which the
nomenon, and describe a set of conditions for the laser angshoton density fluctuations are damped. Hence, for a side
fiber that lead to an observably increased RIN. mode, AP; is approximately independent of fluctuations in

The carrier density fluctuationsN and photon density  the carrier density and the photon density of the other modes.
and phase fluctuationAP; and A¢; at each modd, at  From Eq.(3) we get

modulation frequency) can be obtained by using small-
signal rate equations. Nonlinear phenomena such as spectra IF./V
. . . . P.
and spatial hole burning are included here phenomenologi- Ap ~ i i 0. (5)
cally by using an expression for the gain, which includes ' jQ+ ng/Pi
dependence on the photon density of each cavity mode,

—BiPi—%46;P;. In the above equatiork is the optical
confinement factorr, is the differential spontaneous carrier
lifetime, Rsp is the spontaneous emission rate per unit vol-

o The photon density fluctuations of each of the side
G,=G; +GNiAN—,8iAPi— E 0;;AP;, (1) modesAP; affect the carrier density and photon density and
171 phase of the main mode. Since the Langevin forléeisof
where Gy =dG;/oN is the differential gain, andg; different modes are uncorrelated, th&; (for #0) can then

——9G;/dP; governs nonlinear self-compression of the be considered as independent noise sources in Egs4)

gain, wheread;; = — 4G, /9P, accounts for the way gain in (for i=0). Using_the approach adopted in R_ef. 1 we (?Iimi—
one mode is affected by the optical power in the otheat the correlatn’)n' betwedfp, and Fy by usingFyn="Fy
modes. The resulting small-signal rate equations are —2iFp, whereFy is the part of the noise not involving
. spontaneous emission of photons into one of the longitudinal
. N = modes.
Q+T'\YAN= —— AP, 2 . . . . .
U N) Vv El GiAPi @ The photon and carrier density variations in the main
mode are given by

I'Fp
(jQ+Fpi)APi=T+FGNiPiAN—Jgi T 6;P;AP;, APy APN 4 APRs S APP ©
(3) 0 0 =
0003-6951/98/72(8)/888/3/$15.00 888 © 1998 American Institute of Physics

Downloaded 31 Aug 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 72, No. 8, 23 February 1998 Peral et al. 889

44 ' ' ' . _ ' ' . . -120 =75
42t oo | : (e} 1 _-130 -~
%050 o 00000 -125 £ \Nofiber
ol %% 0 0000 Pout= 16.4 mW1 135 A\
P00 & 9g0099000° ] -130} i
asl ' -140
@ I -145
T 36 x x o -135}
% x x xxxx : 10
34} X, ' X 4
b xxxxx . x ] T 140}
%2y . Pout= 3.4 mWxX* < MM theory iy
3 x ¥
30} . ] -145p ™ £ SMtheory
Xx - P
, X = -
28r LXK 1 A50p- — —
26 L L + X x L X . 4 > -1 . 0 ) 1
-3000 -2000 -1000 O 1000 2000 3000 4000 5000 10 10 10
Side Mode Frequency Spacing Aw/2r (Ghz) Frequency (GH2)
FIG. 1. SMSR at Pout3.4 mW ((crossesand Pout16.4 mW(circles as a FIG. 2. RIN before fiber and after 4.4 and 25.3 Kinse) of fiber at
function of the frequency deviation from the main mode. Pout=3.4 mW, Ibias=1.6 Ith, SMSR=27 dB. The dots are experimental,
the solid line is multimode theory, and the dashed line is single-mode
theory.
- N’ P P; . . .
AN=AN" +AN"0+ i;o ANT, () are present: first, depletion of carriers due to spontaneous and

stimulated emission into thi¢h side mode, and second, com-
where we use two superscripts to denote the different contripression of the gain of the main mode by the power in the
butions to the fluctuationdN, APy, and A¢y. The first  side modes.
superscript indicates the physical origin of the noise term,  The effect of the side modes is only important at fre-
either carrier noiseN’) or spontaneous emission originating quencies well below the relaxation resonance frequency of

photon density noiseR) and phase noisep). In the case of  the main mode. Closer to resonans®}' dominates over
spontaneous emission, a second superscript shows in whi

mode the spontaneous emission takes place.
Upon substitution of Eq(5) into the rate equation&)
and (3), the contributions originating from carrier noise,

rﬂ]Pgi and AP;, and beyond resonance the side-mode fluc-
tuation is highly damped due to its low-pass characteristic, as
seen in Eq(5). At frequencies below %, and G, the in-

N/ N’ L verse of the response time of carriers and photons, respec-
AP_O and AN Po and frgm spontaneous em'SS'OT‘ in thetively, the carrier and photon density are adiabatically re-
main modeAP,® andAN", are found to be approximately |4teq, and since in this regime the carrier density is clamped,
the same as those obtained with single-mode theory. ThgN is practically zero. Considering the effect AP; sepa-

decrease the carrier density, as does stimulated emission into
jQ+1"Pi+l“G=i the side_mode and tr;ge main mode. Hence, the condition
W Fe, IV+GjAP;+GoAP,'~0 has to be satisfied. This rela-
tion can also be easily derived from the rate equati@s
(4) if we ignore gain compression. Unless the side mode is
so weak that the number of photons in the side mode is

P.
Apol - GNOPO

) 1
JQ+T_+GNOPO

c

+T'60.Po BELO AP;=pyAP; (8)  comparable to the number of photons originated by sponta-
neous emission, the factor corresponding to the stimulated
and gain dominates. Taking;~G,, which is a valid approxi-
1 mation for the dominant side modes since the gain spectrum
ANPi= m [JQ+T BoPot poi PO]APgi, 9 of semiconductor lasers is quite broad50 nm), we end up
0

with APg‘~—APi. This negative correlation between the
where the factoD(Q)=—Q%+]y,Q+ Q3 is the resonant noise caused b p, in the main mode and the side mode is
denominator, withy, and (), the damping factor and reso- what causes cancellation of the mode partition naiséhe

nant frequency of the main modeThese can be well ap- output of the lasehen we compute the total RIN.
proximated by the values obtained with single-mode theory  For a multimode laser, the total detected intensity is the
in the case of a distributed feedba@B) laser. From Egs. sum of the intensity in each mode. Since the different noise
(4) and(9), the phase fluctuation in modedue to spontane- spurces are uncorrelated, the spectral densities of the fluctua-

ous emission in modg is given by tions are additive, and therefore, we can consider their ef-
« Gn fects individually. The total RIN at the receiver in the case of
A¢ipjz _?' ]_Q' TANPI. (10) a nearly single-mode laser will then be given by

Pix oPi P, 2
i i+ H .
Equation(8) shows the additional fluctuation in the pho- RIN(Q,2)~RINy(Q,2)+ ([Ho'aPo'+ H'APD

ton density of the main mode, which is anticorrelated with 70 p?

the noise sourcd P; that originates it. Two physical effects (11
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where RIN is the RIN obtained with single-mode theory in 140
Ref. 1, and the second term is the additional noise that comes
from the side modes. We have used the fact that the magni-
tude of fluctuations caused by the conversion between the
frequency chirp(FM) and the intensity modulatioAM) is
weighted by the power in the modseee Eq.(12) below].
Consequently, the phase noise in the side mdéigis,can be

neglected. In Eq(11), HiP‘(Q) is the small-signal transfer
function for propagation of intensity variations of the made
driven bprj. This transfer function is a generalization of
H,(Q) in Ref. 1, which corresponds tbigo(Q) in the
present notation, for the multimode case. In the case of

. . . . . Pi . ) . . X ) X ) . X X
propagation through dispersive optical fith¢r'(€2) is found 70—
to be Frequency (GHz)

RIN (dB/Hz)
> & @ =
[=] (3,1 o (4]

+
-
[=2]
(3

P, A¢ipj FIG. 3. RIN after 4.4 km of fiber at Postl6.4 mW, Ibias=4.11th, SMSR
H (Q)=| cog ) — 2P, m sin(9) [exp(j %), (12 =40 dB. Same notation as in Fig. 2.
i

where 6= —1/28,0°z and ¥;= — B,Aw;Qz, with B, the  L(wm)/|i, is much larger than the propagation distande
fiber group velocity dispersion coefficietthe fiber length, km, the frequencies at which the previous condition is satis-
and A w; the optical frequency spacing between modend  fied are so high that an increase in RIN is no longer seen.
the main mode. The factor ex@) accounts for the group These conditions hold for short lengths of fiber and side
delay of side modes relative to the main mode. modes close to the main mode.

Substitution of Eqs(9) and (10) into Eqg. (12) yields The relative intensity noise of a 25@m length DFB
laser at 1.54um was measured before and after propagation
in various lengths of standard single-mode optical fitsee
Figs. 1-3. A good fit to the standard single-mode theory
cog 0)(exp(j &)+ poi) + o was obtained before adding fiber. However, an increase in
the RIN over the frequency range of 500 MHz to 5 GHz
depending on fiber length and laser output power was ob-

HEAPH+HTAP,

=sin(0)| poi + w ) served when RIN after propagation was measured. Although
1Q the side modes in the stop band of the DFB laser are highly
Gu P suppressed, there are many FP cavity modes that have simi-
X 1+ﬂ N exp(j &) | |AP; lar power over a large bandwidfeee Fig. 1 Including only
ag Gy Po ' ' the strongest side mode in the calculations, the theory does

. . not predict what is experimentally observed.

~[cod 0)(exp(j &)+ Poi) + Poi o SIN(O)JAP;.  (13) We measured the optical spectrum to determine the
Equation (13) explains why even highly suppressed sidepower in~40 side modes together with their separation,;
modes can contribute significantly to the RIN after propagafrom the main mode. The measured RIN without fiber was
tion in dispersive fiber. As a consequence of the difference imised to determin®g,, (o, andy, at each operation point.
group velocities of the longitudinal modes in dispersive fiber,The rest of the parameters were estimated from the RIN with
fluctuations originating in the side modes no longer cancefiber so as to obtain the best fits, yielding=—4.6, 7
out after propagation, but instead cause oscillations in the=0.27 ns,r,,=5.5 ps, and3,=—20 pg/km.
noise power at the receiver. It can be seen that there is an For some fiber lengths the single-mode theory predicts a
overall increase in the RIN that rolls off at high frequenciesreduction in RIN! which is not necessarily achieved experi-
due to the low-pass characteristic of the noise sowPe. mentally due to these multimode effects. In the inset of Fig.
The last approximation in Eq13) is valid for ||<1, thatis, 2, the notch corresponds to the condition thai3bRw )z is
for small propagation distance and moderate frequencies. Asn integer multiple ofr, with A w the mean-mode spacing, at
in the single-mode casegxcess noise for side modes is re- which point all modes arrive at the detector in phase. The
duced after propagation when3,>0. effect of MPN is observed even at high output powers and

In order that MPN have a significant contribution at a SMSR’s (Fig. 3).
given modulation frequencyy); has to be close tar(1
+2m) for one or several of the dominant side modes, where
m is an integer. The frequency separation between the maifl
mode and theth mode is given approximately bjA w|
~|i|2mc/L, with L the laser length; the speed of light, and
i the mode index. Thus, assuming a typical valge 'w. K. Marshall, J. Paslaski, and A. Yariv, Appl. Phys. LeB, 2496
=-20 p§/km at .1'55 pm, the CondItIOh above becomes 2:?:L.gl?lfa)\.Nentworth, G. E. Bodeep, and T. E. Darcie, J. Lightwave Technol.
Q~[(1+2m)L/z)/|i|2c| Bo~0.2(1+2m)/[i| IL(um)/z(km). 10 841992,

If the length of the laser ium divided by the mode number, 2K. PetermannlLaser Modulation and NoiséIluwer, Boston, 1991
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