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Abstract—We show how mode partition noise of Fabry-

Perot mode-locked lasers can be modelled using coupled lumped 

rate equations allowing us to complete a simple empirical model 

of these lasers for system simulations. 
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I. INTRODUCTION  

Multi-mode Fabry-Perot comb lasers are attracting 
considerable interest for terabit data communication due to 
their small size, ease of operation, and output power [1]-
[5][5]. These lasers undergo FM mode-locking with the output 
spectrum of the mode locked laser (MLL) displaying many 
equal power modes within a 1 THz envelope [1],[5]. 
Applications using these lasers suffer from mode-partition 
noise (MPN) [1],[3] whereby the laser saturation can only 
supress the combined intensity noise from all of the modes, 
leaving the intensity of each mode to fluctuate [7]. Typically 
MPN is revealed in comparing the low frequency part of the 
relative intensity noise (RIN) spectrum of a single line filtered 
from the laser spectrum to the RIN spectrum of the whole 
comb. MPN manifests as a random walk in the intensity with 
the spectrum displaying a ��� shape as analysed in [7] with 
experimental observations in [1],[3]. 

In this paper, we show how mode-partition noise can be 
modelled using coupled laser rate equations for a large number 
of modes  (twenty modes presented here). Each mode has the 
same gain and photon lifetime and with each mode having 
independent random intensity fluctuations due to spontaneous 
emission. We find that the RIN of individual modes does 
indeed possess random-walk intensity noise with a ��� (or -
20 dB/decade) rolloff; with RIN values in the range of -105 
dBc/Hz at 100 MHz offset. This work allows us to easily 
generate tens of millions of amplitude samples across 20 
modes to complete an empirical numerical model of these 
MLLs that is ideal to estimate the applied system performance 
when we combine the MPN RIN profile with the partially 
correlated phase noise characteristics of these lasers without 
resorting to a more complex MLL model [6]. 

II. MULT- MODE RATE EQUATIONS 

The rate equations describing the multi-mode laser are [9] 
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Where Eq. (1) describes the dynamics of the carrier 
density including the Langevin term ��; Eq. (2) describes the 
photon density dynamics of the kth mode and the total photon 
density ���� = ∑ �  . All of the symbols are defined with 

values given in Table 1 with all parameters assumed to be 
equal for each mode. ∆�  denotes the random spontaneous 
emission in the kth mode and each ∆�  being independent and 
identically distributed random variables from a Gaussian 
random source obeying 〈∆�'�(�∆�)�( − *�〉  = ,"#
�
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for 0 = 1 , or 0 for 0 ≠ 1 . The number of modes appears 
explicitly in Eq. 2 simply because the spontaneous emission is 
divided equally amongst K modes. 

Table 1. Laser parameters. 

K Number of modes 20 

3 Current 200 mA 

4 Volume 2×10-16 m3 

*� Carrier recovery rate 3×109
 s-1 

a Differential gain  9.2×10-13 

56 Carrier density at transparency 1×1024 m-3 

*7 Photon lifetime 4×10-11 s 

ε Nonlinear gain parameter 1×10-23 m3 

89: Spontaneous inversion factor 1 

 

In this work, the photon density of each mode in Eq. (2)  is 
calculated with a timestep of 1 ps with the number of modes 

 
Fig. 1  Simulated photon of a two mode laser. Note that the 

waveforms are anti-correlated. 

 



K taken to be 20 unless otherwise stated. Since RIN is the 
performance metric of interest in this work we explicitly 
define RIN as: 
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and <=>?. @ is power spectral density operator and 〈. 〉 denotes 
ensemble averaging. Shot noise is included through the 
second term in Eq. (3) after applying photon density to 
current, I, conversion to set the floor on the RIN calculation. 
Simulating over 20 million timesteps allows for a more precise 
estimate of the RIN to be calculated through averaging.  

III. RESULTS 

To verify the above system of equations we initially plot 
the photon density and ����  for a K = 2 mode system. The 
results are given in Fig.  1. We can immediately see that the 
photon density of both modes are anti-correlated because the 
photon density in both modes adds to up a constant value ���� 
via the (saturated) lasing action that equalises the total photon 
density ���� even though the spontaneous emission into each 
mode is uncorrelated.  However, for a K ≥ 3 system, the anti-
correlated behaviour is no longer present though ���� still adds 
up to a constant value. Looking at Eq. (2), we find that the first 
term on the RHS is zero meaning that the photon density can 
fluctuate like a random-walk. The random walk behaviour is 
suppressed in single mode lasers through the lasing action 
whereby an increase (decrease) in photon density is 
accompanied by a decrease (increase) in gain [9]. 

To examine the case for Fabry-Perot lasers with 20 modes, 
we simulate the case of a K = 20 modal system and note the 
photon density of all 20 modes at each time step over 20 
million timesteps. A snippet of the simulated total photon 
density ����  from 100 ns to 200 ns is plotted in Fig. 2 (a) ; the 
photon density for the twenty individual modes plotted 
alongside in Fig. 2(b). The difference in range of photon 
densities in Fig. 2(a) and Fig. 2(b) is the same at 2.5×1021 m-

3; note that the spread of values for ���� is much smaller than 
that of any of the individual modes. The RIN of ����  is 
calculated as well as the RIN for mode k = 4, the results are 
shown in Fig. 2(c). Even though the RIN for ���� is extremely 
low, the RIN for an individual mode can be quite high 
projected to be above -100 dBc/Hz at 1 MHz and decreasing 
by 20 dB/decade which is a classic random-walk temporal 
profile as can be seen for any of the individual modes in Fig. 
2(b). Such behaviour has been experimentally measured for 
MLLs in [2],[3] where the RIN of an individual laser mode, 
with the modal RIN exceeding -100 dBc/Hz at low 

frequencies even though the RIN of the all of the modes is 
very low [3]. 

Another interesting observation from Fig. 2(c) is that RIN 
difference between an individual mode and the whole comb 
decreases and asymptotically reaches a value of 13 dB 
10log10(K) at large frequencies, say > 10 GHz. This arises 
from the definition of RIN in Eq. (3). 

We have simulated the RIN dynamics of a multimode laser 
for a typical Fabry-Perot laser with 20 equal-power modes. 
We have shown that the standard rate equations do capture the 
basic features of the RIN profile especially for MLLs, 
whereby the RIN of individual modes is large and where the 
RIN of all of the modes is low and commensurate with that of 
single-mode lasers. We can now construct an empirical 
simulation of MLLs by combining this RIN model with the 
phase noise model [8]. 
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Fig. 2  (a) Simulated Total photon density over 100 ns, (b) modal photon density for a K= 20 mode laser over 100 ns timescale, (c) 

calculated RIN of the modal photon density and the total photon density 


