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Abstract 

Low-linewidth integrated lasers are a critical component of many contemporary communication systems and of 
future sensing and spectroscopy applications. Photonic integrated circuits are increasingly co-integrated with 
their electronic counterparts, which provide the driving signals. To investigate how the noise performance of the 
driver may impact the performance of a monolithically integrated InP laser, we perform an experiment where the 
input noise can be controlled, while the laser’s frequency noise spectrum is measured. Based on the measurements 
we propose an empirical model that can be used to describe how driver noise affects the linewidth. 

Introduction 
The optical linewidth is a critical figure of merit for the performance of lasers in various opto-electronic 
applications, such as data transmission, sensing, and spectroscopy. Much research has been conducted into the 
various parameters that affect the intrinsic linewidth, i.e. the noise of the laser generated by spontaneous emission. 
Within the context of integrated photonics, most researchers have focused on optimizing cavity designs, for 
example by employing Vernier filters [1], or long passive extensions [2] to increase the Q-factor of the cavity. 

Yet, the optical linewidth is determined by more than the spontaneous emission noise alone. For example, it also 
depends on the noise on the injection current of the laser diode. As photonic integrated circuits (PIC) are 
increasingly co-integrated with specifically designed electronic driving circuits, it becomes more important to 
understand how the noise performance of the latter, might impact the former.  

In this work, the link between injection current noise and a monolithically integrated multi-quantum well (MQW) 
InP laser’s frequency noise spectrum is investigated. We describe an experiment where the injection noise is 
controlled, while the frequency noise spectrum is measured simultaneously. From this spectrum, the linewidth is 
then derived. Based on the measurements, an empirical model is proposed to relate the current noise performance 
to the linewidth. 

PIC description and laser characteristics 
For this experiment, a PIC fabricated on a SMART Photonics multi-project wafer (MPW) [3]  is used. A 
microscope picture of the chip is given in Fig. 1(a). It includes a C-band DBR laser source with a 500-µm 
semiconductor optical amplifier (SOA) section, and 300 µm of passive waveguide. The laser is designed in 
such a way that the active section can be contacted with a high speed ground-signal-ground (GSG) probe. 
This allows us to supply high speed signals with low loss and reduced interference from the environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Light is coupled out of the chip into a single mode lensed fiber. To characterize the LIV curve of this laser, it is  
biased using a Keithley model 2401, while an Agilent 81632A is used to detect the output light. The resulting LIV  
curve, based on the optical power measured in the lensed fiber is given in Figure 1(b). For the experiment, the  
most important characteristics are the threshold current of 𝐼௧௛ = 24 mA and the series resistance of the SOA, as  
shown by the IV curve, of 𝑅ୱୣ୰୧ୣୱ = 9.2 Ω. Furthermore, using an optical spectrum analyzer, the lasing wavelength  
is measured to be 1542 nm. 
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Figure 1: (a) The PIC used in this work. The SOA and GSG pads are marked with a green box. (b) IV (dashed blue line) and LI (solid red 
line) characteristics of the laser source. 



 

 

Optical linewidth measurements for different noise currents 
An overview of the setup used to measure the frequency noise while controlling the injection current noise is 
given in Fig. 2. 

A 50-mA DC SOA bias current is provided by a battery-powered ILX Lightwave LDX-3620B low noise current 
source, while the AC noise current is provided by a Liquid Instruments MOKUpro. The latter device can be used 
to generate an approximately flat voltage noise spectrum, which can be converted into a noise current using the 
diode’s 𝑅ୱୣ୰୧ୣୱ. Both signals are combined using a SHF BT65 bias-T, with 50 kHz - 65 GHz transmission window. 
A GSG probe rated up to 40 GHz is used to contact the SOA electrical pads. 
 
A lensed single-mode fiber is used to collect the output light, which is transmitted through an isolator. Afterwards, 
10% of the power is coupled to a power meter. The other 90% is coupled to a Keopsys erbium-doped-fiber-
amplifier (EDFA), which boosts the signal to 9 dBm so that the signal can be analyzed by an OEWaves OE4000 
frequency noise measurement system. 
 
Frequency noise spectra 𝑆௙  measured at a 50-mA SOA bias current using the OE4000 for different noise levels 
are given in Fig. 3(a). Up to about 50 kHz, the different 𝑆௙ decrease with frequency as dictated by 1/𝑓ଶ and 1/𝑓 
noise. Beyond 50 kHz, the additional white noise causes 𝑆௙ to increase depending on the noise level. In the absence 
of that additional noise, 𝑆௙ settles into a noise floor, which is related to the linewidth as 𝛥𝜈 = 𝜋 ⋅ 𝑆௙,୤୪୭୭୰. By 
averaging 𝑆௙  between 20 and 50 MHz, Sf,floor is found. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For each noise level, five spectra are measured and the calculated linewidths are averaged, resulting in Fig. 3(b). 
At no additional current noise, the observed linewidth is the result of spontaneous emission, and thus the intrinsic 
(modified) Schawlow-Townes linewidth measured as 𝛥𝜈ୗ୘  =  127 ±  5 kHz. The additional noise causes a 
current noise broadened linewidth (CNBL) to be observed of up to Δ𝜈େ୒୆୐ = 2200 ± 200 kHz at 30 mVpp.  
 
Empirical model 
To relate the input noise to the laser linewidth, we begin by considering the measured voltage noise spectrum 𝑆௏   
from the function generator in Fig. 4(a), and calculating the current noise spectrum 𝑆ூ from it as  
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We expect this change in current to have an indirect effect on the gain experienced by the light in the laser cavity. 
Because the laser is operated above threshold, the carrier density and gain are clamped, and in simple laser models, 
should not be able to respond to small changes in current. 

Figure 3: (a) Measured frequency noise spectra for varying white noise peak-to-peak  voltages. The partially transparent red box marks the 
region used for calculating the intrinsic linewidth. (b) Linewidths calculated from the frequency noise spectra, plotted for the different peak-
to-peak noise voltages. 
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Figure 2: Schematic depiction of the measurement setup. The current source provides the DC bias, the function generator the AC. 



 

 

However, because we are considering fluctuations in current (~µs scale) that are longer than the typical carrier  
lifetime of lasers in this material platform (~ns – ps scale), the current noise acts as an intensity modulation, as 
the carriers in excess of the ones needed for the gain are converted to photons. This change in photon number  
changes the gain spectrum due to for example spectral hole burning (SHB) and carrier heating (CH) effects.  
 
In this work, any suppression effects of the carrier fluctuations are lumped into a dimensionless fitting parameter,  
such that 
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with 𝜏ே
∗  the effective carrier lifetime, 𝜏ே the carrier lifetime itself. A suppression of the carrier fluctuations also  

suppresses the gain, such that  
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where 𝐺 is the gain rate. The threshold gain rate is estimated from a compact model for the net modal gain 𝑔(𝐼, 𝜆) 
formulated from measurements on the SMART platform as reported by Moskalenko et al. [4]. A variation in the 
gain Δ𝐺 experienced by the photons in the cavity directly has an effect on the phase change rate of the light, by 
way of the linewidth enhancement factor 𝛼/2 [5], such that  
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From this phase change rate spectrum, we calculate the phase noise spectrum by integrating, which in frequency 
domain means that 
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In turn, we can calculate from the phase noise spectrum the frequency noise spectrum as a result of the current 
noise (CN) as 𝑆௙,େ୒ = 𝑓ଶ𝑆థ, such that  
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The linewidth broadening is calculated from 𝑆௙,େ୒, similar to the measurements before, by considering the noise 
floor of the spectrum, and multiplying by 𝜋. However, 𝑆௙,େ୒ only describes the broadening effect, and the 
contribution of the intrinsic linewidth Δ𝜈ୗ୘ must also be taken into account to properly fit the data. The final 
fitting function for the current noise broadened linewidth is then 
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The dimensionless 𝐻-parameter is used to fit the data resulting in Fig. 4(b), with 𝐻 = 115 ± 2. Importantly, this 
figure shows that the model is able to predict the observed CNBL to a reasonable degree of accuracy from the 
input noise density 𝑆௏(𝑓଴). 
 
 
 
Conclusions 
 
 
 
 
 
 
 
 
 
 
Discussion 
A theoretical framework for how the observed linewidth of a diode laser may change in the presence of noise on  
the driving current has already been described before in a 1988 paper by Agrawal and Roy [6]. In their description,  
it is only the SHB that contributes to the gain suppression, through a spectral hole burning coefficient 𝐺௉ . Their  
description can be linked to ours by rewriting  

𝐻 = 𝐺௉𝜏ே⟨𝑆⟩, (8)  
with ⟨𝑆⟩ the mean photon number in the cavity.  
 

Figure 4: (a) Input voltage noise spectral densities 𝑆௏ measured using a spectrum analyzer for different peak-to-peak noise voltages. (b) 
The model from Eq. (7) fitted to the measured linewidths. 

(a) (b) 



 

 

We estimate the carrier lifetime to be 𝜏ே ≈ 300 ps [7], while ⟨𝑆⟩ ≈ 8 ⋅ 10ହ is calculated from the measured  
intrinsic linewidth. With the fitted value for 𝐻, Eq. (8) can be solved to estimate 𝐺௉ ≈ 5 ⋅ 10ହ /s, which is about  
5 times larger than what Agrawal and Roy suggest for an InGaAsP laser. Given the rough estimation, this deviation  
may not seem large, yet it must also be mentioned that their work concerns bulk lasers, while the present work  
concerns an MQW laser. 
 
A more common method to consider the coupling between the number of photons in the cavity and the gain  
in terms of a gain compression 𝜀. This description also lumps together several effects such as SHB and CH,  
so that [8] 
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with 𝑔଴ the uncompressed gain, 𝜀 the gain compression coefficient and 𝑁௣ the photon density in the cavity. By  
analogy to Eq. (2), we can calculate 𝜀 from the fitted 𝐻-parameter as 
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by introducing the mode volume 𝑉௣. The active region volume serves as an estimate so that 𝑉௣ ≈ 5 ⋅ 10ିଵ଺ m3.  
Filling this into the equation gives 𝜀 = 7.4 ⋅ 10ିଵସ cm3. For a comparable material platform, gain compression  
coefficients on the order of 10ିଵ଻cm3 have been reported before [9]. The cause for this significant deviation  
from theory is currently under investigation. 
 
Conclusions 
Integrated lasers form a key component of established communication systems and of emerging applications in  
sensing and spectroscopy. A fundamental aspect of the performance of these systems, is the linewidth of the laser  
used. To aid in the further co-integration of these PICs with their driving IC counterparts, we describe an  
experiment to measure the influence of a controlled white noise on the injection current on the observed linewidth  
of a laser. This experiment shows the observed linewidth can be significantly broadened in the presence of current  
noise. 
 
We propose an empirical model that relates the driving noise and the linewidth observed, by considering that the  
former causes a fluctuation in the gain experienced inside the laser cavity. Because lasers have their carrier  
densities and gain clamped above threshold, the aforementioned fluctuation in gain is heavily suppressed. By  
fitting this suppression to our measurement data, our model can predict the broadening effect with reasonable 
accuracy.  
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