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Abstract— Optical interconnects (OIs) continue to require more 

and more sophisticated driver and receiver electronics as higher 
baud rates are pushed in datacom, mainly due to the bandwidth 
stagnation of the optoelectronic components such as the vertical-
cavity surface-emitting laser (VCSEL) in the transmitter as well 
as the photodetector (PD) in the receiver. Another important focus 
is maintaining high energy efficiency for the OIs. For both cases, a 
reliable equivalent circuit model for high-speed VCSELs is 
required for link optimization. This work is an extension of our 
previously presented large-signal VCSEL equivalent circuit 
model, where noise is added to the physical processes that the 
VCSEL model is based on. Thus, a new step is taken in the strive 
of developing an even more accurate physics-based large-signal 
VCSEL equivalent circuit model for datacom applications. 
Following a detailed description of the VCSEL noise modelling, a 
presentation is given on simulated results of VCSEL relative 
intensity noise (RIN) spectrum and eye diagrams under 28 Gbaud 
on-off keying (OOK) and pulse-amplitude 4 (PAM4) modulation, 
and that are compared with corresponding measurement results. 
Good agreement is found over a wide range of VCSEL driving 
conditions and temperatures. A 28-GHz-bandwidth VCSEL is 
applied for the demonstration, and the presented noise extended 
VCSEL equivalent circuit model was implemented in Verilog-A, 
and the simulations were performed using Cadence Spectre. 
 

Index Terms— Data communication, equivalent circuits, 
semiconductor device modeling, semiconductor lasers, 
semiconductor device noise, white noise. 

  

I. INTRODUCTION 
S the datacom industry expands due to higher customer 
demands, higher baud rates and more energy efficient 

electronics are paramount in optical interconnects (OIs). The 
OIs mainly consist of uncooled GaAs-based vertical-cavity 
surface-emitting lasers (VCSELs), multimode optical fibers 
(MMFs) and pin-photodetectors (PDs) as this is the most 
energy- and cost effective solution [1]. However, due to 
physical bandwidth constraints of the optoelectronics such as 
the VCSEL and the PD at around 30 GHz, co-optimization with 
transceiver electronics is paramount for next-gen OIs to meet 
future datacom standards and keep the links energy efficient. 
For these types of links, the VCSEL intensity noise is typically 
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the dominant noise  [2], and especially impactful for multi-level 
modulation formats. 
 Therefore, our comprehensive physics-based large-signal 
equivalent circuit model for datacom VCSELs, previously 
presented in [3], where it was proven to be able to reproduce 
the large-signal output waveforms over a broad range of bias 
currents, ambient temperatures and modulation formats, is in 
this work extended to also include the intensity noise properties 
in the VCSEL output. A detailed theoretical description of the 
noise implementation is here provided, which is based on that 
each internal physical process of carrier transport and 
recombination, and photon generation and loss etc., is noisy by 
nature. The noise extended model is thereafter demonstrated via 
comparison of simulated to measured VCSEL relative intensity 
noise (RIN) spectra and also large signal on-off keying (OOK) 
and pulse-amplitude 4 (PAM4) eye diagrams of a simple back-
to-back link set-up. The comparison is done for a wide range of 
bias currents, modulation voltages and ambient temperatures.  
 To our knowledge, there are no published large-signal 
VCSEL equivalent circuit models with such comprehensive 
“per-process” noise implementations, and that have been 
demonstrated to work over a broad range of bias currents, 
ambient temperatures and modulation formats. The authors 
believe this “per-process” noise treatment is necessary to be 
able to accurately predict the frequency-dependent VCSEL 
noise properties over a broad range of VCSEL driving 
conditions. Most of the similar works, such as of [4] and [5], 
adopt simpler noise modelling, i.e. not “per-process” noise 
implementations, but instead introduce different types of 
approximations, for example to consider that the spontaneous 
emission coupled into the lasing optical field being the 
dominant noise source and only including it. While this is not a 
wrong assumption, the authors believe that our implementation 
is physically more accurate and thus provides better agreement 
to measurements of VCSEL output. The works of [4] and [5] 
have also not demonstrated their model’s validity over a broad 
range of bias currents, ambient temperatures and modulation 
formats as we have done in this work. 

Our noise modelling mainly follows the noise theory 
presented in [6], which is based on the temporal uncertainty, 
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following Poisson statistics, for the various physical processes 
taking place inside the VCSEL. This in particular in the separate 
confinement heterostructure (SCH) where carriers are 
transported, trapped, annihilated, or escaped via carrier 
diffusion, recombination, leakage etc., and photons are 
generated and absorbed via stimulated and spontaneous 
emission and stimulated absorption. 
 This paper is organized as follows. In Section II the noise 
extension in our established large-signal VCSEL equivalent 
circuit model [3] is presented in detail,  and in Section III this 
updated circuit model is demonstrated, applying the same 
VCSEL as in [3]. Simulations of VCSEL RIN spectra are first 
compared to measurements. Thereafter, simulations of eye 
diagrams of a simple back-to-back VCSEL link, operating at 28 
Gbaud OOK and PAM4 modulation, are compared to 
measurements. Finally, conclusions are given in Section IV. 

II. VCSEL NOISE EQUIVALENT CIRCUIT  
The starting point of this work is the large-signal equivalent 

circuit model for datacom VCSELs that was previously 
developed by the authors and presented in detail in [3], and that 
can well reproduce the optical output waveform generated by a 
high-speed 850-nm VCSEL under different modulation 
conditions. This large-signal equivalent circuit, which consists 
of five interdependent sub-circuits, is here extended so that it 
can also reproduce the intensity noise properties in the output 
from the same VCSEL. This is done by adding several noise 
sources to sub-circuits 1 to 4 (as these sub-circuits model 
physical processes in the VCSEL that are stochastic by nature), 
which is explained in the following sub-sections, and results in 
an updated equivalent circuit as illustrated in Fig. 1. 

A. Sub-Circuit 1: Input Impedance and Voltage Drop 
For sub-circuit 1 in [3], all resistors in the input impedance 

circuit contribute with Johnson-Nyquist (thermal) noise. This is 
modelled by adding a current noise source in parallel to each 
resistor, which produces white noise with a double-sided 
spectral density, 𝑆𝑆𝐼𝐼𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 [A2/Hz] given by [7]:    
 

𝑆𝑆𝐼𝐼𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑅𝑅) = 2∙𝑘𝑘∙𝑇𝑇
𝑅𝑅

 ,         (1) 
 
where 𝑘𝑘 is Boltzmann’s constant, 𝑇𝑇 [K] is the temperature, and 
𝑅𝑅 [Ω] is the resistance of the resistor. Note that 𝑇𝑇 is the internal 
VCSEL temperature (traced by sub-circuit 5 [3]) and not the 
ambient temperature. In addition, to be able to account for a 
noisy VCSEL driver (current source) a current noise source is 
added in parallel to the voltage source 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆  [V] that represents 
the voltage drop over the SCH. This current noise source is 
expressed as a shot noise source [8] having a double-sided 
spectral density, 𝑆𝑆𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 [A2/Hz] given by 
 

𝑆𝑆𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆) = 𝜂𝜂𝑠𝑠ℎ𝑜𝑜𝑜𝑜 ∙ 𝑞𝑞 ∙ 𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 ,        (2) 
 
where 𝑞𝑞 is the elementary charge and 𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆  [A] is the current 
reaching the SCH. 𝜂𝜂𝑠𝑠ℎ𝑜𝑜𝑜𝑜 ≥  0 is a factor to model the noise level 
(in relation to the shot noise level) of the VCSEL driver, where 
𝜂𝜂𝑠𝑠ℎ𝑜𝑜𝑜𝑜 =  0 and 𝜂𝜂𝑠𝑠ℎ𝑜𝑜𝑜𝑜 =  1 correspond to a driver that is noise 

free or has full shot noise, respectively. 𝜂𝜂𝑠𝑠ℎ𝑜𝑜𝑜𝑜 can of course be 
much greater than one for a noisy driver. In this description, the 
driver noise is assumed to be pure white noise, and pink noise 
(1/𝑓𝑓 flicker noise) is thus neglected. This is motivated by that 
these VCSELs will be operated at modulation frequencies that 
are far beyond the corner frequency for flicker noise, and also 
that the VCSEL phase noise is not of concern for the targeted 
application. 

Finally, note that apart from the above-mentioned thermal 
and shot noise sources, 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆  will in itself be noisy as a result of 
the stochastic carrier capture, carrier recombination, and 
thermionic emission processes in the SCH and quantum wells 
(QWs), as outlined in Section II-B below. Strictly, this will 
contribute to noise in 𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆  if the VCSEL driver is voltage 
driven, but not if it is current driven. 

B. Sub-Circuit 2 and 3: Charge Accumulation in SCH 
For the SCH, the rate equation (8) in [3] that is used to 

describe the change in carriers accumulated in the continuum, 
𝑛𝑛𝐵𝐵 [-], with time, 𝑡𝑡 [s], is added with noise terms for the 
spontaneous carrier recombination, QW carrier capture, QW 
carrier escape, and SCH carrier leakage processes as they are 
by nature stochastic:  
 

𝑑𝑑𝑛𝑛𝐵𝐵
𝑑𝑑𝑜𝑜

= 𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖 − 𝑖𝑖𝑠𝑠𝑠𝑠,𝐵𝐵 − 𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠 + 𝑖𝑖𝑒𝑒𝑠𝑠𝑐𝑐 − 𝑖𝑖𝑙𝑙𝑒𝑒𝑐𝑐𝑘𝑘 − 𝑖𝑖𝑠𝑠𝑠𝑠,𝐵𝐵
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) −

𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) + 𝑖𝑖𝑒𝑒𝑠𝑠𝑐𝑐𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) − 𝑖𝑖𝑙𝑙𝑒𝑒𝑐𝑐𝑘𝑘𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡),            (3) 
 
where 𝑖𝑖𝑠𝑠𝑠𝑠,𝐵𝐵

𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒, 𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒, 𝑖𝑖𝑒𝑒𝑠𝑠𝑐𝑐𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 and 𝑖𝑖𝑙𝑙𝑒𝑒𝑐𝑐𝑘𝑘𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 are four Langevin noise 
sources that model the fluctuations in the spontaneous carrier 
recombination rate, QW carrier capture rate, QW carrier escape 
rate, and SCH carrier leakage rate, respectively. Each of these 
four stochastic processes are assumed to be a Poisson process 
[6], which produces shot noise, i.e. white noise, with a double-
sided spectral density related to the average rate of the process. 
This means that 𝑖𝑖𝑠𝑠𝑠𝑠,𝐵𝐵, 𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠, 𝑖𝑖𝑒𝑒𝑠𝑠𝑐𝑐 , and 𝑖𝑖𝑙𝑙𝑒𝑒𝑐𝑐𝑘𝑘, now represent the 
average rates for the spontaneous carrier recombination, QW 
carrier capture, QW carrier escape, and SCH carrier leakage 
processes, respectively, and that the double-sided spectral 
density for the noise in the spontaneous carrier recombination 
rate 𝑆𝑆𝑖𝑖𝑛𝑛𝑠𝑠,𝐵𝐵

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  [1/s2Hz], QW carrier capture rate 𝑆𝑆𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 [1/s2Hz], 
QW carrier escape rate 𝑆𝑆𝑖𝑖𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 [1/s2Hz], and SCH carrier 
leakage rate 𝑆𝑆𝑖𝑖𝑙𝑙𝑛𝑛𝑐𝑐𝑙𝑙𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  [1/s2Hz], are 
 

𝑆𝑆𝑖𝑖𝑛𝑛𝑠𝑠,𝐵𝐵
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑖𝑖𝑠𝑠𝑠𝑠,𝐵𝐵,  𝑆𝑆𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠, 

      𝑆𝑆𝑖𝑖𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑖𝑖𝑒𝑒𝑠𝑠𝑐𝑐 ,  𝑆𝑆𝑖𝑖𝑙𝑙𝑛𝑛𝑐𝑐𝑙𝑙𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑖𝑖𝑙𝑙𝑒𝑒𝑐𝑐𝑘𝑘 .       (4) 
 
Thus, to sub-circuit 2 in [3], which is the rate equation for 𝑛𝑛𝐵𝐵 

translated into an equivalent circuit, four corresponding current 
noise sources are added in parallel to the respective current 
sources describing the average rates, and having zero mean and 
the following double-sided spectral densities with unit in 
[A2/Hz] 

 
𝑆𝑆𝐼𝐼𝑛𝑛𝑠𝑠,𝐵𝐵

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑞𝑞 ∙ 𝐼𝐼𝑠𝑠𝑠𝑠,𝐵𝐵, 𝑆𝑆𝐼𝐼𝑐𝑐𝑐𝑐𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑞𝑞 ∙ 𝐼𝐼𝑐𝑐𝑐𝑐𝑠𝑠, 
𝑆𝑆𝐼𝐼𝑛𝑛𝑛𝑛𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑞𝑞 ∙ 𝐼𝐼𝑒𝑒𝑠𝑠𝑐𝑐 ,  𝑆𝑆𝐼𝐼𝑙𝑙𝑛𝑛𝑐𝑐𝑙𝑙𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑞𝑞 ∙ 𝐼𝐼𝑙𝑙𝑒𝑒𝑐𝑐𝑘𝑘.       (5)   

 

This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JLT.2022.3200905

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.



JLT-30333-2022 3 

The rate equation (9) in [3] that is used to describe the change 
in carriers accumulated in the QWs, 𝑛𝑛𝐴𝐴 [-], with time, is 
similarly added with noise terms. Noise terms for the 
spontaneous and stimulated carrier recombination, and 
stimulated absorption processes are included as they are also by 
nature stochastic, 

 
 𝑑𝑑𝑛𝑛𝐴𝐴
𝑑𝑑𝑜𝑜

= 𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠 − 𝑖𝑖𝑠𝑠𝑠𝑠,𝐴𝐴 − 𝑖𝑖𝑒𝑒𝑠𝑠𝑐𝑐 − 𝑖𝑖𝑠𝑠𝑜𝑜 + 𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) − 𝑖𝑖𝑠𝑠𝑠𝑠,𝐴𝐴
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) −

𝑖𝑖𝑒𝑒𝑠𝑠𝑐𝑐𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) − 𝑖𝑖𝑠𝑠𝑜𝑜.𝑟𝑟𝑒𝑒𝑐𝑐
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) + 𝑖𝑖𝑠𝑠𝑜𝑜.𝑐𝑐𝑎𝑎𝑠𝑠

𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 (𝑡𝑡).            (6) 
 
Since 𝑛𝑛𝐴𝐴 and 𝑛𝑛𝐵𝐵 are interlinked via the QW carrier capture 

and QW carrier escape processes, (6) has the same two 
Langevin noise sources 𝑖𝑖𝑐𝑐𝑐𝑐𝑠𝑠𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 and  𝑖𝑖𝑒𝑒𝑠𝑠𝑐𝑐𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 as in (3). Note that the 
noise sources are added with different sign in (6) compared to 
in (3) due to the anti-correlation, i.e. that the loss of one carrier 
in 𝑛𝑛𝐵𝐵 results in the gain of one carrier in 𝑛𝑛𝐴𝐴. 

Furthermore, 𝑖𝑖𝑠𝑠𝑠𝑠,𝐴𝐴
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒, 𝑖𝑖𝑠𝑠𝑜𝑜.𝑟𝑟𝑒𝑒𝑐𝑐

𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒  and  𝑖𝑖𝑠𝑠𝑜𝑜.𝑐𝑐𝑎𝑎𝑠𝑠
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒  are Langevin noise 

sources that model the fluctuation in the spontaneous and 
stimulated carrier recombination rate, and stimulated 
absorption rate, respectively. Each of these three stochastic 
processes are also assumed to follow Poisson statistics, and 
where it is recognized that 𝑖𝑖𝑠𝑠𝑜𝑜 symbolizes the net average rate 
of the stimulated recombination and absorption processes, i.e. 
 

𝑖𝑖𝑠𝑠𝑜𝑜 = 𝑖𝑖𝑠𝑠𝑜𝑜.𝑟𝑟𝑒𝑒𝑐𝑐 − 𝑖𝑖𝑠𝑠𝑜𝑜.𝑐𝑐𝑎𝑎𝑠𝑠,         (7) 
 
where 
 

𝑖𝑖𝑠𝑠𝑜𝑜.𝑟𝑟𝑒𝑒𝑐𝑐 = 𝜂𝜂𝑠𝑠𝑠𝑠 ∙ 𝑖𝑖𝑠𝑠𝑜𝑜,  𝑖𝑖𝑠𝑠𝑜𝑜.𝑐𝑐𝑎𝑎𝑠𝑠 = �𝜂𝜂𝑠𝑠𝑠𝑠 − 1� ∙ 𝑖𝑖𝑠𝑠𝑜𝑜 .    (8) 
 
𝜂𝜂𝑠𝑠𝑠𝑠 [-] is the population inversion factor and is related to the 
quasi-Fermi-level separation and the two energy levels 
involved for the lasing [9]. For simplicity it is approximated by 
[10], 
 

𝜂𝜂𝑠𝑠𝑠𝑠 ≈
𝑛𝑛𝐴𝐴

(𝑛𝑛𝐴𝐴−𝑛𝑛𝑡𝑡𝑡𝑡)
,           (9) 

 

where 𝑛𝑛𝑜𝑜𝑟𝑟 [-] is the number of accumulated free carriers in the 
QWs needed to reach optical transparency, and indirectly 
computed from: 
 

𝑔𝑔(𝑛𝑛𝐴𝐴 = 𝑛𝑛𝑜𝑜𝑟𝑟 , 𝑆𝑆 = 0,𝑇𝑇) = 0,      (10) 
 
where 𝑔𝑔 is the optical material gain in the QWs, modelled by 
the function (17) in [3], and 𝑆𝑆 [-] is the number of photons in 
the optical resonator. 

This gives that the double-sided spectral density for the noise 
in the spontaneous carrier recombination rate, 𝑆𝑆𝑖𝑖𝑛𝑛𝑠𝑠,𝐴𝐴

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  [1/s2Hz], 
stimulated carrier recombination rate, 𝑆𝑆𝑖𝑖𝑛𝑛𝑡𝑡.𝑡𝑡𝑛𝑛𝑐𝑐

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  [1/s2Hz], and 
stimulated absorption rate, 𝑆𝑆𝑖𝑖𝑛𝑛𝑡𝑡.𝑐𝑐𝑎𝑎𝑛𝑛

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  [1/s2Hz], is  
 

𝑆𝑆𝑖𝑖𝑛𝑛𝑠𝑠,𝐴𝐴
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑖𝑖𝑠𝑠𝑠𝑠,𝐴𝐴,  𝑆𝑆𝑖𝑖𝑛𝑛𝑡𝑡.𝑡𝑡𝑛𝑛𝑐𝑐

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜂𝜂𝑠𝑠𝑠𝑠 ∙ 𝑖𝑖𝑠𝑠𝑜𝑜, 

𝑆𝑆𝑖𝑖𝑛𝑛𝑡𝑡.𝑐𝑐𝑎𝑎𝑛𝑛
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = �𝜂𝜂𝑠𝑠𝑠𝑠 − 1� ∙ 𝑖𝑖𝑠𝑠𝑜𝑜.       (11) 

 
Thus, to sub-circuits 3 in [3], which is the rate equation for 𝑛𝑛𝐴𝐴 
translated into an equivalent circuit, five corresponding current 
noise sources are added in parallel to the respective current 
sources describing the average rates, where two of the current 
noise sources are the same as the ones used in sub-circuit 2 with 
double-sided spectral densities as defined in (5). The other three 
current noise sources have zero mean and the following double-
sided spectral densities in unit [A2/Hz] 
 

𝑆𝑆𝐼𝐼𝑛𝑛𝑠𝑠,𝐴𝐴
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑞𝑞 ∙ 𝐼𝐼𝑠𝑠𝑠𝑠,𝐴𝐴, 𝑆𝑆𝐼𝐼𝑛𝑛𝑡𝑡.𝑡𝑡𝑛𝑛𝑐𝑐,𝐴𝐴

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑞𝑞 ∙ 𝜂𝜂𝑠𝑠𝑠𝑠 ∙ 𝐼𝐼𝑠𝑠𝑜𝑜,𝐴𝐴, 

𝑆𝑆𝐼𝐼𝑛𝑛𝑡𝑡.𝑐𝑐𝑎𝑎𝑛𝑛,𝐴𝐴
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑞𝑞 ∙ �𝜂𝜂𝑠𝑠𝑠𝑠 − 1� ∙ 𝐼𝐼𝑠𝑠𝑜𝑜,𝐴𝐴.    (12) 

C. Sub-Circuit 4: Photon Accumulation in Resonator 
The rate equation (27) in [3] that is used to describe the 

change in photons accumulated in the resonator, 𝑆𝑆 [-], with 
time, is similarly added with noise terms. Noise terms for the 
loss rates of photons through free-carrier absorption in the 
doped distributed Bragg reflectors (DBRs), and through the 
bottom and top DBR are included as they are also by nature 
stochastic: 

 

 
 Fig. 1.  Equivalent circuit for a high-speed datacom VCSEL, with noise sources included. 
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𝑑𝑑𝑆𝑆
𝑑𝑑𝑜𝑜

= 𝑖𝑖𝑠𝑠𝑜𝑜 + 𝑖𝑖𝑠𝑠𝑠𝑠 − 𝑖𝑖𝑐𝑐𝑎𝑎𝑠𝑠 − 𝑖𝑖𝑎𝑎𝑏𝑏 − 𝑖𝑖𝑜𝑜𝑏𝑏 + 𝑖𝑖𝑠𝑠𝑜𝑜,𝑟𝑟𝑒𝑒𝑐𝑐
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) −

𝑖𝑖𝑠𝑠𝑜𝑜,𝑐𝑐𝑎𝑎𝑠𝑠
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 (𝑡𝑡) − 𝑖𝑖𝑐𝑐𝑎𝑎𝑠𝑠𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) − 𝑖𝑖𝑎𝑎𝑏𝑏𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡) − 𝑖𝑖𝑜𝑜𝑏𝑏𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒(𝑡𝑡).     (13) 

 
Since 𝑆𝑆 and 𝑛𝑛𝐴𝐴 are interlinked via the stimulated carrier 
recombination and stimulated absorption processes, (13) has 
the same two Langevin noise sources 𝑖𝑖𝑠𝑠𝑜𝑜.𝑟𝑟𝑒𝑒𝑐𝑐

𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒  and  𝑖𝑖𝑠𝑠𝑜𝑜.𝑐𝑐𝑎𝑎𝑠𝑠
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒  as in 

(6). Note that they are added with different sign in (13) 
compared to in (6) due to the anti-correlation, i.e. that the loss 
of one carrier in 𝑛𝑛𝐴𝐴 results in the gain of one photon in 𝑆𝑆. 𝑖𝑖𝑐𝑐𝑎𝑎𝑠𝑠𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒, 
𝑖𝑖𝑎𝑎𝑏𝑏𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 and  𝑖𝑖𝑜𝑜𝑏𝑏𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 are Langevin noise sources that model the 
fluctuation in the photon loss rate through free-carrier 
absorption in the DBRs, and through bottom and top DBRs, 
respectively. Each of these three stochastic processes are also 
assumed to be a Poisson process [6]. The spontaneously emitted 
photons in the QWs that contribute to the number of photons in 
the lasing mode, is also a stochastic process following Poisson 
statistics, however the average rate, 𝑖𝑖𝑠𝑠𝑠𝑠, is much lower than the 
average rates for stimulated carrier recombination, 𝑖𝑖𝑠𝑠𝑜𝑜,𝑟𝑟𝑒𝑒𝑐𝑐, near 
and above threshold, wherefore its noise contribution is 
neglected. Note, however, that with the introduction of 𝜂𝜂𝑠𝑠𝑠𝑠 in 
(8), 𝑖𝑖𝑠𝑠𝑠𝑠 can via Einstein’s coefficients be related to 𝑖𝑖𝑠𝑠𝑜𝑜 [9], [11] 
instead of computing it as (28) in [3]. This leads to 
 

𝑖𝑖𝑠𝑠𝑠𝑠(𝑛𝑛𝐴𝐴, 𝑆𝑆,𝑇𝑇) = 𝜂𝜂𝑠𝑠𝑠𝑠(𝑛𝑛𝐴𝐴,𝑇𝑇) ∙ 𝛤𝛤 ∙ 𝑣𝑣𝑔𝑔 ∙ 𝑔𝑔(𝑛𝑛𝐴𝐴, 𝑆𝑆,𝑇𝑇).  (14) 
 

This yields that the double-sided spectral density for the noise 
in the photon loss rate through free-carrier absorption in the 
DBRs, 𝑆𝑆𝑖𝑖𝑐𝑐𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 [1/s2Hz], the photon loss rate through bottom 
DBR, 𝑆𝑆𝑖𝑖𝑎𝑎𝑏𝑏𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  [1/s2Hz],  and the photon loss rate through top 
DBR, 𝑆𝑆𝑖𝑖𝑡𝑡𝑏𝑏𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  [1/s2Hz], is  
 

𝑆𝑆𝑖𝑖𝑐𝑐𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑖𝑖𝑐𝑐𝑎𝑎𝑠𝑠,  𝑆𝑆𝑖𝑖𝑎𝑎𝑏𝑏𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑖𝑖𝑎𝑎𝑏𝑏,  𝑆𝑆𝑖𝑖𝑡𝑡𝑏𝑏𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑖𝑖𝑜𝑜𝑏𝑏.  (15) 
 
Thus, to sub-circuit 4 in [3], which is the rate equation for 𝑆𝑆 
translated into an equivalent circuit, five corresponding current 
noise sources are added in parallel to the respective current 
sources describing the average rates, where two of the current 
noise sources are the same as the ones used in sub-circuit 3, 
apart from a factor 𝜂𝜂, where 
 

𝜂𝜂 = ℎ𝑐𝑐
𝑞𝑞𝑞𝑞

.          (16) 
 
The five current noise sources have zero mean and the 
following double-sided spectral densities in unit [A2/Hz]: 
 

𝑆𝑆𝐼𝐼𝑛𝑛𝑡𝑡,𝑡𝑡𝑛𝑛𝑐𝑐,𝑆𝑆
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜂𝜂2 ∙ 𝑆𝑆𝐼𝐼𝑛𝑛𝑡𝑡,𝑡𝑡𝑛𝑛𝑐𝑐,𝐴𝐴

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ,  𝑆𝑆𝐼𝐼𝑛𝑛𝑡𝑡,𝑐𝑐𝑎𝑎𝑛𝑛,𝑆𝑆
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜂𝜂2 ∙ 𝑆𝑆𝐼𝐼𝑛𝑛 𝑡𝑡,𝑐𝑐𝑎𝑎𝑛𝑛,𝐴𝐴

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 , 
𝑆𝑆𝐼𝐼𝑐𝑐𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜂𝜂 ∙ 𝑞𝑞 ∙ 𝐼𝐼𝑐𝑐𝑎𝑎𝑠𝑠, 𝑆𝑆𝐼𝐼𝑎𝑎𝑏𝑏𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜂𝜂 ∙ 𝑞𝑞 ∙ 𝐼𝐼𝑎𝑎𝑏𝑏,  

𝑆𝑆𝐼𝐼𝑡𝑡𝑏𝑏𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜂𝜂 ∙ 𝑞𝑞 ∙ 𝐼𝐼𝑜𝑜𝑏𝑏.        (17) 
 

D. Summary 
 Fig. 1 illustrates the noise-extended VCSEL equivalent 
circuit model where, for compactness, the current noise 
sources in sub-circuits 2, 3, and 4 are lumped together into a 

single respective current noise source 𝐼𝐼B𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 , 𝐼𝐼A𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒  and 𝐼𝐼S𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 , 
where thus 
 
𝐼𝐼𝐵𝐵𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 = −𝐼𝐼𝑠𝑠𝑠𝑠,𝐵𝐵

𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 − 𝐼𝐼𝑐𝑐𝑐𝑐𝑠𝑠𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 + 𝐼𝐼𝑒𝑒𝑠𝑠𝑐𝑐𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 − 𝐼𝐼𝑙𝑙𝑒𝑒𝑐𝑐𝑘𝑘𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 ,      (18) 
 
𝐼𝐼𝐴𝐴𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 = −𝐼𝐼𝑠𝑠𝑠𝑠,𝐴𝐴

𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 + 𝐼𝐼𝑐𝑐𝑐𝑐𝑠𝑠𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 − 𝐼𝐼𝑒𝑒𝑠𝑠𝑐𝑐𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 + 𝐼𝐼𝑠𝑠𝑜𝑜,𝑐𝑐𝑎𝑎𝑠𝑠,𝐴𝐴
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 − 𝐼𝐼𝑠𝑠𝑜𝑜,𝑟𝑟𝑒𝑒𝑐𝑐,𝐴𝐴

𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 ,  (19) 
 
𝐼𝐼𝑆𝑆𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 = −𝐼𝐼𝑐𝑐𝑎𝑎𝑠𝑠𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 − 𝐼𝐼𝑎𝑎𝑏𝑏𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 − 𝐼𝐼𝑜𝑜𝑏𝑏𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 − 𝐼𝐼𝑠𝑠𝑜𝑜,𝑐𝑐𝑎𝑎𝑠𝑠,𝑆𝑆

𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 + 𝐼𝐼𝑠𝑠𝑜𝑜.𝑟𝑟𝑒𝑒𝑐𝑐,𝑆𝑆
𝑛𝑛𝑜𝑜𝑖𝑖𝑠𝑠𝑒𝑒 ,  (20) 

 
Note that Fig. 1 does not illustrate all noise sources included in 
sub-circuit 1 where, as mentioned above, all distributed 
resistors are added with thermal noise. 

The optical output power from the VCSEL, 𝑃𝑃𝑜𝑜𝑠𝑠𝑜𝑜  [W], is 
proportional to the current, 𝐼𝐼𝑜𝑜𝑏𝑏[A], where 𝐼𝐼𝑜𝑜𝑏𝑏 is defined in Fig. 
1. For a constant VCSEL drive current, 𝐼𝐼, this results in a noisy 
output power 𝑃𝑃𝑜𝑜𝑠𝑠𝑜𝑜(𝐼𝐼, 𝑡𝑡), having mean value 〈𝑃𝑃𝑜𝑜𝑠𝑠𝑜𝑜〉(𝐼𝐼) (equal to 
𝑃𝑃𝑜𝑜𝑠𝑠𝑜𝑜(𝐼𝐼) in [3]) and a frequency dependent double-sided spectral 
density 𝑆𝑆𝑃𝑃𝑛𝑛𝑠𝑠𝑡𝑡(𝐼𝐼, 𝑓𝑓) [W2/Hz], where 𝑓𝑓 [Hz] is the noise 
frequency. 

III. DEMONSTRATION ON A 28-GHZ-BANDWIDTH VCSEL 
In this paper our noise expanded VCSEL equivalent circuit 

model is demonstrated on a state-of-the-art 28-GHz-bandwidth 
850-nm VCSEL, which is the identical VCSEL applied to 
demonstrate our noise-free version of our VCSEL equivalent 
circuit model presented in [3]. The VCSEL design is described 
in detail in [12], [13]. Moreover, the detailed physics behind our 
noise-free VCSEL model and all its relevant parameters can 
consequently be found in [3]. The parameter values used in this 
work are the exact same as those tabulated in [3] (and remain 
unchanged for all simulations). This means that no further 
VCSEL parameter value fitting/fine-tuning based on our 
measured VCSEL noise properties presented below has been 
done. In this work our equivalent circuit model is implemented 
in Verilog-A, and the simulations have been performed in 
Cadence Spectre. The reason for the implementation in Verilog-
A is that it was found simpler to introduce the noise sources 
(and their respective correlation properties), especially for 
large-signal time domain simulations. Simulated and measured 
VCSEL RIN spectrum are compared for different VCSEL bias 
currents and ambient temperatures, and likewise large-signal 
eye diagrams for a simple back-to-back link operating at 28 
Gbaud under pseudorandom bit sequence of word length 215-1 
(PRBS 15) OOK and PAM4 modulation, at different VCSEL 
bias currents, modulation voltages, and ambient temperatures.   

  

A. VCSEL Relative Intensity Noise 
The VCSEL RIN in the frequency domain, 𝑅𝑅𝐼𝐼𝑅𝑅(𝐼𝐼, 𝑓𝑓) [1/Hz], 

is defined by 
 

𝑅𝑅𝐼𝐼𝑅𝑅(𝐼𝐼, 𝑓𝑓) =  
2∙𝑆𝑆𝑃𝑃𝑛𝑛𝑠𝑠𝑡𝑡(𝐼𝐼,𝑓𝑓)

�〈𝑃𝑃𝑛𝑛𝑠𝑠𝑡𝑡〉(𝐼𝐼)�
2,       (21) 

 
where 𝑆𝑆𝑃𝑃𝑛𝑛𝑠𝑠𝑡𝑡(𝐼𝐼,𝑓𝑓) is equal to the Fourier transform (𝐅𝐅) of the 
auto-correlation of 𝑃𝑃𝑜𝑜𝑠𝑠𝑜𝑜(𝐼𝐼, 𝑡𝑡) in the time domain, i.e. 
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𝑆𝑆𝑃𝑃𝑛𝑛𝑠𝑠𝑡𝑡(𝐼𝐼, 𝑓𝑓) =  𝑭𝑭�〈𝑃𝑃𝑜𝑜𝑠𝑠𝑜𝑜(𝐼𝐼, 𝑡𝑡)𝑃𝑃𝑜𝑜𝑠𝑠𝑜𝑜(𝐼𝐼, 𝑡𝑡 − 𝜏𝜏)〉� = �𝑭𝑭�𝑃𝑃𝑜𝑜𝑠𝑠𝑜𝑜(𝐼𝐼, 𝑡𝑡)��
2
.

                       (22) 

 
As our noise extended equivalent circuit model is implemented 
for time domain simulations, the RIN spectrum is thus obtained 
by tracing 𝑃𝑃𝑜𝑜𝑠𝑠𝑜𝑜(𝐼𝐼, 𝑡𝑡) over a certain time period by applying the 
equivalent circuit in Fig. 1 for a constant VCSEL drive current 
𝐼𝐼, and thereafter making a Fourier transform of the noisy output 
power during this period. A temporal resolution of 1 ps or better 
is used, and with a time period of 1 µs a spectral resolution of 1 
MHz is obtained for the simulated RIN spectrum. Furthermore, 
in these simulations 𝜂𝜂𝑠𝑠ℎ𝑜𝑜𝑜𝑜 is set to 0. 

Experimentally, the VCSEL RIN is measured using an 
electrical spectrum analyzer (ESA). A current source 
[Yokogawa 7651] feeds the VCSEL with a DC-current through 
an RF-probe [Picoprobe 40A]. The VCSEL output beam is 
passed through an 850-nm-anti-reflection-coated lens package, 
via first a collimating lens and then a focusing lens to efficiently 
couple the light into an OM4 MMF that has an FC/APC-type 
input connector. The latter is used for avoiding optical feedback 
to the VCSEL. Note that by having a high fiber-coupling 
efficiency one also avoids mode-partition-noise from mode-
selective fiber-coupling that will otherwise contribute to the 
measured VCSEL RIN spectrum at low frequencies [14]. 

Moreover, the MMF is short (1 m) to avoid effects from fiber 
modal dispersion during propagation. The output end of the 
fiber is via a FC/PC-type connector connected to a PD [New 
Focus 1481-S-50], which in turn is connected to a microwave 
amplifier [SHF 806P] that is necessary to boost the signal above 
the noise floor of the ESA [Agilent Tech. PXA SA N9030A], 
otherwise most of the spectral components of the VCSEL 
intensity noise ends up below the noise floor of the ESA. The 
temperature is controlled using a Peltier element connected to 
the chuck on which the VCSEL is placed during the experiment. 

With all the components connected and the VCSEL turned 
on, the ESA measures the noise spectrum of the full system, i.e. 

VCSEL intensity noise, thermal noise from the PD and 
microwave amplifier, and shot noise from the PD. Thus, the 
latter two noise contributions need to be determined and 
subtracted from the measured system noise spectrum in order 
to deduce the VCSEL RIN spectrum. The thermal noise from 
the PD and microwave amplifier is determined by measuring 
the system noise with the ESA when the VCSEL is turned off. 
The shot noise from the PD is calculated based on the 
photocurrent generated in the PD. When deducing the VCSEL 
RIN the bandwidth-limited modulation response of both the PD 
and the microwave amplifier (supplied by the manufacturer) is 
also compensated for.  Results from RIN simulations and 
measurements can be seen in Fig. 2, which shows the RIN for 
our 28-GHz-bandwidth VCSEL at ambient temperatures of 
25°C, 50°C and 75°C, for various bias currents specified in the 
legends. Measuring VCSEL RIN spectrum is challenging, 
particularly at high bias currents, as the measured spectral noise 
power levels are close to or go below the noise floor of the ESA, 
and also that the measurements are highly sensitive to mode-
selective fiber-coupling and optical feedback effects. 
Considering this, a good conformity is found between the 
measured and simulated VCSEL RIN data, especially around 
the peak maximum (which corresponds to the VCSEL 
resonance frequency) in terms of absolute value and spectral 
distribution. Even though a lot of effort was made on optimizing 
the measurement set-up one can still see in the measured RIN 
data in Fig. 2 that there is some small mode-partition noise 
contribution from mode-selective fiber-coupling, appearing at 
the very lowest frequencies at high bias currents. One can also 
observe that there are some minor peaks for frequencies beyond 
the VCSEL resonance frequency that results from some optical 
feedback effects. Moreover, the good correlation between the 
magnitudes of the simulated and measured RIN spectra makes 
our initial assumption of setting 𝜂𝜂𝑠𝑠ℎ𝑜𝑜𝑜𝑜 = 0, reasonable. In other 
words, the noise in the driver current is relatively low and has 
little influence on the RIN. 
 

 

 
Fig. 2. Measured and simulated RIN spectrum for our 28-GHz-bandwidth VCSEL, for different VCSEL bias currents and ambient temperatures, (a) 25°C, (b) 
50°C, and (c) 75°C. Solid lines indicate simulated values while the dashed lines indicate measured values. 
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B. Large-signal performance 
The experimental link is set up by placing the VCSEL chip 

on a temperature-controlled metal chuck, and a bias-T is used 
to combine the data signal with the VCSEL bias current, and 
this is fed to the VCSEL using an RF-probe [Picoprobe 40A]. 
The data signal is composed of a PRBS 15 sequence and is 
generated by a bit pattern generator (BPG) [SHF 12103B]. The 
bias current is generated by a programmable current source 
[Yokogawa 7651]. The OOK pattern is generated directly from 
one port of the BPG, and the PAM4 pattern is generated by 
combining the output from two separate output ports of the 
BPG and using a power combiner and delaying one of the bit 
patterns. The same double-lens package and OM4 MMF set-up 
as for the RIN-measurements is used to couple the VCSEL 
output beam to the fiber with high efficiency and propagating 
the light to the PD, but in this case via a fiber-coupled variable 
optical attenuator (VOA) [EXFO FVA-3150] that is needed to 
not exceed the optical power limit of the PD. The 32.3 GHz 
bandwidth PD [Thorlabs DXM30BF] has a DC-current 
monitoring port (with output proportional to the DC-
photocurrent generated in the PD), and the RF-output of the PD 
is connected to a 55 GHz bandwidth microwave amplifier [SHF 
804TL]. The amplifier output signal is analyzed using a 70 GHz 
bandwidth equivalent time oscilloscope [Agilent Infiniium 
DCA-J 86100C]. A block diagram of this setup can be seen in 
Fig. 3. 

The simulations have been run in the Cadence Spectre 
simulator. In our simulations, to as closely as possible mirror 
the experimental link set-up, a simple equivalent circuit for the 
VCSEL driver stage is implemented in Cadence Virtuoso. This 
driver stage consists of a DC current source and a vsource 
voltage source (from analogLib) that are combined via an 

“ideal” bias-T. The vsource voltage source is set to generate an 
“ideal” 28 Gbaud PRBS 15 OOK (or PAM4) signal with on and 
off voltage levels that correspond to what is used in the 
measurements. To capture the correct rise- and fall-time 
characteristics, as well as the edge smoothness of the digital 
signal, in the signal driving the VCSEL (determined from a 
separate measurement, see [3]) the signal is further low-pass 
filtered using a 50 GHz bandwidth 2-order Butterworth filter. 
Also, in these simulations 𝜂𝜂𝑠𝑠ℎ𝑜𝑜𝑜𝑜 is set to 0. To show the 
simulated driving signal and how it correlates with the 
measured one, Fig. 4 displays the noise free simulated and 
measured 28 Gbaud OOK and PAM4 eye diagrams for an ideal 
50 Ω load (instead of the VCSEL) and with a peak-to-peak 
modulation voltage, Vpp, of 380 and 900 mV, respectively. 

Similarly, a simple equivalent circuit for the receiver stage is 
implemented in Cadence Virtuoso. This receiver stage consists 
of first a voltage-controlled voltage-source to mimic the VOA 
in dampening the received optical signal amplitude before the 
PD. Secondly, a simple PD equivalent circuit, which provides 
the same responsivity and frequency response as our PD, and 
that also adds its thermal and shot noise characteristics. The 
former magnitude is based on the PD specifications from the 
manufacturer, while the latter magnitude is computed and being 

 

  
Fig. 4. Input electrical eye diagrams at 28 Gbaud with an ideal 50 Ω load: (a) 
simulated, OOK-modulation; (b) measured, OOK-modulation; (c) simulated, 
PAM4-modulation; and (d) measured, PAM4-modulation. 
 
 

 

  
Fig. 3. A block diagram illustrating the experimental setup used in the large-
signal performance measurements. 
 
 

 
 

 
Fig. 5. Simulated eye diagrams at 28 Gbaud OOK modulation for the 28-GHz bandwidth VCSEL and driver alone (i.e. not for the complete back-to-back link set-
up) while operating at 25°C with a 5 mA VCSEL bias current and a 380 mV peak-to-peak driver signal amplitude. (a) PRBS 7 word length, all VCSEL noise 
sources disabled, (b) PRBS 7 word length, all VCSEL noise sources enabled, (c) PRBS 15 word length, all VCSEL noise sources disabled, and (d) PRBS 15 word 
length, all VCSEL noise sources enabled. The eye diagrams are presented in density function mode.  
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directly proportional to the DC-photocurrent generated in the 
PD. Note that as the noise is to be generated in the time domain 
it was found easier to use Verilog-A to generate these noise 
sources (just as for our VCSEL equivalent circuit), meaning 
that the PD equivalent circuit was partly implemented in 
Verilog-A. Thirdly, an AC-coupled microwave amplifier added 
with a time domain noise source (also implemented in Verilog-
A for simplicity) and a 12-order Butterworth low-pass filter, to 
give the same noise figure and bandwidth-limited modulation 
response as specified by the manufacturer.    
 Fig. 5 shows examples of simulated eye diagrams generated 
from the VCSEL output, i.e. the simulated signal just before the 
VOA and PD equivalent circuits. A temporal resolution of 1 ps 
or better was applied in the simulations. The eye diagrams are 
for 28 Gbaud OOK modulation at 5 mA VCSEL bias current 
and at an ambient temperature of 25°C, and serve to illustrate 

the penalty in eye closure of using PRBS 15 instead of PRBS 7, 
and likewise for including or not including VCSEL intensity 
noise in the simulations. Comparing Fig. 5 (a) and (c), i.e. PRBS 
7 versus PRBS 15 performance with noise sources disabled, a 
PRBS-penalty is clearly observed, which stems from the more 
lower frequencies excited in the PRBS 15 signal, due to a larger 
number of consecutive “0” or “1” bits. While this eye closure 
penalty in using PRBS 15 instead of 7 is not insignificant at this 
bit rate (also experimentally confirmed in [15]), the eye closure 
from including VCSEL intensity noise is stronger. This is seen 
by comparing Fig. 5 (a) with (b) and (c) with (d), where the 
noise sources are enabled in (b) and (d). This demonstrates how 
important it is to include VCSEL intensity noise in a large-
signal datacom VCSEL equivalent circuit model. 

Fig. 6 and Fig. 7 present a comparison of measured and 
simulated eye diagrams for the full back-to-back link, operating 

 
 

 
Fig. 7. Measured (a)-(d) and simulated (e) to (h) eye diagrams at 28 Gbaud PAM4 PRBS 15 modulation for the full back-to-back link set-up (i.e. driver, VCSEL, 
VOA, PD and microwave amplifier), employing the 28-GHz bandwidth VCSEL and in the simulations including all noise sources in the equivalent circuits for 
the VCSEL, PD, and AC-coupled amplifier. The driver peak-to-peak signal amplitude is 900 mV, and the VCSEL bias current and temperature is in (a) and (e) 5 
mA and 25°C, (b) and (f) 9 mA and 25°C, (c) and (g) 5 mA and 75°C, and (d) and (h) 9 mA and 75°C. The eye diagrams are presented in density function mode. 
and the time and voltage scales, divisions and offsets for the simulated eye diagrams are set to be the same as for the corresponding measured eye diagrams for 
fairest comparison. 
 

 

 
Fig. 6. Measured (a)-(d) and simulated (e) to (h) eye diagrams at 28 Gbaud OOK PRBS 15 modulation for the full back-to-back link set-up (i.e. driver, VCSEL, 
VOA, PD and microwave amplifier), employing the 28-GHz bandwidth VCSEL and in the simulations including all noise sources in the equivalent circuits for 
the VCSEL, PD, and AC-coupled amplifier. The peak-to-peak driver signal amplitude is 380 mV, and the VCSEL bias current and temperature is in (a) and (e) 5 
mA and 25°C, (b) and (f) 9 mA and 25°C, (c) and (g) 5 mA and 75°C, and (d) and (h) 9 mA and 75°C. The eye diagrams are presented in density function mode. 
and the time and voltage scales, divisions and offsets for the simulated eye diagrams are set to be the same as for the corresponding measured eye diagrams for 
fairest comparison. 
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at 28 Gbaud OOK PRBS 15 respective PAM4 PRBS 15 
modulation. Eye diagrams are shown for VCSEL ambient 
temperatures of 25°C and 75°C, both for VCSEL bias currents 
of 5 mA and 9 mA, which were used in [3] when generating the 
corresponding noise-free eye diagrams. Note that the threshold 
current is 0.7 mA and 0.9 mA, and the thermal roll-over current 
is 13.0 mA and 9.5 mA at 25°C and 75°C, respectively [3]. For 
all OOK cases the peak-to-peak modulation voltage is 380 mV, 
while for all PAM4 cases the peak-to-peak modulation voltage 
is 900 mV. In the simulations a temporal resolution of 1 ps or 
better was applied. For providing as fair as possible comparison 
between measured and corresponding simulated eye-diagrams, 
the same time and voltage scales, divisions and offsets are 
applied. The link eye diagram simulations show nice agreement 
with the corresponding measured eye diagrams, in predicting 
both the eye waveform and eye closure from bit-pattern history 
and noise effects, and this for a wide range of driving conditions 
for the link. 

IV. CONCLUSION 
A large-signal equivalent circuit model for high-speed 

datacom VCSELs is presented. It is based on the same 
equivalent circuit model as presented by the authors earlier in 
[3], that is able to accurately reproduce the large-signal 
modulation waveform response of a state-of-the-art 28-GHz 
bandwidth 850-nm VCSEL for a broad range of driving 
conditions, e.g. bias current, modulation voltage, ambient 
temperature, and modulation format. This datacom VCSEL 
equivalent circuit model is here extended so that it can also 
accurately predict the intensity noise properties in the output 
from the same VCSEL.  
 The VCSEL equivalent circuit model consists of five 
interdependent sub-circuits, treating the device input 
impedance, carrier accumulation in the SCH, carrier 
accumulation in the QWs, number of photons in the resonator, 
and device self-heating, respectively. Thermal noise is 
introduced for the distributed electrical resistances in sub-
circuit 1, and shot noise following Poisson statistics is 
introduced in sub-circuit 2-4 for almost all individual physical 
processes considered. The feedback mechanism in the 
generation of photons and the accumulation of carriers in the 
QWs from the stimulated recombination process is responsible 
for that the intensity noise in the output from the VCSEL is not 
pure shot noise, i.e. white noise, but is colored noise with a peak 
at the resonance frequency.    
  To verify our noise implementation, our noise extended 
VCSEL equivalent circuit model is applied for the same 28-
GHz-bandwidth 850-nm VCSEL as in  [3] and simulated RIN 
spectra are compared to measured RIN spectra. Thereafter, 
large-signal eye diagrams for a simple back-to-back 28 Gbaud 
PRBS 15 OOK and PAM4 link set-up, applying the same 
VCSEL, is simulated and compared to measurements. Good 
agreement in RIN spectrum and eye diagrams are found, for a 
wide range of bias currents, modulation voltages, and ambient 
temperatures that are typically for datacom applications.  
 The purpose of the work is primarily to provide a VCSEL 
equivalent circuit model to datacom link designers that is able 
to accurately mimic not only the waveform but also the noise in 
the optical output from a datacom VCSEL under high-speed 

large-signal modulation. Secondarily, to have such a model that 
can also to a high degree link the VCSEL bandwidth and noise 
performance limitations to the VCSEL design. This by making 
it as physics-based as possible. This kind of datacom VCSEL 
equivalent circuit model will be needed in the design of future 
OIs, requiring the co-design and optimization of driver 
electronics, VCSEL, and receiver electronics. 

Potential future work will consist of expanding the 
temperature range in which our datacom VCSEL equivalent 
circuit model has proven to work well. This to not only 
accommodate conventional OI applications, but also novel link 
applications operating at lower and higher temperatures. For 
example, sub-zero to >100°C temperatures demanded by the 
automotive industry [16], and temperatures at or higher than 
100°C for transceivers that are placed on the same ASIC boards 
as used for data processing [17] e.g. in applications such as 
high-performance computing. 
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