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Abstract—Vertical-Cavity Surface-Emitting Lasers (VCSELs)
represent many advantages for high data rate and low cost
communication systems. However, they have a nonlinear transfer
function, which could drastically affect the multicarrier modu-
lations performances. The static characteristic is usually used
to estimate the VCSEL nonlinearity impact on the Discrete
MultiTone (DMT) modulation performances. In this paper, we
demonstrate that the use of the static characteristic to model the
VCSEL nonlinearity, overestimates the nonlinearity distortions
when a large dynamic signal is modulating the VCSEL. In order
to correctly estimate the VCSEL impact on the DMT modulation
performances, we use the quasi-static characteristic to model
the VCSEL nonlinearity. We show that the proposed modeling
provides accurate estimations of the nonlinear distortions. The
error vector magnitude (EVM) simulation results are very close
to the measured EVM.

I. INTRODUCTION

Orthogonal Frequency-Division Multiplexing (OFDM) is
widely used in high data-rate radio communications because
of its great immunity to inter-symbol interferences (ISI). In the
last few years, there has been a great interest in OFDM for
wired and wireless optical applications, due to its capacity
of providing high spectral efficiency, easy implementation
through digital signal processing, simple equalization, and
possibility to implement bit loading algorithm for increasing
capacity [1], [2].

Due to the increasing demand for end-users’ bandwidth, lo-
cal area networks (LANs) will have to be upgraded to support
extended data rates of 40 Gbps and beyond. In existing optical
wired LANs, multimode fibers (MMFs) are widely deployed as
a low cost transport medium for high-speed data transmission.
Optical OFDM (OOFDM) is a promising technology for short
range high data communication systems such as optical wired
LANSs since OOFDM allows further increasing the transmis-
sion performance of legacy MMF systems, to support data
rate higher than 50 Gbps over 300m MMEF length in 99.5% of
already installed MMFs [3]. For a low cost approach, Intensity
Modulation Direct Detection (IM/DD) systems are preferred
for both wireless and wired OFDM based optical links [4]—
[6]. A real-valued baseband implementation of the OFDM
modulation, called Discrete MultiTone (DMT), is commonly
used in IM/DD systems. DMT is extremely sensitive to the
electro-optical (E/O) converter nonlinearity and an appropriate
nonlinear modeling of the (E/O) converter nonlinear behavior
is required to find out the optimum operating conditions.
For example, for wireless OOFDM, light emitting diodes

(LEDs) are mostly used, and it has been shown that modeling
LED static light-intensity (L-I) response could be a satisfying
approach to simulate the LED nonlinearity and evaluate its
impact on DMT waveforms [7], [8]. For wired OOFDM
systems, Vertical-Cavity Surface-Emitting Lasers (VCSELs)
have been recently proposed as a cost effective solution for
OOFDM based IM/DD systems [6], [9]. The impact of the
VCSEL nonlinearity on the DMT performances has been
investigated in the literature [10]. To our knowledge, all of
the presented works, have used the static light-intensity (L-I)
response to evaluate the performances degradation due to the
nonlinear distortions. However, in [11], we have reported that
1-dB compression point of nonlinear of VCSEL can not be
correlated to the VCSEL L-I characterization, and quasi-static
VCSEL characterization has been proposed to investigate the
VCSEL nonlinearity.

In this paper, to the best of our knowledge, it is the first
time a quasi-static model for VCSEL is used to simulate the
impact of VCSEL nonlinearity on OOFDM. The simulation
results obtained with the proposed model match successfully
the IM/DD OOFDM experimental results. We demonstrate
the relevance of the quasi-static VCSEL nonlinear model
compared to the L-I response modeling.

II. VCSEL CHARACTERIZATION AND MODELING

VCSELs have many advantages compared to the cdge-
emitting laser diodes: low threshold currents, high fiber-
coupling efficiency, easy two-dimensional integration due to
the surface-normal emission and the possibility of testing
during the fabrication process. Due to these features, the
VCSELs represent an attractive solution for high data-rate,
low cost and low power communication systems. However,
the VCSEL can exhibit nonlinear behavior, especially for high
bias currents, due to the internal heating. The multicarrier
modulations, such as OFDM and DMT have a large dynamic
range making them more vulnerable to nonlinearities. In order
to evaluate the impact of the VCSEL nonlinearity on the
DMT performances, the VCSEL nonlinear behavior has to be
characterized and modeled. The light source considered in this
study is a low-cost VCSEL from Avalon photonics with an
emitting wavelength of 850nm and a 3dB bandwidth from
5GHz to TGHz for a range ol DC bias currents {rom 3mA
to 15mA.



A. Static characteristic

First, the static characteristic of the light source was mea-
sured. Fig. 1 shows the measured output optical power as a
function of the DC driving current. The VCSEL characteristic
is measured over a range of bias currents from 0 to 15mA,
15mA being the absolute maximum driving current indicated
in the data sheet. As can be seen in Fig. 1, the VCSEL works
with low driving currents, which could be advantageous for
low-cost optical links. The threshold current of the VCSEL is
1.2mA. For low driving currents, the L-I curve is almost linear
with a slope efficiency of 0.22WW/A. For bias currents greater
than 6mA, the static characteristic exhibits a considerable
nonlinearity. The nonlinear effect increases significantly with
the bias current until saturation occurs at a bias current of
12mA.

B. Quasi-static characteristic

As discussed in [11], VCSELs suffer form poor heat
dissipation and consequently can exhibit strong thermally
dependent behavior. In order to describe the thermal
dependence of the VCSEL L-I characteristics, thermal models
have been developed using modified laser rate equations
[12] or multidimensional thermal heating analysis [13]. The
presented models permit to accurately simulate the VCSEL’s
small-signal and transient behaviors, with more or less
excessive levels of complexity. However, these models are
valid for bias currents below the VCSEL’s rollover point
(Iro), thereby can not be used to simulate the VCSEL'’s
behavior when the bias current is near to the rollover point.

Motivated by the need to simulate the large-signal behavior
in order to define the optimal modulation conditions, a
quasi-static approach has been presented in [11]. The VCSEL
quasi-static characterization consists on directly modulating
the VCSEL using a sinusoidal signal at a power Prp. For
a given bias current and a given RF power, the minimum
and maximum photodetected currents corresponding to the
minimum and maximum of the modulating sinusoidal signal
arc measurcd. The corresponding optical powers are then
computed using the photodiode transfer function, i.e. the
photodetected current as a function of the input optical power.
Thus, varying the RF power of the modulating signal, and
therefore the current amplitude around the bias current, Ipc,
a new quasi-static L-I curve permitting to describe the VCSEL
large-signal behavior, can be derived. Fig. 1 compares the
static and quasi-static characteristics of the Avalon Photonics
VCSEL. If the VCSEL driving current is a DC current (the
static curve on Fig. 1), the device temperature increases
with the applied DC current causing an output optical power
saturation (saturation region in Fig. 1). For DC currents
higher than the rollover current (Iro = 15mA), the output
optical power is expected to decrease with the DC current,
which corresponds to the rollover region [12], [14]. This
region is not shown in Fig. 1 due to the VCSEL maximum
driving current, i.e. 15mA. On the other hand, if a dynamic
signal is used to modulate the VCSEL around the DC bias

current, the dynamic optical power response as function
of the VCSEL driving current is almost a linear function
(the quasi-static curves in Fig. 1). Indeed, when a dynamic
signal is modulating the VCSEL around the DC operating
current, peak amplitudes occur for a short time compared
to the VCSEL semiconductor thermal time constant [15],
thereby the VCSEL does not undergo any severe additional
heating from the RF signal compared to the DC thermal
contribution. It can be noticed as well, that the quasi-static
VCSEL threshold, Iy g, is found to be slightly higher
than the static VCSEL threshold, I;;. due to the fact that
the VCSEL operating current induces increase of VCSEL
temperature, impacting the laser threshold in dynamic regime.
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Fig. 1. The static and quasi-static characteristics of the Avalon Photonics
VCSEL for different bias currents

C. VCSEL nonlinearity modeling

A simple way to model the VCSEL nonlinearity and predict
its impact on a DMT system using computer simulations is
the behavioral modeling approach. It consists on developing a
mathematical model of the VCSEL transfer function from the
measured characteristics. Therefore, contrary to the equivalent
circuit modeling, the behavioral modeling approach does not
require a deep knowledge of the low level circuit layout and
optimizes significantly the simulation time [16]. Memory-
less polynomial modeling is commonly used to represent
the VCSEL nonlinear behavior [7], [8]. The accuracy of
the simulation results depends on the polynomial degree. As
demonstrated in [8], a second-order polynomial can provide a
satisfying model for nonlinear behaviors. However, as shown
in [17], the polynomial modeling with a reasonable computa-
tional complexity is not suitable for strong nonlinearities and
the model represents badly the saturation region. In this paper,
we use the memory-less Rapp model [18], to describe the static
linear characteristic. This model is generally used in radio
communications to model the power amplifier nonlinearity.
The Rapp model of the VCSEL characteristic is given by

1(t) — Ly,

Po:(t) =G
f( ) 1(8)— L. 2 1/2p
(1 + ‘ Poat /G )

)




where P,,; represents the output optical power, I the driving
current, GG the linear gain, Pj,, the output saturation level and
p is the smoothness factor. The model parameters are extracted
from the input/output measurements. The parameter p permits
to describe the hardness of the nonlinear characteristic. Thus,
the Rapp model produces a smooth transition for the envelope
characteristic as the input amplitude approaches saturation.
Note that we consider that the DMT modulation signal
bandwidth is smaller than the VCSEL 3dB bandwidth for
any DC driving current in the range 3mA to 15mA, so the
VCSEL frequency limitation can be discarded in this model.

The N-order polynomial model of the VCSEL transfer
function is given by

N
Pour(t) =Y b [1(1)]" )

n=0

Fig. 2 compares the second-order polynomial and the Rapp
models of the VCSEL static characteristic.
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Fig. 2. Comparison of second-order polynomial and Rapp models for the
VCSEL static characteristic

As can be seen in Fig. 2, both of the considered models fit
correctly the measured static characteristic in the linear region.
However, when the bias current exceeds the measurement
range, the polynomial model increases significantly, whereas
Rapp model is kept flat, simulating the saturation level. Thus,
as expected, the Rapp model provides better extrapolation
of the static characteristic in the saturation region than the
polynomial model. As shown in Fig. 1, the VCSEL quasi-static
characteristics are almost linear. Thus, a first-order polynomial
can provide a satisfying model for the quasi-static transfer
function.

III. SIMULATION RESULTS

A. Optical link model

In this section, the impact of the VCSEL transfer function
on the DMT modulation performance is investigated. The
simulations are based on the simulation model shown in Fig. 3
and are carried out using Matlab software. First, in order to

generate a DMT signal, the input frequency symbols to the
IFFT block are constrained to have Hermitian symmetry

XN —k)=Xx*(k), k=1,2,..,N—1 5
X(0)=X(N)=0 ®)

where * denotes the complex conjugation. The real time
signal at the IFFT output is given by

2N—-1 kn
w(n) = > X(k)eap(j2m) (4)
k=0

The VCSEL is then biased at a bias Ipc and directly
modulated using the generated DMT signal at a power Pgj.
The resulting signal at the VCSEL output is then passed
though an optical fiber and converted back to an electric signal
using a PIN photodiode with a responsivity of 0.55A4/W.
The DMT demodulator at the photodiode output is used
to demodulate the DMT signal and recover the transmitted
QAM symbols. The VCSEL is approximated by the static or
quasi-static models presented in Fig. 1. The optical fiber is a
standard MMF OM3 glass fiber with 50/125um core/cladding
diameters. The used fiber is quite short (i.e. =~ 2m), so that
its impact can be neglected.

Concretely, the DMT signal has 256 subcarriers with a 16-
QAM constellation. Furthermore, an oversampling with an
oversampling factor of 4 is performed in order to correctly
approximate the PAPR of the continuous DMT signal [19].
The error vector magnitude (EVM) metric, i.e. the difference
between the received symbol and its ideal position on the
constellation diagram, is used to evaluate the quality of the
optical link. In this study, in order to match the measurement
results, the RF power of the DMT signal is kept constant and
the sweep variable is the bias current. This approach is adopted
in order to overcome the limitations caused by the available
equipment.

B. Optical noise components

The main noise sources in the considered optical link are the
relative intensity noise (RIN) due to the spontaneous emission
in the VCSEL, the shot noise due to the photodetection process
and the thermal noise. The variances of the photocurrent
induced by the optical noise components are given by

(i2>RIN = RIN.I;.Af (5)
(%) pou = 2000-Af ©6)

) AKTAf
(==, )

where [ is the average photodetected current, Af the signal
bandwidth, RIN the relative intensity noise, ¢ is the electron
charge, T(K) is the actual temperature, k is Boltzmann’s
constant and Ry, is the load resistance. The total noise power
at the output of the optical receiver, can be expressed as
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Fig. 3. Block scheme for simulations

Poise = (RIN.IF +2qlo) Af.Ry +4KTAf  (8)

Fig. 4 shows the contribution of each noise component to
the total noise power as function of the detected photocurrent.
For simplicity, the RIN noise is assumed to be a white
noise with a constant value of —125dB/Hz, and the dark
current is negligible. Thermal noise is a constant contribution
versus the detected photocurrent. Shot noise has a slope
of one decade/10dB and RIN noise has a slope of about
two decades/10dB. Two main regions can be defined from
the results shown in Fig. 4: the first region corresponds to
Iy < 0.01mA, where the total noise power is dominated by the
thermal noise. In the second region (Iy > 0.07mA), the RIN
is the dominant noise power contribution over the remaining
noise components.
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Fig. 4. Contribution of the different noise components (RIN, shot and thermal)
to the total noise power as function of the detected photocurrent (Ry, = 5052)

In practice, relative intensity noise is not white noise.
Furthermore, the RIN spectral density depends on the VCSEL
bias current. The considered DMT signal has a bandwidth of
500M H z. The measurements of the RIN noise in the VCSEL
under test, have shown that the RIN spectral density does not
exhibit important variations on the considered bandwidth. In

this work, in order to take into account the dependence of the
RIN noise on the [requency and the bias current, we consider
the RIN mean value on the signal bandwidth for the different
considered bias currents. When assuming the RIN to be the
dominant noise, which is the case for the considered bias
currents in this work, then the signal to noise ratio (SNR)
at the receiver output can be expressed as

PRFou,t

SN Bnoise = RN I2.AT Ry

)
where Prroy: 1S the electric power at the receiver output.

C. Nonlinearity and clipping distortions

In order to simulate the impact of the VCSEL nonlinearity
on the DMT modulation, a real DMT signal is first generated
using Matlab software and the bias current is added to the
generated DMT signal. The nonlinearity models given in Fig. 1
are then applied to the DC biased DMT signal in order to
simulate the electric optic conversion. Since the optical fiber
impact and the photodiode nonlinearity are negligible, the
receiver can be modeled by a linear function with a slope
equal to the photodiode responsivity. The recovered QAM data
at the DMT demodulator output is finally compared to the
transmitted QAM data in order to compute the EVM assessing
the nonlinearity and the clipping contributions to the SNR. The
relationship between EVM and SNR is given by [20]

SNR =~ (10)

EVM?
The SNR taking into account the VCSEL nonlinearity
impact and the noise contribution, can be computed using (9)

as follows
Prrout

SNR= —————
Pnoz'se +PNLD

)

1 1 |
SNRE _ SNRoow  SNEnip

where Py, p is the nonlinear distortions power and SN Ry 1, p
represents the nonlinear distortion contribution to the SNR.

12)



Let EV M,0ise and EV My p be respectively the EVMs
duc to the noise components and the nonlinear distortion.
Using (10), EV M, 4ise and EV M p can be expressed as,

1

EVMuoise =\ onp 13)
/ 1

Substituting (13) and (14) in (12), the total error EV M
can be written as

EVM = \/EVM2,.. + EVM},), (15)

It has to be noted that EV M, ;s is evaluated using the theo-
retical formula given by (9) and EV My, p is the simulation
result of the VCSEL nonlinearity impact on the transmitted
constellation using the VCSEL static and quasi-static models
defined in section II. Fig. 5 shows the EVM simulation results
whether the VCSEL nonlinearity is modeled by the static or
the quasi-static characteristic.
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Fig. 5. Comparison of the static and quasi-static EVM simulation results as
function of the VCSEL bias current

Considering the static model based on VCSEL L-I curve,
for bias current Iy < 4.2mA, the dominant noise is the
clipping noise. For large bias currents, the optical noise and
the nonlinearity distortions dominate the clipping noise. For
the VCSEL quasi-static model, since the threshold ({,0g) is
found to be lager than the static threshold (I;;), significant
clipping noise contribution appears at larger bias current
(Ip < 5.6mA). For large bias currents, RIN from the laser
source being the dominant noise, the signal to noise ratio,
given by (12), is mainly limited by SN R, ,s.. Since, the
quasi-static model is almost linear with a slope (mW/mA)
larger than the static L-I response slope (Fig. 1), SN Ry0ise
for the quasi-static approach is higher than for the static model.
As a result, the quasi-static EVM is improved compared
to the static L-I model. The optimum value for the bias
current minimizing EVM is found to be significantly different
considering the static model or the quasi-static model. For a
given DMT signal with a given excursion, A/, the optimal

driving current can be defined as the lowest DC bias which
guarantees a minimum clipping noise. Increasing infinitely the
DC bias, will increase the received photocurrent and therefore
the optical noise power. The optimal driving current, Ipc op:,
that satisfies the tradeoff between the minimum clipping noise
and the minimum optical noise can be expressed as

IDC,opt — Al Ith (16)

The considered DMT signal in both simulations and mea-
surements has a mean power of P,,,s = 0.158mW, a peak
power of Ppeqr = 1.8mW and a PAPR of 10.56dB. The
corresponding mean current, I.,,,, and peak current, Ip,cqp,
are given by

Iims = \/Prms/Rin = 1.8mA (17)
Ipeak =\ Ppeak/Rin = 6mA (18)

where R;,, = 502 is the VCSEL input resistance. The current
excursion, AT, is then given by

AT = Lyeak — Iyms = 4.2mA (19)

Considering the static model, the optimal current is equal
to 4mA for a minimum EVM of —17dB. Substituting this
current in (16) leads to

Ipcopr — AT = —0.2mA << I, (20)

The optimal driving current resulting from the use of the static
model does not guarantee a minimum clipping noise, which
provides an erroneous simulation of the optimal driving cur-
rent. The quasi static model expects an optimal driving current
of 5.65mA for a minimum EVM of —20dB. Substituting this
current in (16) leads to

IDC,opt — Al =1.45mA = Ith,QS (21)

Equation (21) means that after adding the DC bias to the
DMT signal, no peaks lower than the quasi-static threshold
will remain at the VCSEL input. As a result, no clipping
noise will be introduced by the VCSEL device. It has to be
noted that the quasi-static approach could be used for larger
bandwidths, provided that the RIN spectral density variations
on the considered bandwidth are taken into account.

D. Measurements

An experimental system was built in order to experimen-
tally validate the EVM simulation results. The experimental
setup is based on the system model shown in Fig. 3. The
experimental process consists on generating a real OFDM
signal using Matlab software and uploading the digital signal
on a Tektronix arbitrary wave generator (AWG) in order
to generate a time continuous signal. The DMT frame is
formed by one symbol training and four data symbols with
256 subcarriers. Furthermore, the considered oversampling
reduces the noise timing jitter due to the nonideal sampling
clocks [21], [22]. The guard interval is then set to zero. The
sample rate of the AWG is 3GS/s, which corresponds to



a useful bandwidth of 500M Hz, due to the oversampling
and the Hermitian symmetry constraints. The time continuous
signal at the AWG output is injected to the VCSEL RF
input and a DC bias is added using a DC supply. At the
photodiode output, an Agilent oscilloscope is used to measure
the received electric OFDM signal. A channel estimation is
performed offline using the training symbol. The equalization
is performed in the frequency domain using a conventional
zero-forcing (ZF) equalizer. Finally, the equalized OFDM data
symbols are demodulated in order to recover the transmitted
data and compute the EVM assessing the measured distortions.
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Fig. 6. Measured EVM versus the static and quasi-static EVM simulation
results as function of the VCSEL bias current

Fig. 6 compares the measured EVM with the simulation
results of the static and quasi-static EVMs. As expected by
the theoretical analysis, modeling the VCSEL nonlinearity by
the static characteristic when a large dynamic signal is used to
modulate the VCSEL device, leads to inaccurate estimations
of the nonlinear distortions. On the contrary, the use of the
quasi-static characteristic provides a reliable estimate of the
optical DMT modulation performances. The optimal driving
current expected by the quasi-static model is validated by the
measurements results.

IV. CONCLUSION

VCSELs represent a cost-effective solution for high data
rate low cost optical links. The major drawback of VCSELs
is their nonlinear transfer function. In order to estimate the
nonlinear distortion and simulate its impact on the DMT
modulation performances, the static characteristic is usually
used to model the VCSEL nonlinearity. In this paper, we have
demonstrated that the static characteristic is not suitable for
large dynamic signals. For this reason, we have proposed
to use the quasi-static characteristic to model the VCSEL
nonlinearity and simulate its impact on the DMT performances
in terms of EVM. The simulation results of the proposed
modeling are greatly more accurate and very close to the
measurement results.
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