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Abstract—This paper proposes an improved model for the non-
linear behavior of the components of Radio-over-Fiber (RoF) links
focusing here on the laser source. In a previous work, it was
shown with a flexible new opto-microwave design approach a first
behavioral model of RoF links that exploited the hyperbolic tan-
gent function (the so-called tanh model) to model the high-power
nonlinearities. Since this was not sufficient to simulate adequately
all the nonlinearities, in this work, for the first time in the authors’
knowledge, the improved nonlinear model based on Cann’s model
is developed, on an electro optic transducer. Then the amplitude-
to-amplitude conversion of the link is better taken into account
with the introducing of nonlinear properties of the link at high
input power in the model. The new transfer equation includes
several parameters that can be adjusted to adapt the model to
any of the components, especially the photo-emitters under study,
which are the main cause of this type of nonlinear behavior of
the system. In particular, this improved model is applied on the
state-of-the-art 850 nm GaAs Vertical Cavity Surface Emitting
Laser (VCSEL), simulating several Figures of Merit such as the
Error-Vector Magnitude (EVM) of a Long Term Evolution (LTE)
signal with a Quadrature Phase Shift Keying (QPSK)and the output
amplitude-modulated power versus input amplitude-modulated
power, also called AM/AM curve. This new proposed nonlinear
model outperforms other existing behavioral models and its non
linear simulation better fits with the measurements. Finally, we
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conclude that the performance improvement highly depends on
the nonlinearity sharpness parameter, depending on the frequency
and the bias current.

Index Terms—Behavioral model, improved cann’s nonlinear
model, microwave-photonics, radio-over-fiber (RoF), vertical
cavity surface emitting laser (VCSEL).

I. INTRODUCTION

A S a consequence of the increasing demand of high-speed
and broadband wireless access, a trend of developing

Radio-over-Fiber (RoF) technologies has appeared as a solution
to reduce the infrastructure costs [1]–[5]. Indeed, at very high
frequencies, the coverage distance is limited up to several meters
due to the substantial signal attenuation in these frequency
bands. Hence, radio-over-fiber (RoF) technologies are a good
alternative to improve the coverage of Home Area Networks
(HAN) [6] and can be privileged in a larger scale of applications
as in stadium or tunnel.

To fulfill application requirements, complex modulation
schemes are transmitted through an optical source into the fiber
and re-emitted after optical detection into the final radio-cell.
It is therefore important to preserve the quality of the radio
signal through the RoF link and to properly design it in terms of
frequency, noise and non-linearity behavior.

Behavioral modeling is in this regard an important approach
that helps to provide a simple analysis of the component be-
havior, laser or photodetector for instance, into a system, or
vice-versa to determine what are the minimum requirements
for the device to operate into a given system. They opposed
themselves to compact-circuit models or rate equations models
[7] which requires a precise knowledge of the device physics. As
part of behavioral models, we distinguished those models based
on pure analytical equations such as Volterra series or memory
polynomial such as those applied to lasers in [8] and [9] and those
based on analytical equations to represent the system metrics of
the device. We focus our interest on the latter behavioral models
category that refers to the figures of merit of the device that
provide a more flexible approach.

Many approaches to develop figures of merit taking into
account the optical devices characteristics have been proposed
in [1]–[22]. In [6], a complete set of Opto-Microwave (OM)
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quantities has been identified, which connects optical devices
with microwave tools and concepts. These figures of merit,
namely Opto-Microwave power, gain, noise figure, compression
point (OM-P1dB) and third-harmonic intermodulation product
(OM-IP3) have been defined, and behavioral models were pro-
posed for the laser, the fiber and the photodetector. These models
were implemented in a standard microwave systems simulator
named ADS software from Keysight Technologies and effi-
ciently represented the noise figure and the non-linearity of the
link. However, some deviations to the measured non-linearity of
the laser were observed [6].

In addition, several models have been developed in the last
decades to describe the RoF links behavior [23], [24]. Due to
the similarities between the large signal behavior of both lasers
(e.g., VCSEL LIV curves [25], [26]) and power amplifiers (e.g.,
amplifier transfer function), some models have been developed,
based on the existing literature about behavioral modeling of
power amplifiers [27]–[35]. In [6], the large signal behavior is
modeled by using the Hyperbolic Tangent (tanh) to fit the sim-
ulations with the measurements; an approach that was already
proposed in the early 1990s. However, the main disadvantage of
this method is that this function does not allow the user to adapt
the model to any kind of device by changing the knee sharpness
of the amplitude-to-amplitude (AM/AM) curve. In 1980 [36],
Cann proposed an instantaneous nonlinearity model (in the
context of radio-frequency power amplifiers) with adjustable
knee sharpness; however, this model led to non-consistent results
for two-tone intermodulation test, because of its nonanalyticity
at zero. In 2012 [37], Cann proposed an improved nonlinearity
model in order to overcome the pointed issues. Hence, in this
paper, we adapt the Cann non-linear models of the RF power
amplifiers [36] to photonic subsystems (such as lasers, but also
photodetectors, and photonic link) as an improved solution for
the behavioral model of RoF links.

The paper is organized as follows. In Section II, the RoF
link system as well as the experimental setup for its character-
ization is described. In Section III, the behavioral modeling is
developed. First a description of the hyperbolic tangent model
is proposed. The Cann’s non-linearity behavior model is then
proposed and adapted to RoF non-linear model. In Section IV,
we present the complete opto-microwave model and we analyze
its comparison to measurements including EVM for LTE signals
transmission. Finally, in Section V, we summarize the main
contributions and further work.

II. ROF LINK DESCRIPTION AND EXPERIMENTAL SETUP

The concept of Radio-over-Fiber directly modulates the laser
with an RF signal, transmits the modulated optical signal through
the fiber, and detects its RF envelope through a photodetector. As
described in [6], this scheme is suitable for home area networks
(HAN) and enables the use of low-cost opto-electronic com-
ponents such as Vertical Cavity Emitting Surface Lasers (VC-
SEL) together with multimode fiber, even up to millimeter-wave
frequencies when using Intermediate-Frequency (IF) scheme.
This paper however refers to a Direct-RoF scheme where the
RF signal is within the bandwidth of the VCSEL and directly

Fig. 1. RoF link architecture.

modulates the laser. This constitutes the core of both Direct and
IF RoF systems.

The typical architecture of the RoF link composed of a laser,
an optical fiber and a photodetector is shown in Fig. 1.

For this study, the link is composed by a VCSEL laser, a single
mode optical fiber connected to a variable optical attenuator and
an InGaAs-based high speed photodiode (1414-50 New Focus).
The laser is a 10 GHz GaAs VCSEL die, under probe, operating
at 850 nm from Philips Technologies ULM Photonics GmbH.
The purpose of the variable optical attenuator is to keep the
fiber’s attenuation at a constant level, in order to easily compare
the measurements at different biasing conditions. In particular,
this total attenuation is set to be 5 dB.

The laser’s optical aperture diameter is 8 µm and the tech-
nology is based on mesa etching and subsequently laterally
oxidized current apertures [32]–[35]. The die is biased through
a 100 µm pitch RF GSG probe. The laser output beam is
coupled to a lensed multimode fiber probe whose position is
precisely fixed above the die with a nanopositioner to optimize
the coupling efficiency. The photodetector is used as a reference
photodetector for the extraction of the VCSEL performance. It is
highly linear and shows a flat frequency response up to 25 GHz,
with a responsivity of 0.22 A/W at 850 nm, under short-circuit
conditions.

The optical fiber presents a defined angle of 6° with respect
to the orthogonal direction of the VCSEL die in order to avoid
parasitic optical cavities into the laser, due to backscattered light.
The fiber output extremity is connected to the photoreceiver.
The output signal is then connected to an Electrical Spectrum
Analyzer (ESA).

The characteristics of the VCSEL laser and the New Focus
photodiode used for the experimental measurements are sum-
marized in Table I, where IP1dB is the input 1 dB compression
point, RIN is the Relative Intensity Noise of the laser, and f-3dB
is the cut-off frequency.

III. BEHAVIORAL MODELLING OF ROF LINK

A. Tanh Model

In our previous work [6], the input-output characteristics of
both laser and photodetector were modelled by using the hyper-
bolic tangent as the transfer function to fit the simulations with
the measurements. In that case, the definition of the equivalent



6780 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 40, NO. 20, OCTOBER 15, 2022

TABLE I
LD AND PD SPECIFICATIONS FOR OUR TEST BENCH

optical current was given in (1):

Iout = IS · tanh
(
G · Iin
IS

)
(1)

Where Iout is the component’s output current, i.e., in our
case the equivalent optical current at the laser’s output Iopt,LD

as defined later in (2), IS is the limit value of the output signal
which provides the saturation effect, G is the opto-microwave
gain in the linear region, and Iin is the injected input current to
the component, i.e., the electrical injection current of the laser.
In addition, Iopt,LD is given by (2):

Iopt,LD = αc Popt,LD (2)

Where αc is the conversion coefficient of the optical power
to electrical current (considered equal to 1 A/W in our study).
The opto-microwave (OM) gain of the laser, denoted GOM

LD , is
expressed as the ratio of the laser’s equivalent OM output power
to the electrical power at its input. When considering a 50 Ohm
laser, the laser OM gain is expressed by (3):

GOM
LD =

Popt,LD

Pin,LD
= S2

LD (3)

Where SLD is the laser’s slope efficiency. Similarly, the OM
gain of the photodiode, denoted GOM

PD , is expressed as the ratio
of the output electrical power provided by the photodiode to the
equivalent OM power delivered to its input. When considering
a matched photodiode, it is given by:

GOM
PD =

Pout,PD

Popt,PD
= R2

PD (4)

Where RPD is the photodiode’s responsivity. This model
allows to control the output saturation level and the slope of
the curve by changing the parameters IS and G respectively.
However, it is not possible to control the sharpness of the knee.
For this reason, it was imperative to find a new model capable
of simulating this behavior.

B. First Cann’s Nonlinear Model and Its Limit

In [36], Cann proposed an instantaneous nonlinear model for
power amplifiers to analyze their non-linearity focusing on a
variable named “knee sharpness”. This model was based on
the frequency response of a RC high pass filter, that better
implements the desired shape of the equivalent output optical
current versus input current.

Equation (5) shows the Cann’s first non-linear model, where y
represents the equivalent output optical current, L is the output
limit level, x is the input current and s is the knee sharpness
variable.

y( x) =
L(

1 +
(
L
x

)s)1/s (5)

This model is efficient for many reasons. First, it has a linear
behavior for small input signals, and it tends to an asymptotic
defined limit level for large input signals. In addition, it is
an economical model to compute (closed form and analytic),
capable of modeling various knee sharpness values by changing
a single parameter. However, this model gives incorrect results
for the third-order intermodulation product (IP3), since it has a
nonphysical behavior for the large input signal regime. Because
of the nonphysical behavior, the Cann model gives imprecise
predictions for nonlinear products [38].

C. Improved Cann’s Nonlinear Model

In 2012, Cann developed an improved model where the
limitations of its first nonlinear model were solved [37]. The
solution for the equivalent optical current in this model is given
by (6), where the variables in this equation can be related to our
RoF system. Hence, y represents the output equivalent optical
current of the laser, x is the input current of the laser, g is a
gain parameter well approximated by the slope efficiency of the
laser for sufficiently high k,L is the output limit level (saturation
level) and k is the sharpness parameter.

y( x) =
L

k
ln

(
1 + ek(

gx
L +1)

1 + ek(
gx
L −1)

)
− L (6)

Cann demonstrated that this model suitably behaves for two-
tone intermodulation products [37], and this outperforms his first
model. While the other parameters of the model (i.e., gain and
saturation level) can be easily measured, the sharpness parameter
k is apparently determinable only with heuristics. A deeper
analysis of the model allows to relate the parameter k to the input
IP3 (IIP3) and the input P1dB (IP1dB). In fact, as mentioned
before, the gain parameter g in (6) is formerly not exactly equal
to the slope efficiency of the laser, but is linked to it through (7):

g =
1 + cosh (k)

sinh (k)
SLD (7)

This relation is obtained by considering that the current linear

gain (i.e.,
√
GOM

LD ) must be equal to the first derivative of (6)
computed in 0. The multiplying factor depends only on k and
tends to 1 for increasing values of k. If k > 3 then g > 0.9 SLD,
so for k sufficiently high g = SLD is a good approximation. If
we derivate up to the 3rd order and consider the IP3 condition,
then the saturation level L is linked to the IIP3 through

L = kg

√
3

2
· IIP3

1 + cosh (k)
(8)

This last relation can be used to determine k and it requires
to measure the saturation current of the laser. An alternative
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Fig. 2. Laser (green box) internal model.

is to consider the P1dB condition in order to obtain a relation
dependent only on k. Assuming that in the P1dB biasing point
the power associated to non-linear harmonics is negligible, then
the following relation is found:⎡

⎣ln
⎛
⎝1 + e

√
4
3

IP1dB
IIP3

(1+cosh(k))+k

1 + e

√
4
3

IP1dB
IIP3

(1+cosh(k))−k

⎞
⎠− k

⎤
⎦ =

=

√
4

3 (1− cosh (k))

IP1dB

IIP3
10−1/20 (9)

Equation (9) finally depends only on k and on the ratio
between IP1dB and IIP3. Isolatingk from (9) is rather challeng-
ing, but through numerical interpolation it is possible to find an
appropriate polynomial approximating the curve. The Cann’s
model has been validated on commercial electrical amplifier
and soft clipping limiters. Owing to this result, the choice has
been done to exploit this Cann model to model an electro-optic
transducer with a behavior approach. The steps and results are
presented in the next paragraph.

D. Electro-Optic Modelling Based on Cann’s Model

The Cann’s improved model is then introduced into the RoF
model developed in [6] using the microwave circuit and sys-
tem Keysight Technologies simulation software. The laser, the
optical fiber and the photodetector were implemented through
the use of Symbolically Defined Devices (SDD), which was
introduced in its respective internal blocks. In each SDD cell,
we define the transfer function of our model (only for the laser
and photodetector since the optical fiber is considered as a linear
system).

The laser model is implemented following the equivalent
scheme in Fig. 2. A current generator with an internal 50 Ω
resistance RG,in provides a current IG,in to the circuit. The noise
sources of the laser are implemented into the laser model through
a noise voltage source VN in μV/

√
Hz describing the RIN. The

RIN function is implemented using the conventional frequency
response given in [39] and using equation (10).

RIN (f) = A · 4π2 · f2 +B

16π4(f2
R − f2)

2
+ 4π2 · γ2 · f2

(10)

Where A and B are device-dependent constants, f is the
modulation frequency, fR is the relaxation oscillation frequency
and γ the damping factor of the intrinsic laser.

Iin is the laser injection current while Rin is the input resistance
of the laser, which can be conveniently mismatched with respect
to the generator if a reflection needs to be taken into account.

However, in this work we assume a matched input port. On the
output side, a generator with an internal 50 Ω resistance RG,out

provides a current IG,out based on (6) and implementing also a
frequency dependent equation and non-linear analytical equa-
tion according to [23]. The output of the device Iout represents
the output optical power, Popt,LD, as an equivalent electrical
current noted Iopt,LD feeding a matched 50 Ω load RL (in this
case it corresponds to the input impedance of the optical fiber
OM block). The laser overall modulation frequency response
H(f) is implemented through a common third order system,
given by equation (11):

H (f) =
1

1 + j · f
fP

· f2
R

f2
R − f2 + j · f · γ

2π

(11)

Where fP is the electrical parasitic cutoff frequency due to the
access lines. The large signal behavior is then implemented into
the model by introducing the modified Cann model equation (6),
where y is the output current Iopt,LD of the laser, x is the injected
input current into the laser active part, and g is the small-signal
responsivity divided by 1A/W to suit the conversion Popt,LD to
Iopt,LD. The parameters L , k and g are derivated considering
the P1dB and IP3 as found in (7), (8) and (9). The optical fiber
and photodetector model’s definitions are described in [6]. The
optical fiber model includes the coupling losses between the
laser and the fiber. Its attenuation value is slightly adjusted to fit
with the measurements, as misalignments may vary. Considering
the short length of the fiber, the frequency dependent term of the
attenuation due to modal dispersion has not been considered.
This device is considered linear and noiseless. The P1dB value
of the photodiode model is set to a high value, because the non-
linearities of the device are negligible in our case study. To be
noted that the model formerly transduces an electrical current
into an optical power, represented by the equivalent OM current.

IV. STUDY OF THE ROF LINK: SIMULATIONS WITH THE

IMPROVED CANN’S MODEL COMPARED TO ROF
MEASUREMENTS

A. System Simulation: Gain, AM/AM and EVM Curves

By using the previously described model, we investigate sev-
eral figures of merit (OM gain, AM/AM curve, and Error Vector
Magnitude (EVM) performance) and compare simulation results
with measurements. The data of the Gain and the AM/AM curves
is relative to the input electrical power of the laser to the output
electrical power at the photodiode, with a maximum RF input
power of 15 dBm. For this, we perform a measurement of a RoF
link that is constituted by the VCSEL laser, multimode optical
fiber (MMF) and New Focus photodiode directly modulated at
a carrier frequency of 2 GHz. By knowing the responsivity
of the photodiode and the attenuation of the fiber plus the
optical attenuator, it is possible to extract the laser’s output OM
power, useful for the behavioral model. Regarding the EVM
measurements, a LTE signal is transmitted through the RoF link
with a Quadrature Phase Shift Keying (QPSK) modulation at a
center frequency of 2 GHz and a bandwidth of 20 MHz. A Vector
Signal Generator (VSG) Agilent model N5182B MXG X-Series
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Fig. 3. Measured and simulated opto-microwave gain (at 2 GHz using the
VCSEL – 8 mA biasing).

Fig. 4. Measured and simulated AM/AM curves (at 2GHz using the VCSEL
– 8mA DC biasing). The simulation considers first and improved Cann’s model
as well as tanh model.

is exploited to generate the signal emulated through a domestic
MATLAB code. The VSG-generated signal directly modulates
the VCSEL laser. The photo-detected signal is amplified and
captured with a Vector Signal Analyser from Rhode&Schwartz.
The captured signal is then processed offline in MATLAB and
demodulated, followed by EVM estimation.

Fig. 3 presents the comparison of the simulated OM gain (solid
lines) with the measured OM gain of the proposed RoF link at
2 GHz where the VCSEL is biased at 8 mA. It can be observed
that the simulated curves are fitting with the measurements data.

Based on the nonlinear model described above, we also per-
form the simulations at 2 GHz based on first and improved
Cann’s nonlinear model as well as tanh model as presented
in Fig. 4. It can be noted that the new models are properly
fitting with the measurement and behave much better than the
tanh model. Indeed, it is impossible to change the shape of the
simulated tanh model. Nevertheless, using the improved Cann’s
model, we can control the shape only by changing the value of
the parameter k (see equation (6)).

Now we are interested in the Error Vector Magnitude (EVM)
which is an important indicator of the RoF link performance.
The measured EVM is compared with respect to the three models

Fig. 5. Measured and simulated EVM curves for the first test bench (at 2 GHz
using the VCSEL – 8 mA biasing). (a) Measured EVM curve comparing with
each simulated EVM curve. (b) Measured and simulated EVM curves altogether.

(tanh, Cann’s and improved Cann’s model) as shown in Fig. 5(a).
The Back-to-Back (B2B) EVM experimental results are also
indicated in both figures. In Fig. 5(b) we can notice that the
curve corresponding to the improved Cann model fits better to
the measurement data compared to the tanh model especially
at high input RF power. Similarly, the improved Cann model
fits closer to the experimental data as compared to Cann model
itself.

The parameters of the tanh and Cann’s models are determined
either by measurements or by numerical estimation following a
Least Absolute Error (LAE) method, which aims at minimizing
the deviation between the model and the AM/AM measure-
ments. For the estimation of k in the Improved Cann’s model
(6), we numerically solved (9) and found the values of the
ratio IP1dB/IIP3 for k ranging between 0.1 and 30, then fit the
points with a 4th order polynomial. By measuring IP1dB and
IIP3 we then extract k and determine L and g with (7) and (8).

B. Sharpness Parameter Effect on the Model

Finally, we analyze the influence of the sharpness parameter
on the link performance when the improved Cann’s nonlinear
model is used. To fully test the model, we perform AM/AM
measurement for full frequency band and VCSEL bias current
sweep, respectively from 1 to 6 GHz and from 4 to 10 mA. Then
the Sharpness parameter is extracted through a mathematical
fit of the experimental output power vs input power curves
(AM/AM) over the range of the sweep parameters (frequency
and source current). The result for this Least Absolute Error
(LAE) extraction provides the extracted k under the improved
Cann’s model as shown in Fig. 6.
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Fig. 6. Sharpness parameter as a function of the bias Current and the Frequency
for improved Cann’s model.

Fig. 7. The IP1dB compression point (in dBm) of the VCSEL as a function
of biasing current function of frequency.

At low VCSEL bias current, the sharpness parameter k values
are lower. In this case, the operation point is very close to the
threshold of the VCSEL, and this might be the cause of the
nonlinearities. For higher biasing, the k parameter increases
with respect to the frequency, which means that the curve
becomes sharper. Hence, the transition between the linear and
the saturation regions is faster.

The variation of the sharpness parameter can be explained by
the change in the intrinsic dynamic behavior of the VCSEL as
a function of the current bias. Fig. 7 depicts the experimental
result of P1dB compression point of the VCSEL as a function of
bias current and frequency. As the bias current of the VCSEL
increases the relaxation oscillation frequency is also increased.
This influences the nonlinearities of the VCSEL such as the P1dB

compression point also.

V. CONCLUSION

This paper has proposed a behavioral model for VCSEL lasers
employed into RoF systems with a focus on the modeling of
their non-linearity. It exploits a Cann and Improved-Cann model,
which were known previously in the field of RF power amplifiers
and transposed in this paper to the opto-microwave domain. The
resulting model includes the frequency response, RIN modeling
and non-linear behavior.

Comparisons between the numerical simulations and mea-
surements of the AM/AM curves over the range 1-10GHz and
EVM data in the case of an LTE signal at 2GHz were provided

for a VCSEL RoF link. The non-linearity sharpness parameter
k is key to represent the non-linearity of the device. Its extrac-
tion over the full 1-6GHz has been provided showing that the
parameter is highly dependent on the frequency and biasing
current.

Behavioral modeling is in this regard an important approach
that helps to provide a simple analysis of the component
behavior into a system, or vice-versa to determine what are
the minimum requirements in terms of compression point,
non-linearity sharpness, bandwidth or gain for the device to
operate into a given system.

While previous tanh model did not evaluate properly the
region of EVM non-linearity, the proposed model provides a
convenient tool that helps to predict the maximum k value for
a device to operate with a given maximum EVM for example.
It helps the selection of a given VCSEL of the prediction of the
performance of a given laser into an overall system.

To improve the Cann’s nonlinear model, and as further work,
we are focusing on providing analytical expressions of some OM
figures of merit. We are more particularly interested on the 1dB
compression point and the third order intermodulation product.
These parameters would depend on the saturation value and the
sharpness variable.
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