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Abstract

In the context of the versatile link project, a set of
semiconductor lasers were studied and modelled aiming at the
optimization of the laser driver circuit. High frequency
measurements of the laser diode devices in terms of reflected
and transmission characteristics were made and used to
support the development of a model that can be applied to
study their input impedance characteristics and light
modulation properties. Furthermore the interaction between
the laser driver, interconnect network and the laser device
itself can be studied using this model. Simulation results will
be compared to measured data to validate the model and
methodology.

Keywords: Laser, VCSEL, model, Verilog-A, transceiver,
radiation hard.

I. INTRODUCTION

The versatile transceiver under development for the Super
Large Hadron Collider (SLHC) experiment will have to
endure severe radiation conditions while providing multiple
gigabit per second data transmission capability to cover the
experiments requirements [1, 2]. For this, characterization and
modeling of the electro-optic components (in particular the
semiconductor laser), are of upmost importance as they will
enable the correct design and optimization of the transceiver
[3]. They will also enable to evaluate the link performance
when the physical characteristics of the device change due to
the environmental circumstances.

A measurement methodology will be presented whose
results lead to the implementation of a model with broad
validity. This model accommodates several different laser
types (Fabry-Perot, Distributed Feedback, Vertical Emission)
[4-7]. The laser model is implemented in Verilog-A for ease
of use by integrated circuit designers, and it aims at easing the
design of robust systems capable of complying with the
demanding requirements of high energy physics experiments.

Since the impedance mismatch between the driver and the
laser should be kept as low as possible to decrease inter-
symbol interference, jitter and power loss, a very accurate
model of the laser chip input and parasitic network was
developed. It will be shown that the theoretical model is in
good agreement with experimental data and that it enables
correct design of the transmitter circuitry of the laser driver.
The results of the study of an impedance matching network
and signal pre-emphasis will be shown.

Current work is focusing on the use of the model to
predict the performance degradation with environmental
conditions and analyses of the system sensitivity to
manufacturing parameter deviations [8].

II. LASER MODEL

A laser model is presented here capable of mirroring the
device dynamic behavior (output light signal) and input
characteristics (input impedance) of real devices. This model
tries to embrace different laser structures and package types
(wire leads/flex cable) of commercially available devices
([9D.

The model is divided into the intrinsic laser diode (ILD)
model and the parasitic interconnection circuit. The ILD
behaviour can be described by the rate equations or the
Laplace transfer function obtained at the bias operating point.
The parasitic interconnection circuit represents the laser
assembly in a package, its interconnection and laser die
structure ([3]). A schematic of the laser model plus source and
test fixture is presented in Figure 1.
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Figure 1: Laser model schematic including test fixture.

Typically laser package connections are kept very short
and the wire bonds have a very small length and therefore two
simple lumped element transmission line models can be used
in cascade for the leads and wire bonds respectively. These
are constituted mainly by inductances since the associated
capacitances and resistances are very small. Nevertheless the
contact resistance and capacitance cannot be neglected and
are included in the model as the total capacitance Cp and
resistance Rp respectively.

Rg represents the resistance between the electrical contacts
and the active layer (including the Bragg mirror stacks in the
case of the VCSEL laser). Cgyg and Rgyp are the substrate
plus bond pad associated capacitance and resistance
respectively.



Under operating conditions (bias current much higher
than the threshold current), the laser diode depletion region is
very conductive and so the ILD impedance is very small and
is, for input impedance calculation purposes, much lower than
Rs and thus negligible ([5]). Therefore the laser input
impedance can be obtained right of the arrow pointer with the
ILD short-circuited, as illustrated in Figure 1.

For the intrinsic laser diode it is assumed that since we are
only interested in the mean photon densities it is possible to
model the laser using only a single rate equation. Typical
telecom lasers operate in a single-longitudinal mode which
makes them suitable for high-bit-rate fiber optic
communications ([3, 5]). This also makes the approximation
of the laser behavior by a single pair of rate equations very
accurate. This is the case for the DFB and VCSEL lasers but
not FP. In the case of the FP laser, the photon density
accounted for in the rate equation is the mean densities
between all modes. Nevertheless, if one is interested solely in
the dynamics of the output light power, this approximation is
still valid.

For small modulation currents (imodulation < IBias), the
intrinsic laser diode can be modelled using its transfer
function. Obtaining the steady-state equation for a specific
bias current, it is then possible to linearize of the rate
equations around the operating point ([5]). From this, the laser
transfer function is easily calculated as the Laplace transform
of these linearized rate equations ([5]).

For large signals (imodulation = Igias), the full differential
rate equations must be used which can make the simulation
process slower.

III. PARAMETER EXTRACTION

The laser model parameters can be extracted using S-
Parameter measurements (reflection and transmission
characteristics) conducted using a network vector analyzer
([9]) or the relative intrinsic noise spectrum curves measured
with a spectrum analyser.

Starting from known parameters obtained for similar
lasers in the literature, the optimization algorithm (constrained
parameter curve fit) tries to find the set of parameters that lies
within pre-determined bounds and searches for the minimum
square error of a set of curves.

Since the input impedance measurement is decoupled
from the ILD (the ILD is considered as having very low
impedance), the S;; (reflection) measurements are used to
obtain the parasitic circuit parameters. The ILD rate equation
parameters, on the other hand, can be extracted using two
methods: frequency subtraction ([4, 9]) and relative intensity
noise spectrum fit ([10]).

The frequency subtraction method was presented in [9]
and proceeds using the S,; (transmission) measured at
different bias currents and then fitting a laser frequency
response model obtained using the laser rate equations noting
that ([4, 2]):

HGlobal (f' IBias) _ HPC(f)HTF(f)HILD (fr IBias)
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The laser transfer function is given as a function of the S-
Parameters by:

HGlobal(f' IBias) = SZl(fﬁ IBias)(l - Sll(f)): (2)

So the quotient (subtraction with log operator) between the
laser response (Hgiopal(f Igias)) at different currents above
threshold (Igjas, Iref) i1s not affected by the parasitic circuit
transfer function (Hpc(f)) or the laser assembly transfer
function (Hpg(f)) since these are not dependent on bias
current, and is simply the quotient of the ILD transfer
functions which is known and a function of the model
parameters. The Hyyp(f, Igjas) function can be approximated
by the following equation ([4, 5]):

HILD (fv IBias) ~ frz
HILD (0: IBias) f;'z - fZ +jffd

In this equation, f. (resonant frequency) and f4 (damping
frequency) are a function of the ILD model parameters and
bias current, as dictated by the rate equations. This enables the
estimation of the following ILD rate equation parameters: V,
volume; gy, gain slope constant; €, gain compression factor;
Nom, carrier density at transparency; 3, spontaneous emission
factor; I', optical confinement Factor; 1,, photon life time; t,,
electron life time.

€)

The ILD parameter extraction is made by adjusting a set of
curves obtained for the ratio of transfer functions for two
different currents to the ones obtained with measured data.
Using a set of curves obtained for different pairs of operating
currents enhances the fitting robustness.

A final tuning using the global model response and can be
carried out as the last step (Figure 2).
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Figure 2: Parameter extraction algorithm.

The relative intensity noise spectrum method uses the
measured noise spectrum curves (RIN(f)) of the laser using a
spectrum analyzer and a model obtained using the rate
equations for this curves. The laser parameter estimation is
then a curve fitting procedure using the equation bellow:
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Again, f. and fg are a function of the ILD model
parameters and bias current. As an initial guess, the
parameters obtained using methods such as frequency
subtraction should be used. Otherwise the published laser
manufacturer parameters can be used if available. Both
parameter extraction methods provide a way to obtain the ILD
rate equation parameters. With these parameters and the rate
equations, the entire steady state and dynamic behaviour of
the laser can be described mathematically and thus be
incorporated in a simulation software.

IV.RESULTS

Several types of different laser devices were measured and
its model parameters estimated by the method here described.
Figure 3 presents a summary of the extracted parameters.
Here device 1 is a Fabry-Perot long wavelength laser, device
2 is a VCSEL long wavelength laser and the remaining
devices are short wavelength VCSEL lasers. Devices 5 and 6
are the same laser device but with wire leads and flex cable
connections respectively.

The values for the parameters that are associated to the
bond wire (Cp;, Lp; and Rp;) are similar for all devices. This is
to be expected since they all use the same package type and
are at this level very similar. The exception being the FP laser
whose parameters are higher than the mean values. It is
interesting to see that the active area resistance is clearly
higher in the VCSEL and even higher in the short wavelength
laser, as it does not use a buried tunnel heterojunction
structure. The inductance values agree with the ones expected
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for short connections but the capacitance and resistance
values are higher than the expected ones. This might be due to
capacitive effects between the wires and package that were
not considered explicitly in the parasitic model. And as for the
resistance Rp,, contact and solder imperfections might be
responsible for this high value.

For the ILD parameter values, the lasers of the same
family show agreement between them (3, 4 and 5, 6) as it was
to be expected. More so between the devices 5 and 6 since
they are basically the same laser device with different
electrical packages. The FP laser has the highest active
volume value which is in agreement with its internal structure.
The VCSEL long wavelength laser (device 2) has an active
volume that is larger than the short wavelength lasers, a
consequence of the internal structure for this type of lasers.

For simulation purposes the laser parasitic circuit and ILD
model are implemented using Verilog-A, which is a suitable
format for numerous simulations packages ([9]). With this
model and the extracted parameters it is possible to compare
the measured transfer function with the results obtained with
the model (shown here for the case of a long wavelength
VCSEL laser). As it can be seen, the model agrees with the
measured data to a good degree for the transfer function
(Figure 4) at several bias currents (I;< I,< I3< I4) and for the
eye diagram (Figure 5; blue measured, red simulation).

With this model it is possible to study and optimize the
electrical network that connects a laser driver to the laser and
the way the bias current is supplied to it. Furthermore, the
high magnetic field devices are subjected to in the particle
detector makes impossible to use ferromagnetic components,
making it necessary to use alternative configurations for the
supply of the laser bias currents. This includes the use of
ceramic/air core inductors or microstrip inductors. Both

Figure 3: Parasitic & ILD model parameters.



solutions represent a loss of performance regarding a solution
with ferromagnetic core inductors and need to be studied.

Laser drivers are typically sensitive to signal reflections
caused by the impedance mismatch between the driver output
and laser input load.
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Figure 4: Transfer function of measured laser data and model
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Figure 5: Measured eye diagram and model simulations.

It is possible to trade power transmission for reduced
reflections by using a resistive matching network as the one in
Figure 6. This network aims to obtain an impedance Zy = Zg
by the use of a resistor net, trading signal reflection
minimization for power transmission. The series damping
resistor (R, and R,) serves the dual purpose of damping
reflections (that cause output distortion) and creating a stable
load. Load stability is improved because the load presented by
the laser can vary by a significant portion of its nominal
value, whereas he combined load presented by the laser and
the damping resistor varies by much less if the resistor take
the bigger parcel of the series set. The circuit is able to
effectively reduce the reflections into the source, but the
resistors present in the circuit cause less power to be delivered
to the laser. This is the trade off made: power transmission
versus reflection reduction. So by reducing the mismatch
between the laser input impedance and laser driver output
impedance we are unavoidably reducing also the power that
reaches the laser. A compromise is necessary to make
maximize the power transfer while maintaining a suitable
maximum level of interference due to signal reflections.

Figure 7, 8, 9, 10 shows the result of a simulation using a
laser model and a Pi-resistive network to minimize the
reflections back to the laser driver and a signal of 4.8GBPS.
In Figure 8, the overshoot is the pre-emphasis effect and
undershoot is caused by residual reflections.

The high-frequency behaviour of a laser is significantly
affected by the electrical parasitics of the laser die and
package. The role of the pre-emphasis (or current peaking),
or a laser, is to charge and discharge the parasitic
capacitances faster.
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Figure 7: Eye diagram for the current at network input (without
matching circuit).
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Figure 8: Eye diagram for the current at network input (without
matching circuit).
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Figure 9: Eye diagram for the laser output (without pre-
emphasis).
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Figure 10: Eye diagram for the laser output (with pre-emphasis).

Current peaking allows modulation of lasers at higher
rates without the need to reduce the laser parasitics. By using
signal pre-emphasis (Figure 10) the rise and fall times are
decreased from 80pS to 50pS.

V. CONCLUSION

Using simple assumptions, a broadly applicable model
was developed that can be used with many different types of
semiconductor lasers. This model is modular in order to
separate the analysis made for package parasitic from the laser
parameters. Very good agreement between the model and the
measurements was obtained, which is fundamental for a
correct study of the design of a robust transceiver with
demanding requirements.

The impact of the matching network is relevant for the
behaviour of the laser driver as it might fail or reduce its
performance if the level of the reflected signal is too high. For
the laser output, these types of matching networks are not

optimal and better improvements can be achieved when using
signal pre-emphasis since resistive matching networks will
always reduce the transmitted signal level.
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