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In this paper, a small signal analysis of a Vertical Cavity Surface Emitting Laser 

(VCSEL) under the parasitic condition is developed. The analysis is based on the transfer 

function of the considered device under the parasitic case. The dominant pole 

approximation scheme is used for the reduction of its characteristic equation. The 

Convolution Theorem is also applied to get the temporal response. All interesting 

parameters are outlined. The effect of parasitic cutoff frequency is also analyzed.  The 

results show that when the parasitic cut off frequency is lower than the damping rate, the 

device behaves like first order low pass filter, while it behaves like second order low pass 

filter when the parasitic cut off frequency is greater than the damping rate. On the other 

side, the device operates very fast towards the second order low pass filter and up to        

a peak power within 1.2 ns if the resonance frequency is increased to 2 GHz, so it can be 

exploited in very high speed optical systems. 
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I. INTRODUCTION 

Recently, vertical-cavity surface-emitting lasers 

(VCSELs) are considered new class of optical sources 

and have a great interest for their effective applications 

in optical interconnects. They are very attractive for 

different optical systems due to their fast response, high 

power, easy integration, efficient coupling, small 

footprint, low cost, low consumption and many other 

features [1]. It is necessary to reduce the parasitic effect 

on VCSEL to improve its performance. It is required to 

reduce the series resistance above the top mirror by 

using p- doping method. The oxide capacitance, which is 

considered as the largest parasitic effect, is also reduced 

by adding thicker layer of oxide. This will also enhance 

the light confinement through the structure. To reduce 

the pad capacitance, it is required to lower the pad 

dimensions itself and remove the doped layer under the 

pad [2-3]. 

The parasitic transfer function is defined as the ratio 

of the current through the active region of VCSEL to the 

applied terminal voltage and is described as a first order 

low pass filter function.  The parasitic cutoff frequency 

of this low pass filter depends on the time constant 

formed by the pad resistance, pad capacitance, junction 

resistance and capacitance [4]. At high frequencies, part 

of the VCSEL current is directed outside the active 

region due to the parasitic capacitance and limiting the 

VCSEL bandwidth [5]. 

The modulation speed of VCSEL mainly depends on 

the parasitic element and relaxation resonance frequency 

effects [6]. The parasitic element results from contact 

pads which introduce resistance, capacitance and 

inductance to the parasitic circuit.  Other resistances 

come from the top Bragg reflectors, bottom Bragg 

reflectors and the active region two series parasitic 

capacitances come also from the oxide layer and active 

region [7].  

In addition, the mesa capacitance results in the space 

charge regions within the VCSEL structure. This 

capacitance occurs due to the applied reverse biasing of 

the outer terminals of the mesa. To avoid this parasitic 

capacitance, a low doping at these regions leads to an 

increase of the depletion region and hence a decrease in 

its capacitance [8].   

Recently, it has been shown that the input   

impedance is an essential factor that limites the device 

performance [9]. It is required to avoid the mismatch 

connection with the electrical driver of the VCSEL. This 

input impedance depends strongly on the mesa structure, 

oxide structures and pad size, etc.  In addition, this input 
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impedance is temperature dependent and is affected by 

the ambient temperature of VCSEL. In addition, there is 

a parasitic inductance between the VCSEL and the 

driver. To reduce this parasitic effect, the VCSEL anode 

voltage was directly connected to the driver chip. The 

second solution is to put the VCSEL and driver surface 

at the same height [10]. 

In the present paper, the transfer function of VCSEL 

under the effect of parasitic condition is analyzed with 

the use of the dominant pole approximation scheme and 

the Convolution Theorem.  The dominant pole method is 

applied to investigate the region of operation at different 

values of parasitic cutoff frequency. The Convolution 

Theorem is used to analyze the dynamic response of the 

device under consideration.  

The paper outline is as follows, Section II explains 

the VCSEL theoretical analysis of transient response 

using the Convolution Theorem. In section III, the 

generated results are discussed using the pole 

approximation scheme. The conclusion and references 

are presented in section IV and V.  

II. THEORETICAL ANALYSIS 

II.1. Structure and Operation of the Device 

Figure 1 shows a model of the Vertical Cavity 

Surface Emitting Laser (VCSEL). As shown in the 

figure, upper and lower Distributed Bragg Reflector 

(DBR) is placed above and bottom of the active region 

within the VCSEL structure to form upper and lower 

mirrors. The oxide layers, with a specific profile shape 

are placed to confine the injected carriers to the active 

region. The generated light emerges and is confined 

from one side of the DBR mirror with an intensive 

output optical power. 

II.2. Dynamic Behavior 

When the shunt electrical parasitic is taken into 

account, the dynamic transfer function can be considered  

as a  first order  low-pass filter with a parasitic cutoff  

frequency 𝜔𝑏  and the total modulated small signal 

response becomes a three-pole transfer function given as 

[11-12]. 

𝑀(𝑗𝜔) =
𝑆(𝑗𝜔)

𝐼(𝑗𝜔)
=

𝜔𝑏

𝑗𝜔+𝜔𝑏
  

𝜔𝑟
2
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2−𝜔2+𝑗𝜔𝛾

                           (1) 

By applying the dominant pole approximation scheme 

described in [13] to the above expression, one can get  

𝑀(𝑗𝜔) =
𝑆(𝑗𝜔)

𝐼(𝑗𝜔)
= {
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The transfer function in Eq. (1) has a negative real pole 

ωb and another imaginary pole with a negative real part 

equal 
γ

2
  and each pole represents the speed of response. 

Where  ωr is the resonance frequency and γ is the 

damping frequency parameter that can be described as: 

ωr =  √
1

2π

vgηia

qVm
(I − Ith)  and γ =

1

τ
+ Kωr

2          (3) 

Where  q is the unit charge, ηi is the injection efficiency, 

τ is the carrier lifetime, vg is the photon group velocity, 

g is the gain coefficient,  Vm is the cavity volume, K is 

the damping factor and (I − Ith) is the above threshold 

injection current. 

According to the dominant pole approximation 

scheme, when the second order pole is dominant, the 

transient response is written as 
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8
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√4ωr
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And when the first order pole is dominant, the transient 

response is written as 
 

𝑀1(𝑡) = 1 − 𝑒−𝜔𝑏𝑡                                                  (5) 

Assuming a unit step input injection current and 

applying Convolution Theorem [14] 

𝑆(𝑡) = 𝑈(𝑡) ∗ 𝑀(𝑡), where * denotes to the convolution 

between 𝑈(𝑡)𝑎𝑛𝑑 𝑀(𝑡), 𝑈(𝑡) is a unit step signal and 

𝑀(𝑡) is the time domain of  𝑀(𝑗𝜔) 
 

𝑆(𝑡) = 𝐼(𝑡)𝑈(𝑡) ∗ 𝑀(𝑡) = ∫ 𝑈(𝑡 − 𝜇) ∗ 𝑀(𝜇)𝑑𝜇 =
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Then, 

𝑆(𝑡) =
1

𝑄
 𝑃(𝒕)                                                                (7) 

Where 
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And 
 

𝑄 = [(𝜔𝑏
2 − ωbγ +ωr

2)(√4ωr
2 − γ2)]                     (9) 

Where 𝐼(𝑡)𝑈(𝑡) is a unit step input current and equal 

unity and 𝑈(𝑡 − 𝜇) is a delayed signal. 

III. RESULTS AND DISCUSSIONS 

The first set of curves shown in Fig. 2a represents the 

relative transient behavior of VCSEL for ωb = 0.1 GHz, 

γ = 1 GHz  and  ωr = 1 GHz. The solid line curve 

represents the exact three-pole response and the dotted 

line curve corresponds to the second order dominant pole 

approximation, while the dashed line curve corresponds 

to the first order dominant pole approximation. It is clear 

from the Figure that the exact three-pole response is in 

close with the first order dominant pole approximation 

response, this is because the pole of the first                 

order ωb = 0.1 GHz  is close to zero in the pole-zero 

map than  γ/2 = 0.5GHz  as in Fig. (2b). 

The second set of curves shown in Fig. (3a) 

represents the relative transient behavior of VCSEL for 

ωb = 2GHz, γ = 1 GHz  and  ωr = 1 GHz. In this 

case, the exact three-pole response is very much like the 

second order dominant pole approximation response, this 

is because the real part of the conjugate pole which 

equals γ/2 = 0.5GHz  is closer to zero than ωb = 4GHz 

as in the  pole zero map of Fig. (3b), so the second order 

pole is the dominant which makes the VCSEL very 

similar to it. 

The third set of curves shown in Fig. (4a) represents 

the relative transient behavior of VCSEL for ωb =

0.5 GHz, γ = 1 GHz  and  ωr = 1 GHz. In this case 

where, ωb = γ/2, the exact three-pole response is not 

similar to any one of the considered approximations 

because all poles are not dominant as in pole zero map of 

Fig. (4b). 

To explain the effect of resonance frequency ωr on 

the transient behavior, ωr is varied while both ωb and γ 

are kept fixed. The transient response of VCSEL for the 

exact response, first order approximation, and second 

order approximation as before at ωr = 2 GHz , γ =

1GHz and ωb =1 GHz is shown in Fig. (5). It is clear that 

the device response is very similar to the first order 

approximation than second order approximation. Since 

ωr is greater thanγ, the device exhibits an oscillation 

with damped behavior. 

If the value of  ωr is reduced to ωr = 0.6 GHz as in 

Fig. (6), the device response is very similar to the second 

order approximation than first order approximation. In 

this case ωr is lower than γ, so the device exhibits no 

oscillation and behaves like first order low pass filter 

response. 

 

 
 

 
Fig. (2a): Relative transient response at ωb =0.1 GHz 

for three cases, =1 GHz, and 
r
=1 GHz  
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Fig. (1): Schematic structure of a Vertical Cavity 

Surface Emitting Laser (VCSEL) 

Fig. (2b): P-Z Map for ωb =0.1GHz , =1 GHz, and 

r=1 GHz  
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Fig. (3a): Relative transient response at ωb=2 GHz for 

three cases, =1 GHz, and 
r
=1 GHz 

 

 

 

 

Fig. (4a): Relative transient response at ωb=0.5 GHz 

for three cases, =1 GHz, and 
r
=1 GHz  
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Fig. (5): Relative transient response for three cases 

wb=1 GHz  =1 GHz and wr=2 Ghz 

Fig. (4b): P-Z Map for ωb = 0.5 GHz , =1 GHz, and 

r=1 GHz  

Fig. (3b): P-Z Map for ωb = 2 GHz, =1 GHz, and 

r=1 GHz  

Fig. (6): Relative transient response for three cases 

wb=1 GHz  =1 GHz and wr=0.6 Ghz 
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IV. CONCLUSIONS  

A small signal analysis based on the frequency 

response transfer function of a Vertical Cavity Surface 

Emitting Laser (VCSEL) is developed in this article. The 

frequency response is expressed in parasitic conditions 

due the layer capacitance and thermal resistance which 

cause additional first order low pass filter to the transfer 

function. The frequency damping of this parasitic case 

depends on the values of this resistance and capacitance. 

The parasitic effect in terms of its cut off frequency on 

the transient behavior is studied. The effect of damping 

rate on the dynamic behavior is also outlined. The results 

show that when the parasitic cutoff frequency is greater 

than the damping frequency, the device dynamic 

behavior operates like 2nd order low pass filter. 

Otherwise, the lower values renders the device to behave 

like the first order low pass filter. The effect of a 

rectangular pulse input signal on the device behavior is 

planned as a future extension to this work. This type of 

models can be exploited in the high speed data rate 

optical fiber communication systems. 
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