
        1  |   INTRODUCTION 

 The ever- increasing demand for higher data rates in both 

short-  and long- distance communication networks neces-

sitates multilevel modulation schemes [ 1– 5 ]. The 850  nm 

vertical- cavity surface- emitting laser (VCSEL)– based four- 

level pulse- amplitude modulation (PAM- 4) has been ad-

opted as the standard solution for 100 G/200 G Ethernet [ 6 ]. 

Compared with the two- level pulse- amplitude modulation 

(non- return to zero) signal, the PAM- 4 signal has half the 

Nyquist frequency at the same data rate, its interlevel sepa-

ration that is three times smaller, and its eye- width reduction 

is larger. Moreover, the timing asymmetry among the lower, 

middle, and upper eyes is problematic. Consequently, at the 

transmitter side, these issues require more stringent control of 

the driving- signal characteristics, component performance, 

and module- assembly process. 

 AlGaAs- based VCSELs have enabled short- distance data 

links. Normally, the top- layer material of AlGaAs- based 

VCSELs is GaAs because the VCSEL structure exhibits low 

contact and lateral resistances. As the refractive- index step 

of the air- GaAs interface is the highest among numerous 

VCSEL interfaces, the optical thickness of the GaAs top layer 

significantly affects the VCSEL characteristics [ 7 ]. Any devi-

ation from the phase- matched thickness changes the thresh-

old gain, threshold current, and slope efficiency. Moreover, 

the deviation changes the relaxation- oscillation frequency by 

changing the photon lifetime. 
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     Abstract 
 We studied the influence of GaAs top- layer thickness on the small- signal modulation 

response and 56 Gb/s four- level pulse- amplitude modulation eye quality of 850 nm 

vertical- cavity surface- emitting lasers (VCSELs). We considered the proportional-

ity of the gain- saturation coefficient to the photon lifetime. The simulation results 

that employed the transfer- matrix method and laser rate equations led to the conclu-

sion that the proportionality should be considered for proper explanation of the ex-

perimental results. From the obtained optical eyes, we could determine an optimum 

thickness of the GaAs top layer that rendered the best eye quality of VCSEL. We 

also compared two results: one result with a fixed gain- saturation coefficient and the 

other that considered the proportionality. The former result with the constant gain- 

saturation coefficient demonstrated a better eye quality and a wider optimum range 

of the GaAs top- layer thickness because the resultant higher damping reduced the 

relaxation oscillation.  
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 Together with the photon lifetime and gain coefficient, 

the gain- saturation coefficient is crucial in semiconduc-

tor lasers, including VCSELs. Basically, gain saturation 

originates from the limited electron and hole supply in 

both real and energy spaces, and it is related to the spa-

tial and spectral hole burning, carrier heating, and carrier 

transport/capture/escape around the active region in the 

quantum well [ 8 ]. Traditionally, the gain- saturation coef-

ficient is considered as being independent of the photon 

lifetime. However, the increased photon lifetime owing 

to the change in the top- layer thickness of GaAs changes 

the gain- saturation coefficient, and this coefficient is both 

experimentally [ 7 ] and theoretically [ 9,10 ] found to be 

linearly proportional to the photon lifetime. Therefore, in 

optimizing the VCSEL performance for PAM- 4 applica-

tions, wherein the requirements are stringent, this effect 

should be carefully considered. 

 Herein, we investigated the 56 Gb/s PAM- 4 optical- eye qual-

ity by considering the proportionality of the gain- saturation co-

efficient to the photon lifetime. Our objective was to determine 

the range of the GaAs top- layer thickness that realized the best 

PAM- 4 optical- eye quality. The transfer- matrix method and an 

equivalent- circuit approach based on laser rate equations were 

used. The simulation results demonstrate that the optimum 

thickness of the GaAs top layer was ~0.13 λ thinner than the 

phase- matching thickness. In addition, we provide some design 

guidelines based on the simulation results.  

   2  |   ANALYSIS METHODOLOGY 

 The transfer- matrix method [ 11 ] was used to obtain the 

threshold gain and corresponding photon lifetime for a 

given etch depth using the phase- matching thickness as a 

reference. The VCSEL structure is described in [ 7 ] and the 

references therein. The optical thickness of each distributed 

Bragg reflector (DBR) layer was a quarter wavelength, and 

the cavity length was one wavelength. The small-  and large- 

signal modulation characteristics, including the optical eyes, 

were obtained using a large- signal equivalent- circuit model 

[ 12 ] based on the rate equations, which are expressed as 

follows:

     

     

     

 

 Descriptions for the parameters and their values are listed 

in Table  1 .  

 The small- signal modulation response (small- signal pho-

ton density  s  vs. small- signal current  i ) as a function of mod-

ulation frequency  ω  and the related variables can be derived 

from (1) to (3) and are listed as functions of the DC bias- 

current values: gain coefficient  g0 = g
(
N0

)
  , differential gain 

 gN = [dg (N) ∕dN]N=N0
  , photon density  S0  , and carrier density 

 N0  .

     

where the relaxation- oscillation frequency  ω  r  and damping co-

efficient γ are expressed as follows:

     

     

 

 In (6),  τ  d  represents the differential carrier lifetime. From 

(5) and (6), we can see that the photon lifetime  τ  p , which is 

controlled by the thickness of the GaAs top layer, determines 

two of the most important modulation characteristics, namely 

 f  r  and γ. We should note that the etch depth of the top GaAs 

layer slightly changes the optical confinement factor  Γ  , and it 

is considered as constant. 
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  T A B L E   1          Parameters of the rate equations for the VCSEL 

 Description  Symbol  Value  Unit 

 Cavity length   L   250.4  nm 

 Active- region length   L  a   20  nm 

 Optical confinement 

factor 

 Γ  1.7607 6   

 Group velocity   v  g   0.88 × 10 
10 

  cm/s 

 Gain coefficient   g  0   1600  1/cm 

 Transparency carrier 

density 

  N  tr   1.525 × 10 
18 

  1/cm 
3 
 

 Fitting parameter   N  s   1.1 × 10 
18 

  1/cm 
3 
 

 Non- sradiative 

recombination 

coefficient 

  A   43 × 10 
7 
  1/s 

 Radiative recombination 

coefficient 

  B   1.2 × 10 
−10 

  cm 
3 
/s 

 Auger recombination 

coefficient 

  C   6.0 × 10 
−30 

  cm 
6 
/s 

 Spontaneous emission 

factor 

  β   0.01   
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 Traditionally, the gain- saturation coefficient  ε  is consid-

ered to be independent of the photon lifetime  τ  p . However, 

both experimental and theoretical results indicated that  ε  is 

proportional to  τ  p  [ 7,10 ]. Therefore, for more realistic sim-

ulation results, we have considered the proportionality of  ε  

to  τ  p , which results in the thickness of the GaAs top layer 

influencing the modulation characteristics. We assumed that 

 ε  = 1.927 × 10 
−11

  τ  p  [ 7,9 ]. 

 We directly obtained the PAM- 4 eye diagrams from the 

large- signal equivalent circuit by applying input current sig-

nals to the VCSEL. The peak- to- peak modulation amplitude 

was 6 mA using the data pattern of PRBS7. The eye diagrams 

were analyzed in terms of the eye widths, eye heights, and 

eye- symmetry mask width (ESMW) [ 6 ]. ESMW is defined 

as the time spacing between the leftmost right eye edge and 

rightmost left eye edge among the six eye edges in the upper, 

middle, and lower eyes, as shown in Figure  1 . To focus on 

the systematic changes in the eye diagrams, the random noise 

terms were not included. Furthermore, the temperature rise 

caused by self- heating was neglected.  

 The transmitter and dispersion penalty quaternary for 

PAM- 4 is a major performance index in the IEEE Ethernet 

optical links. However, the index does not explicitly represent 

the details of the eye quality, and we used the performance 

indexes of the Ethernet electrical links shown in Figure  1 .  

   3  |   RESULTS AND DISCUSSIONS 

 In the VCSEL structure, the reflection at the air- GaAs 

top- layer interface is the highest because of the highest 

refractive- index difference at the interface. Therefore, the 

phase of this surface- reflection coefficient is crucial in de-

termining the VCSEL characteristics. Initially, we compared 

the small- signal modulation characteristics with and without 

considering the proportionality of the gain- saturation coef-

ficient to the photon lifetime, as shown in Figure  2 . Figure 

 2A  shows the small- signal modulation characteristics under 

several DC bias currents when the GaAs top- layer thickness 

was at the phase- matching condition, that is, at the zero etch 

depth. These results agreed well with the experimental re-

sults [ 13 ], indicating that the parameter values listed in Table 

 1  are reasonable. Figure  2B  shows the small- signal modu-

lation characteristics when the etch depth was 0.18 λ with 

the gain- saturation coefficient  ε  being proportional to  τ  p . The 

etch depth indicated the decrement in the GaAs top- layer 

thickness from the phase- matching thickness in units of las-

ing wavelength λ in the free space. The obtained results were 

consistent with the experimental results [ 13 ]. Conversely, the 

small- signal modulation characteristics at an etch depth of 

0.18 λ shown in Figure  2C , which were obtained with the 

gain- saturation coefficient fixed at the zero etch- depth value, 

were significantly different from those shown in Figure 

 2B  and the experimental results. Therefore, for more real-

istic simulation results, the gain- saturation coefficient was 

set to be proportional to the photon lifetime. We must note 

that the relaxation- oscillation peak increased when the gain- 

saturation coefficient was proportional to the photon lifetime, 

as shown in Figure  3B , because the lower gain- saturation co-

efficient at a deeper etch depth (shorter  τ  p ) reduced damping 

coefficient γ, as expressed in (6).   

 As we assumed that the phase matched when the etch 

depth was zero, the photon lifetime  τ  p  decreased, the las-

ing threshold current increased, and the slope efficiency 

increased as the optical etch depth increased from zero to a 

quarter wavelength. At this quarter- wavelength etch depth 

point, the forward and reverse traveling waves in the VCSEL 

structure destructively interfered at the quantum- well active 

region, and the threshold gain and threshold current simulta-

neously became maximum. In addition, a shorter  τ  p  indicated 

that the photons bounced back and forth fewer times in the 

VCSEL cavity that suffered from less optical absorption in 

the DBR mirrors and cavity, which led to higher slope effi-

ciency. This increment in the slope efficiency was enhanced 

by the lower optical absorption in the thinner GaAs top layer 

as the etch depth increased. This increase in the slope effi-

ciency at a thicker etch depth led to larger eye heights, as 

shown in Figures  4  and  5 .   

 Figure  3A  shows the simulation results of the changes 

in the small- signal modulation characteristics with respect 

to the etch depth when the DC bias current was 8 mA and 

the gain- saturation coefficient was proportional to the 

photon lifetime. As the etch depth increased, relaxation- 

oscillation frequency  f  r  monotonically decreased, whereas 

 f −   3dB  increased to reach a peak and then decreased, which 

  F I G U R E   1                   Schematic that shows the three major performance 

indexes: eye widths and heights of the lower, middle, and upper eyes, 

and the ESMW [Colour figure can be viewed at  wileyonlinelibrary.

com ] 

Tdecision

ESMW
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agreed with the experimental results [ 14 ]. When the  ε  value 

was fixed, both  f  r  and  f −   3dB  monotonically decreased as the 

etch depth increased because the differential gain  g  N  in 

(5) monotonically decreased. The monotonical decrease 

in  f  r  and  f  −3dB  was inconsistent with the experimental re-

sults, and we set  ε  to be proportional to  τ  p , as previously 

  F I G U R E   2                   Dependence of the small- signal modulation response on the DC bias current when the etch depth is (A) zero, (B) 0.18 λ with 

gain- saturation coefficient  ε  proportional to  τ  p , and (C) 0.18 λ when  ε  is fixed at 3 cm 
3
  × 10 

−17
  cm 

3
 . The etch depth represents the decrement in the 

optical thickness of the GaAs top layer from the phase- matching thickness in units of free- space wavelength λ [ 
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  F I G U R E   3                   Dependence of the (A) small- signal modulation response and (B) damping coefficient  γ , relaxation oscillation frequency  f  r , and 

−3- dB bandwidth  f  −3dB  on the etch- depth optical thickness. The DC bias current is 8 mA, and the gain- saturation coefficient is assumed to be 

proportional to the photon lifetime [Colour figure can be viewed at  wileyonlinelibrary.com ] 
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mentioned. Figure  3A  also shows that the height of the 

relaxation- oscillation peak monotonically increased as the 

etch depth increased, which indicated that the damping co-

efficient γ monotonically decreased as the etch depth in-

creased, thus agreeing with (6). The behavior of γ,  f  r , and 

 f -    3dB  according to the etch depth is shown in Figure  3B . The 

decrease in  f  r  with increasing etch depth is attributed to 

the decrease in  gN   and  S0  , as indicated in (5), whereas the 

decrease in  γ  with increasing etch depth was attributed to 

the decrease in  τ  p ,  ε , and  𝜔2
r
  , as expressed in (6). The de-

crease in  γ  enhanced the relaxation oscillation, temporarily 

increasing  f −   3dB , as shown in Figure  3A,B . 

 Figure  4  shows the optical- eye diagrams at several etch 

depths when the DC bias current was 8  mA and the gain- 

saturation coefficient was proportional to the photon lifetime. 

The eye heights initially improved owing to the increased 

slope efficiency. However, as the etch depth increased fur-

ther, both eye heights and widths decreased while the optical- 

modulation amplitude increased. The eye- height degradation 

mainly originated from the increased relaxation oscillation, 

as shown in Figure  4 , which can be expected from the small- 

signal modulation response shown in Figure  3A . The eye- 

width degradation was attributed to the decreased  f  −3dB , 

which increased the rise and fall times during the transition 

between the zero and third levels, and completely closed eyes 

were obtained when the etch depth was larger than 0.18 λ. 

The results are consistent with the experimental results in 

[ 14 ]. The strongly enhanced relaxation oscillation also de-

graded the eye widths, as shown in Figure  4 . 

 Figure  5  shows the changes in the optical- eye diagrams 

with the increase in the etch depth when the DC bias currents 

were 9 mA and 10  mA and the gain- saturation coefficient 

was proportional to the photon lifetime. The increased bias 

current reduced the relaxation oscillation and increased the 

bandwidth. Therefore, the eye quality was better than that 

shown in Figure  4 . The eye height increased as the etch depth 

increased, which resulted from the increased slope efficiency 

with the increase in the etch depth. The optimum etch depth 

tended to increase as the DC bias current increased, as shown 

in Figures  4  and  5 . 

  F I G U R E   4                   Optical eyes at 28 Gbaud (56 Gb/s) for several etch- depth values when the DC bias current is 8 mA. The gain- saturation 

coefficient is assumed to be proportional to the photon lifetime 

  F I G U R E   5                   Optical eyes at 28 Gbaud (56 Gb/s) for several etch- depth values when the DC bias currents are (A) 9 and (B) 10 mA. The gain- 

saturation coefficient is assumed to be proportional to the photon lifetime 
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 Figure  6  shows the changes in the eye heights and 

widths of the three eyes (upper, middle, and lower) and the 

ESMW values with the etch depth when the DC bias cur-

rents were (A) 8 mA, (B) 9 mA, and (C) 10 mA. These data 

were obtained from the eye diagrams shown in Figures  4  

and  5 . The gain- saturation coefficient was assumed to be 

proportional to the photon lifetime. Generally, the eye 

heights initially increased to achieve peaks and then de-

creased. The increase at the first stage is attributed to the 

increased slope efficiency, and the decrease after reaching 

the peak is attributed to the lower damping and subsequent 

bandwidth ( f −   3dB ) reduction. The optimum etch depth 

tended to be larger at higher DC bias current because of the 

weaker relaxation oscillation (higher damping) and wider 

bandwidth at higher bias current. However, the upper eye 

exhibited an exceptional behavior, and its height remained 

almost constant when the optical etch depth was smaller 

than ~0.15 λ. The relaxation oscillation was stronger at 

the zero- to- two transitions than that at the zero- to- one 

transitions, and the interference owing to the stronger re-

laxation oscillation eclipsed the eye height of the upper 

eyes, as shown in Figures  4  and  5 , which agreed well with 

the experimental results [ 14 ].  

 The eye widths remained almost constant until the optical 

etch depth increased to ~0.15 λ and then rapidly decreased. 

This result was consistent with the bandwidth reduction, as 

shown in Figure  3B , and the eye width began to decrease at 

a deeper etch depth and higher DC bias current. The width 

of the middle eye was the widest because it did not suffer 

from the slower zero- to- three and three- to- zero transitions. 

The ESMW also remained flat up to an optical etch depth 

of ~0.15 λ and then rapidly decreased in the same manner as 

the eye width. This result was mainly related to the reduced 

eye width of the lower eyes. In summary, the eye quality was 

the best when the optical etch depth was ~0.13 λ and the op-

timum etch depth tended to increase with better eye quality 

as the DC bias current increased. The eye heights were the 

lowest for the upper eyes owing to the relaxation oscillation, 

  F I G U R E   6                   Dependence of the eye heights, eye widths, and eye- symmetry mask widths of the 28- Gbaud PAM- 4 on the etch depth when the 

DC bias currents are (A) 8 mA, (B) 9 mA, and (C) 10 mA. Gain- saturation coefficient  ε  is assumed to be proportional to  τ  p  [Colour figure can be 

viewed at  wileyonlinelibrary.com ] 
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whereas the eye widths were mainly worst for the lower eyes 

owing to the rise-  and fall- time limits. The optimum etch 

depth ranged from 0 to 0.13 λ. 

 For comparison, Figure  7  shows the heights, widths, and 

ESMWs of the optical eyes when the gain- saturation coef-

ficient  ε  was fixed at 3  cm 
3
  ×  10 

−17
  cm 

3
 . Compared with 

the results shown in Figure  6 , the eye quality improved, the 

optimum etch depth became deeper, and the optimum range 

of the etch depth became wider. These results are mainly 

attributed to the higher damping and consequent weaker 

relaxation oscillation, which resulted from the higher gain- 

saturation coefficient at a larger etch depth. In this case of the 

constant gain- saturation coefficient, the optimum etch depth 

was 0.17 λ and it ranged from 0 λ to ~0.18 λ.  

 Comparison of Figures  6  and  7  revealed that the eye 

heights, particularly those in the upper eyes at higher DC 

bias current, exhibited different behavior: increased eye 

heights at larger etch depth in Figure  7  with a constant gain- 

saturation coefficient, which were derived from weaker 

relaxation oscillation and higher slope efficiency. Figure 

 7C  also shows that the three eye heights tended to converge 

as the DC bias current increased, which rendered almost 

constant eye widths and ESMWs. The improvement in the 

eye width and ESMW originated from the same source. In 

this manner, the PAM- 4 optical eyes exhibited different be-

havior depending on the relationship of the gain- saturation 

coefficient and photon lifetime. Therefore, to achieve 

more realistic simulation results, the proportionality of the 

gain- saturation coefficient to the photon lifetime must be 

considered.  

   4  |   CONCLUSION 

 Changes in the VCSEL characteristics owing to the GaAs top- 

layer thickness have been studied by focusing on the 56 Gb/s 

PAM- 4 eye quality to determine the optimum thickness of the 

top layer. This layer thickness is critically important because the 

  F I G U R E   7                   Dependence of the eye heights, eye widths, and eye- symmetry mask widths of the 28- Gbaud PAM- 4 on the etch depth when the 

DC bias currents are (A) 8 mA, (B) 9 mA, and (C) 10 mA when gain- saturation coefficient  ε  is fixed at 3 cm 
3
  × 10 

−17
  cm 

3
  [Colour figure can be 

viewed at  wileyonlinelibrary.com ] 
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reflection at the air- GaAs interface is the strongest. The transfer- 

matrix method and an equivalent- circuit approach based on rate 

equations are adopted in this simulation study. In particular, 

the gain saturation is assumed to be proportional to the photon 

lifetime in the cavity. From the simulation results, the follow-

ing conclusions are drawn. First, the gain- saturation coefficient 

that is proportional to the photon lifetime renders more realistic 

small- signal modulation characteristics and PAM- 4 eye dia-

grams than the gain- saturation coefficient that is fixed. Second, 

the optimum etch depth increases as the DC bias current in-

creases, and there is an improvement in the corresponding eye 

quality. Third, the useful etch- depth range widens as the bias 

current increases at the expense of higher power consumption 

and shorter operating lifetime of VCSELs. Fourth, when moder-

ate low- pass filtering is applied in the transmission channel, the 

optimum etch depth increases because the eye- quality degra-

dation mainly originates from the higher relaxation- oscillation 

peaks. Note that  f  −3dB  decreases when the optical thickness of 

the etch depth exceeds 0.2 λ. Fifth, when the etch depth is under 

0.15 λ, the eye heights increase with the etch depth owing to 

the increased slope efficiency. When the etch depth is between 

0.15 λ and 0.2 λ, the eye heights decrease owing to the stronger 

relaxation oscillation. Furthermore, a thicker etch depth leads 

to closed eyes owing to the stronger relaxation oscillation and 

reduced bandwidth. Furthermore, the reference GaAs top- layer 

thickness for the etch depth represents the phase- matching 

thickness. Sixth, the ESMW improves as the DC bias current 

increases because of the faster transitions between the zero and 

third levels at this higher bias current. Seventh, when the gain- 

saturation coefficient is set to a constant value, the optimum 

etch depth increases and its optimum range widens because of 

the weaker relaxation peaks. Finally, in terms of the optical- 

eye quality improvement with a DC bias current, VCSELs with 

low thermal resistance, low series resistance, wider bandwidth, 

and fewer transverse modes need to be developed. These con-

clusions can be used as guidelines in designing VCSELs for 

PAM- 4 applications.  

   ORCID
  Shin- Wook Yu   https://orcid.org/0000-0003-3480-6830 

Sang-Bae Kim   https://orcid.org/0000-0002-7772-7254    

  REFERENCES 
    1.      J.   Lavrencik   et al.,  DSP- enabled 100 Gb/s PAM- 4 VCSEL MMF 

links ,  J. Light. Technol.   35  ( 2017 ), no.  15 ,  3189 –  3196 .  

    2.      D.   Sadot   et al.,  Single channel 112 Gb/s PAM4 at 56 gbaud with 
digital signal processing for data center applications ,  Opt. Exp.   23  

( 2015 ), no.  2 , Article no.  222533 .  

    3.      E.   Szczerba   et al.,  4- PAM for high- speed short- range optical com-
munications ,  IEEE/OSA J. Opt. Commum. Netw.   4  ( 2012 ), no.  11 , 

 885 –  894 .  

    4.      S. M. R.   Motaghiannezam   et al.,  51.56 Gbps PAM4 transmission 

over up to 2.3 km OM4 fiber using mode selective VCSEL , in Proc. 

OFC Conf. (San Diego, CA, USA), Mar. 2018, Article no. M1I.3.  

    5.      H. Y.   Cao   et al.,  Single- mode VCSEL for pre- emphasis PAM- 4 
transmission up to 64 Gbit/s over 100– 300 m in OM4 MMF , 

 Photonics Res.   6  ( 2018 ), no.  7 ,  666 –  673 .  

    6.     IEEE Computer Society ,  IEEE standard for Ethernet ,  IEEE ,  2018 .  

    7.      P.   Westbergh   et al.,  Impact of photon lifetime on high- speed VCSEL 
performance ,  IEEE J. Sel. Top. Quantum Electron.   17  ( 2011 ), no. 

 6 ,  1603 –  1613 .  

    8.      C. Y.   Tsai   et al.,  Nonlinear gain coefficients in semiconductor 
quantum- well lasers: Effects of carrier diffusion, capture, and 
escape ,  IEEE J. Sel. Top. Quantum Electron.   1  ( 1995 ), no.  2 , 

 316 –  330 .  

    9.      F.   Kariminezhad   et al.,  Impact of gain compression factor on mod-
ulation characteristics of InGaAs/GaAs self- assembled quantum 
dot lasers ,  J. Theoretical Appl. Phys.   10  ( 2016 ), no.  4 ,  281 –  287 .  

    10.      M.   Willatzen  ,   T.   Takahashi  , and   Y.   Arakawa  ,  Nonlinear gain ef-
fects due to carrier heating and spectral hole burning in strained- 
quantum- well lasers ,  IEEE Photonics Technol. Lett.   4  ( 1992 ), no. 

 7 ,  682 –  685 .  

    11.      T. Y.   Kim   and   S. B.   Kim  ,  Design of 850 nm vertical- cavity surface- 
emitting lasers by using a transfer matrix method ,  J. Inst. Electr. 

Eng. Korea SD   41  ( 2004 ), no.  1 ,  35 –  46 .  

    12.      M. W.   Jang   and   S. B.   Kim  ,  A study on low- current- operation of 850 
nm oxide VCSELs using a large- signal circuit model ,  J. Inst. Electr. 

Eng. Korea SD   43  ( 2006 ), no.  10 ,  10 –  21 .  

    13.      E. P.   Haglund   et al.,  Impact of damping on high- speed large signal 
VCSEL dynamics ,  J. Light. Technol.   33  ( 2015 ), no.  4 ,  795 –  801 .  

    14.      T.   Lengyel   et al.,  Impact of damping on 50 Gbps 4- PAM modula-
tion of 25G class VCSELs ,  IEEE J. Light. Technol.   35  ( 2017 ), no. 

 19 ,  4203 –  4209 .   

    AUTHOR BIOGRAPHIES 

  Shin- Wook Yu  received his BS and 

MS degrees in electrical engineering 

from Ajou University, Suwon, Republic 

of Korea, in 2017 and 2019, respec-

tively. His primary research interests 

include VCSEL design, optical inter-

connections, and optical transmitters.             

YU AND KIM|   930



         Sang- Bae Kim  received his BS de-

gree in electrical engineering from 

Ajou University, Suwon, Republic of 

Korea, in 1981, and his MS and PhD 

degrees in electrical engineering 

from KAIST, Daejeon, Republic of 

Korea, in 1983 and 1987, respec-

tively. From 1987 to 1990, he was with the Electronics and 

Telecommunication Research Institute, Daejeon, where he 

was involved in optoelectronic integrated circuits and 

diode lasers for optical communication. In 1990, he joined 

the faculty of Ajou University as an assistant professor and 

is currently a Professor in the Department of Electrical 

and Computer Engineering. Currently, he is involved in 

researching semiconductor optoelectronic devices, includ-

ing VCSELs, infrared and visible lasers, ultraviolet detec-

tors, and LEDs. He is also actively involved in reforming 

engineering education: developing the learning capabili-

ties of students, assessing learning outcomes, and assess-

ing program- level achievement.                

YU AND KIM    | 931




