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Introduction
• KDPOF has characterized 2 different Vendor E VCSEL designs


• 25Gbps (designed for NRZ, 25GBd) multimode VCSEL for 850 nm based on QD 
(quantum dots)


• 25Gbps (designed for NRZ, 25GBd) multimode VCSEL for 850 nm based on QW 
(quantum wells)


• L-I-V, AC and RIN have been measured according to test methodologies 
explained in perezaranda_OMEGA_01_0720_VCSEL_test_methods.pdf


• All the test parameters have been measured at -40, 0, 25, 85, 105 and 125 ºC 
backside temperature


• Eye diagrams for 26.5625 GBd NRZ are shown

• These eye diagrams are not intended to assess suitability of an specific VCSEL for 

OMEGA application.

• These eye diagrams are intended to illustrate the effect of temperature and current in the 

VCSELs response


• Next step will be to carry out link budget analysis
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25Gbps multimode 850nm VCSEL based on QD
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L-I-V characteristic
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Threshold current characteristic
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Small signal frequency response
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Small signal frequency response
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2 VCSEL theory

Figure 2.2: Small signal electrical model of VCSEL with driving source [2]

Hpar(f) =
1

1 + j f

fp

. (2.9)

This additional term is multiplied by the intrinsic transfer function of VCSEL (Hi(f)), pro-
ducing the total electrical transfer function (H(f) = Hi(f) ·Hpar(f)) as [2]:

H(f) = C ·
f2
r

f2
r � f2 + j f

2⇡�
·

1

1 + j f

fp

. (2.10)

In the formula for the intrinsic modulation response in Eq. 2.8, we used an approximate
expression for fr,

fr ⇡
1

2⇡

s
�gg0Sb

⌧p(1 + "Sb)
, (2.11)

obtained by considering that ⌧p ⌧ ⌧�N and g0 ⇠ �"G [1].
Using Eq. 2.11, the damping factor formula can be simplified to

� ⇡ K · f2
r + �0 with K = 4⇡2


⌧p +

"

�gg0

�
, (2.12)

where �0 = 1/⌧�N is the damping factor offset and K is the so-called K -factor.
The bandwidth of the laser has three different limitations, each of which is defined by one of

the parameters in the denominator of Eq. 2.10 [5]. In order to reach the highest bandwidth,
care must be taken in the design for both intrinsic and extrinsic limiting factors.

Eqs. 2.11 and 2.12 illustrate the intrinsic damping limitations of the laser. The resonance
frequency increases as a function of the photon density as fr /

p
Sb (by increasing the injection

current). On the other hand, the damping of the system increases at a faster pace since � /
f2
r / Sb, and will eventually limit the modulation bandwidth. If the extrinsic bandwidth limiting

factors are neglected, the highest achievable intrinsic 3dB bandwidth in a semiconductor laser
(f3dB,max) is set by the K -factor and �0. By this assumption, the damping limited maximum
bandwidth would be [2]:

f3dB,max = f3dB,damping ⇡ 2
p
2⇡

K
� �0

2
p
2⇡

(2.13)

However, extrinsic effects from self-heating and electrical parasitics tend to reduce the maxi-
mum bandwidth significantly and the damping limit is therefore seldom reached.
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Small signal frequency response
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Small signal frequency response
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Relative intensity noise (RINOMA) at -40ºC

10

3 3.5 4 4.5 5 5.5 6 6.5
ER (dB)

-138

-136

-134

-132

-130

-128

-126

-124

R
IN

O
M

A m
ax

 (d
B/

H
z)

RINOMA vs ER & Ibias for VCSEL 124137 at -40 oC

Ib ias 2.08 mA
Ib ias 2.58 mA
Ib ias 3.08 mA
Ib ias 3.58 mA
Ib ias 4.08 mA
Ib ias 4.58 mA
Ib ias 5.08 mA

2.5 3 3.5 4 4.5 5 5.5 6
ER (dB)

-135

-134

-133

-132

-131

-130

-129

-128

-127

-126

R
IN

O
M

A m
ax

 (d
B/

H
z)

RINOMA vs ER & Ibias for VCSEL 122137 at -40 oC

Ib ias 2.08 mA
Ib ias 2.58 mA
Ib ias 3.08 mA
Ib ias 3.58 mA
Ib ias 4.08 mA
Ib ias 4.58 mA
Ib ias 5.08 mA

2.5 3 3.5 4 4.5 5 5.5 6 6.5
ER (dB)

-140

-138

-136

-134

-132

-130

-128

-126

R
IN

O
M

A m
ax

 (d
B/

H
z)

RINOMA vs ER & Ibias for VCSEL 124141 at -40 oC

Ib ias 2.14 mA
Ib ias 2.64 mA
Ib ias 3.14 mA
Ib ias 3.64 mA
Ib ias 4.14 mA
Ib ias 4.64 mA
Ib ias 5.14 mA



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Relative intensity noise (RINOMA) at 25ºC
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Relative intensity noise (RINOMA) at 125ºC
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Normalized max RIN (RINAOP) 
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Eye diagram for 26.5625 GBd NRZ

14

125ºC, 5 mA, ER 3dB 125ºC, 4 mA, ER 3dB

125ºC, 3 mA, ER 3dB 125ºC, 2 mA, ER 3dB

100 Ohm voltage driver, noiseless



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Eye diagram for 26.5625 GBd NRZ
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Eye diagram for 26.5625 GBd NRZ
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Eye diagram for 26.5625 GBd NRZ
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25Gbps multimode 850nm VCSEL based on QW
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Special considerations
• Devices from different wafers and different quarters of each wafers have been 

tested, obtaining different characteristics for the same QW VCSEL design


• Based on the found results, the devices have been split in two bins:

• Bin 1: devices that behave with low threshold current in low temperature

• Bin 2: devices that show two laser regions with two separated threshold currents in low 

temperature

19
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L-I-V characteristic — Bin 1
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L-I-V characteristic — Bin 1

21

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Ibias (mA)

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

Va
k 

(V
)

VCSEL-294251, -40 oC
VCSEL-294251, 0 oC
VCSEL-294251, 25 oC
VCSEL-294251, 85 oC
VCSEL-294251, 105 oC
VCSEL-294251, 125 oC

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Ibias (mA)

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

3.2

Va
k 

(V
)

VCSEL-123126, -40 oC
VCSEL-123126, 0 oC
VCSEL-123126, 25 oC
VCSEL-123126, 85 oC
VCSEL-123126, 105 oC
VCSEL-123126, 125 oC



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Threshold current characteristic — Bin 1
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Small signal frequency response — Bin 1
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Small signal frequency response — Bin 1
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2 VCSEL theory

Figure 2.2: Small signal electrical model of VCSEL with driving source [2]

Hpar(f) =
1

1 + j f

fp

. (2.9)

This additional term is multiplied by the intrinsic transfer function of VCSEL (Hi(f)), pro-
ducing the total electrical transfer function (H(f) = Hi(f) ·Hpar(f)) as [2]:

H(f) = C ·
f2
r

f2
r � f2 + j f

2⇡�
·

1

1 + j f

fp

. (2.10)

In the formula for the intrinsic modulation response in Eq. 2.8, we used an approximate
expression for fr,

fr ⇡
1

2⇡

s
�gg0Sb

⌧p(1 + "Sb)
, (2.11)

obtained by considering that ⌧p ⌧ ⌧�N and g0 ⇠ �"G [1].
Using Eq. 2.11, the damping factor formula can be simplified to

� ⇡ K · f2
r + �0 with K = 4⇡2


⌧p +

"

�gg0

�
, (2.12)

where �0 = 1/⌧�N is the damping factor offset and K is the so-called K -factor.
The bandwidth of the laser has three different limitations, each of which is defined by one of

the parameters in the denominator of Eq. 2.10 [5]. In order to reach the highest bandwidth,
care must be taken in the design for both intrinsic and extrinsic limiting factors.

Eqs. 2.11 and 2.12 illustrate the intrinsic damping limitations of the laser. The resonance
frequency increases as a function of the photon density as fr /

p
Sb (by increasing the injection

current). On the other hand, the damping of the system increases at a faster pace since � /
f2
r / Sb, and will eventually limit the modulation bandwidth. If the extrinsic bandwidth limiting

factors are neglected, the highest achievable intrinsic 3dB bandwidth in a semiconductor laser
(f3dB,max) is set by the K -factor and �0. By this assumption, the damping limited maximum
bandwidth would be [2]:

f3dB,max = f3dB,damping ⇡ 2
p
2⇡

K
� �0

2
p
2⇡

(2.13)

However, extrinsic effects from self-heating and electrical parasitics tend to reduce the maxi-
mum bandwidth significantly and the damping limit is therefore seldom reached.

6
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Small signal frequency response — Bin 1

25

2 VCSEL theory

Figure 2.2: Small signal electrical model of VCSEL with driving source [2]
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p
Sb (by increasing the injection

current). On the other hand, the damping of the system increases at a faster pace since � /
f2
r / Sb, and will eventually limit the modulation bandwidth. If the extrinsic bandwidth limiting

factors are neglected, the highest achievable intrinsic 3dB bandwidth in a semiconductor laser
(f3dB,max) is set by the K -factor and �0. By this assumption, the damping limited maximum
bandwidth would be [2]:

f3dB,max = f3dB,damping ⇡ 2
p
2⇡

K
� �0

2
p
2⇡

(2.13)

However, extrinsic effects from self-heating and electrical parasitics tend to reduce the maxi-
mum bandwidth significantly and the damping limit is therefore seldom reached.

6

(see [1])

0.8 1 1.2 1.4 1.6 1.8 2 2.2

Ib ias
1/2  (mA1/2)

4

6

8

10

12

14

16

R
es

on
an

ce
 fr

eq
. F

r (
G

H
z)

D-factor data for VCSEL 294251

-40 oC
0 oC
25 oC
85 oC
105 oC
125 oC

4 6 8 10 12 14 16
Fr (GHz)

10

20

30

40

50

60

70

80

90

100

110

D
am

pi
ng

 ra
te

 (g
am

m
a)

 (G
H

z)

K-factor data for VCSEL 294251

-40 oC
0 oC
25 oC
85 oC
105 oC
125 oC



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Small signal frequency response — Bin 1

26

Considered source impedance 100 Ω

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Ib ias (mA)

6

8

10

12

14

16

18

-3
dB

 B
W

 (G
hz

)

Bandwidth for VCSEL 294251 (Current driving)

-40 oC
0 oC
25 oC
85 oC
105 oC
125 oC

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Ib ias (mA)

6

8

10

12

14

16

18

20

-3
dB

 B
W

 (G
hz

)

Bandwidth for VCSEL 294251 (Voltage driving)

-40 oC
0 oC
25 oC
85 oC
105 oC
125 oC



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Relative intensity noise (RINOMA) at -40ºC — Bin 1

27

2.5 3 3.5 4 4.5 5 5.5 6 6.5
ER (dB)

-136

-134

-132

-130

-128

-126

-124

R
IN

O
M

A m
ax

 (d
B/

H
z)

RINOMA vs ER & Ibias for VCSEL 294251 at -40 oC

Ib ias 1.76 mA
Ib ias 2.26 mA
Ib ias 2.76 mA
Ib ias 3.26 mA
Ib ias 3.76 mA
Ib ias 4.26 mA
Ib ias 4.76 mA

2.5 3 3.5 4 4.5 5 5.5 6 6.5
ER (dB)

-132

-130

-128

-126

-124

-122

-120

-118

R
IN

O
M

A m
ax

 (d
B/

H
z)

RINOMA vs ER & Ibias for VCSEL 123126 at -40 oC

Ib ias 1.8 mA
Ib ias 2.3 mA
Ib ias 2.8 mA
Ib ias 3.3 mA
Ib ias 3.8 mA
Ib ias 4.3 mA
Ib ias 4.8 mA



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Relative intensity noise (RINOMA) at 25ºC — Bin 1

28

2.5 3 3.5 4 4.5 5 5.5 6 6.5
ER (dB)

-136

-135

-134

-133

-132

-131

-130

-129

-128

-127

-126

R
IN

O
M

A m
ax

 (d
B/

H
z)

RINOMA vs ER & Ibias for VCSEL 294251 at 25 oC

Ib ias 1.82 mA
Ib ias 2.32 mA
Ib ias 2.82 mA
Ib ias 3.32 mA
Ib ias 3.82 mA
Ib ias 4.32 mA
Ib ias 4.82 mA

2.5 3 3.5 4 4.5 5 5.5 6 6.5
ER (dB)

-134

-133

-132

-131

-130

-129

-128

-127

-126

-125

-124

R
IN

O
M

A m
ax

 (d
B/

H
z)

RINOMA vs ER & Ibias for VCSEL 123126 at 25 oC

Ib ias 1.74 mA
Ib ias 2.24 mA
Ib ias 2.74 mA
Ib ias 3.24 mA
Ib ias 3.74 mA
Ib ias 4.24 mA
Ib ias 4.74 mA



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Relative intensity noise (RINOMA) at 125ºC — Bin 1

29

2.5 3 3.5 4 4.5 5 5.5 6 6.5
ER (dB)

-130

-129

-128

-127

-126

-125

-124

-123

-122

R
IN

O
M

A m
ax

 (d
B/

H
z)

RINOMA vs ER & Ibias for VCSEL 294251 at 125 oC

Ib ias 2.56 mA
Ib ias 3.06 mA
Ib ias 3.56 mA
Ib ias 4.06 mA
Ib ias 4.56 mA
Ib ias 5.06 mA

2.5 3 3.5 4 4.5 5 5.5 6 6.5
ER (dB)

-131

-130

-129

-128

-127

-126

-125

-124

-123

-122

R
IN

O
M

A m
ax

 (d
B/

H
z)

RINOMA vs ER & Ibias for VCSEL 123126 at 125 oC

Ib ias 2.3 mA
Ib ias 2.8 mA
Ib ias 3.3 mA
Ib ias 3.8 mA
Ib ias 4.3 mA
Ib ias 4.8 mA
Ib ias 5.3 mA



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Normalized max RIN (RINAOP) — Bin 1

30

RINAOP
dB
Hz( )= RINOMA

dB
Hz( )−20⋅log10 ERL +1

ERL −1
⎛

⎝⎜
⎞

⎠⎟

ERL =10
ER dB( )/10

1.5 2 2.5 3 3.5 4 4.5
Ib ias (mA)

-140

-138

-136

-134

-132

-130

-128

R
IN

AO
P m

ax
 (d

B/
H

z)

RINAOP max vs Ibias per temperature

-40 oC
0 oC
25 oC
85 oC
105 oC
125 oC



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Eye diagram for 26.5625 GBd NRZ — Bin 1

31

125ºC, 5 mA, ER 3dB 125ºC, 4 mA, ER 3dB

125ºC, 3 mA, ER 3dB 125ºC, 2 mA, ER 3dB

100 Ohm voltage driver, noiseless



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Eye diagram for 26.5625 GBd NRZ — Bin 1

32

25ºC, 5 mA, ER 3dB 25ºC, 3 mA, ER 3dB

0ºC, 5 mA, ER 3dB -40ºC, 5 mA, ER 3dB

100 Ohm voltage driver, noiseless



IEEE 802.3 OMEGA Task Force - August 2020 Interim

PO
F

Knowledge Development 

Eye diagram for 26.5625 GBd NRZ — Bin 1
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Eye diagram for 26.5625 GBd NRZ — Bin 1
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Spectrum characteristic @ -10ºC — Bin 2
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2 VCSEL theory

Figure 2.2: Small signal electrical model of VCSEL with driving source [2]

Hpar(f) =
1

1 + j f

fp

. (2.9)

This additional term is multiplied by the intrinsic transfer function of VCSEL (Hi(f)), pro-
ducing the total electrical transfer function (H(f) = Hi(f) ·Hpar(f)) as [2]:

H(f) = C ·
f2
r

f2
r � f2 + j f

2⇡�
·

1

1 + j f

fp

. (2.10)

In the formula for the intrinsic modulation response in Eq. 2.8, we used an approximate
expression for fr,

fr ⇡
1

2⇡

s
�gg0Sb

⌧p(1 + "Sb)
, (2.11)

obtained by considering that ⌧p ⌧ ⌧�N and g0 ⇠ �"G [1].
Using Eq. 2.11, the damping factor formula can be simplified to

� ⇡ K · f2
r + �0 with K = 4⇡2


⌧p +

"

�gg0

�
, (2.12)

where �0 = 1/⌧�N is the damping factor offset and K is the so-called K -factor.
The bandwidth of the laser has three different limitations, each of which is defined by one of

the parameters in the denominator of Eq. 2.10 [5]. In order to reach the highest bandwidth,
care must be taken in the design for both intrinsic and extrinsic limiting factors.

Eqs. 2.11 and 2.12 illustrate the intrinsic damping limitations of the laser. The resonance
frequency increases as a function of the photon density as fr /

p
Sb (by increasing the injection

current). On the other hand, the damping of the system increases at a faster pace since � /
f2
r / Sb, and will eventually limit the modulation bandwidth. If the extrinsic bandwidth limiting

factors are neglected, the highest achievable intrinsic 3dB bandwidth in a semiconductor laser
(f3dB,max) is set by the K -factor and �0. By this assumption, the damping limited maximum
bandwidth would be [2]:

f3dB,max = f3dB,damping ⇡ 2
p
2⇡

K
� �0

2
p
2⇡

(2.13)

However, extrinsic effects from self-heating and electrical parasitics tend to reduce the maxi-
mum bandwidth significantly and the damping limit is therefore seldom reached.
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Using Eq. 2.11, the damping factor formula can be simplified to
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where �0 = 1/⌧�N is the damping factor offset and K is the so-called K -factor.
The bandwidth of the laser has three different limitations, each of which is defined by one of

the parameters in the denominator of Eq. 2.10 [5]. In order to reach the highest bandwidth,
care must be taken in the design for both intrinsic and extrinsic limiting factors.

Eqs. 2.11 and 2.12 illustrate the intrinsic damping limitations of the laser. The resonance
frequency increases as a function of the photon density as fr /

p
Sb (by increasing the injection

current). On the other hand, the damping of the system increases at a faster pace since � /
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r / Sb, and will eventually limit the modulation bandwidth. If the extrinsic bandwidth limiting

factors are neglected, the highest achievable intrinsic 3dB bandwidth in a semiconductor laser
(f3dB,max) is set by the K -factor and �0. By this assumption, the damping limited maximum
bandwidth would be [2]:
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However, extrinsic effects from self-heating and electrical parasitics tend to reduce the maxi-
mum bandwidth significantly and the damping limit is therefore seldom reached.
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Considered source impedance 100 Ω
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Eye diagram for 26.5625 GBd NRZ — Bin 2
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125ºC, 5 mA, ER 3dB 125ºC, 4 mA, ER 3dB

125ºC, 3 mA, ER 3dB 125ºC, 2 mA, ER 3dB

Current driver, noiseless
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25ºC, 5 mA, ER 3dB 25ºC, 3 mA, ER 3dB

0ºC, 5 mA, ER 3dB -40ºC, 5 mA, ER 3dB

Current driver, noiseless
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RIN is similar in both bins

LI differs @ -40 ºC in  
low currents 

QD: lower Ith and  
higher SE  

QD: lower RIN  
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QD QW

125ºC, 5 mA, ER 3dB 125ºC, 4 mA, ER 3dB

125ºC, 3 mA, ER 3dB 125ºC, 2 mA, ER 3dB

100 Ohm voltage driver, noiseless

125ºC, 5 mA, ER 3dB 125ºC, 4 mA, ER 3dB

125ºC, 3 mA, ER 3dB 125ºC, 2 mA, ER 3dB

100 Ohm voltage driver, noiseless

QD is better in high temperatures
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QD QW

25ºC, 5 mA, ER 3dB 25ºC, 3 mA, ER 3dB

0ºC, 5 mA, ER 3dB -40ºC, 5 mA, ER 3dB

100 Ohm voltage driver, noiseless

25ºC, 5 mA, ER 3dB 25ºC, 3 mA, ER 3dB

0ºC, 5 mA, ER 3dB -40ºC, 5 mA, ER 3dB

100 Ohm voltage driver, noiseless

QD and QW are similar in RT and low temperatures


