
IEEE 802.3 OMEGA Study Group - Sept 2019 Interim

PO
F

Knowledge Development 

Rubén Pérez-Aranda

rubenpda@kdpof.com

Technical and economic feasibilities

Requirements and methodology for assessment

mailto:rubenpda@kdpof.com


IEEE 802.3 OMEGA Study Group - Sept 2019 Interim

PO
F

Knowledge Development 

Introduction
• The Study Group has to address the technical feasibility and economic 

feasibility criteria as part of the CSD/5C


• Technology leveraging is important for these two criteria:

• The existence of state of the art technologies that are mature and can be reused as part 

of the system that wants to be standardized can prove the technical feasibility via 
testing


• Technologies leveraging with economy scale can prove the economic feasibility of the 
project


• A set of technologies that may be leveraged are presented, also providing the 
expected automotive requirements that they should meet


• Key parameters of critical elements that compose the communications 
system are identified, which should be obtained by testing, modeling or 
simulation to address technical feasibility


• A general approach based on Shannon’s capacity analysis is proposed to 
demonstrate the technical feasibility
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Technology Leveraging & Automotive requirements
• IEEE Std 802.3 already includes the 10, 25 and 50GBASE-SR specifications 

that may be considered as starting point to develop multi-gigabit optical PHY 
specification for automotive applications

• nGBASE-SR are based on 850nm VCSEL, MM graded-index glass fiber, GaAs PIN diode

• However, are them really suited for automotive applications?


• Key differences between nGBASE-SR and the Automotive requirements:

• Ambient temperature grades per AEC-Q100:


• Grade 2: Ta = -40ºC — 105ºC

• Grade 1: Ta = -40ºC — 125ºC

• Grade 0: Ta = -40ºC — 150ºC


• Grade 2 imposes junction temperature range Tj = -40ºC — 125ºC (power < 1W / port)

• 15 years operation, 0 ppm failures

• VCSEL reliability

• Higher insertion loss channel

• Higher optical return loss channel 

• Lower relative cost and power consumption

• OAM side-channel for dependability and link management
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Technology Leveraging: VCSEL
• VCSEL is the least “reliable” element compared with CMOS IC and PIN PD


• VCSEL lifetime decreases with current increase 

• VCSEL lifetime decreases with temperature increase  


• VCSEL current density has to be reduced to achieve good reliability at  
TJ = 125 ºC


• Current density reduction impacts on the VCSEL performance

• Bandwidth is highly reduced

• Relative intensity noise (RIN) is increased

• Optical power is decreased


• VCSEL process variation is big: e.g. oxide aperture area -40% — +60%

• Different lots with different current densities (i.e. reliability) under same driving conditions

• Different lots with different bandwidth under same driving conditions

• Different lots with different noise under same driving conditions

• Different lots with different optical power under same driving conditions


• Adaptive electronics would allow high yield and make the port economically 
feasible
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7.4 Fitting results

7.4.5 7µm oxide aperture at 85�C
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Figure 7.18: Fitting of RIN transfer function, for VCSEL with 7µm oxide aperture diameter
at85�C operation.
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Figure 7.19: Fitting of modulation transfer function for small-signal modulation response, for
VCSEL with 7µm oxide aperture diameter at85�C operation.
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Figure 7.19: Fitting of modulation transfer function for small-signal modulation response, for
VCSEL with 7µm oxide aperture diameter at85�C operation.
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7.4.8 13µm oxide aperture at 85�C

0 5 10 15 20
−160

−155

−150

−145

−140

−135

−130

−125

−120

−115

−110

Frequency [GHz]

R
IN

 [d
B/

H
z]

VCSEL 0406, 13-µm oxide aperture, T = 85
�
C

 

 
Measured

Fitted

1.5 mA

2 mA

10 mA

Figure 7.30: Fitting of RIN transfer function, for VCSEL with 13µm oxide aperture diameter
at85�C operation.

0 5 10 15 20
−20

−15

−10

−5

0

5

Frequency [GHz]

M
od

ul
at

io
n 

re
sp

on
ce

, S
21

 [d
B]

VCSEL 0406, 13-µm oxide aperture, T = 85
�
C

 

 
Measured

Fitted

2.5 mA 3 mA

16 mA

Figure 7.31: Fitting of modulation transfer function for small-signal modulation response, for
VCSEL with 13µm oxide aperture diameter at85�C operation.
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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

3 RIN theory

It is always more difficult to detect RIN at higher bias currents since the noise level is lower,
which requires a detection system with much higher sensitivity. Eventually, the intensity noise
becomes equal to the shot noise limit.

3.5 Intensity noise modification

Laser RIN depends on many quantities, the most important of which are frequency, output
power, temperature, modulation frequency, time delay and magnitude of optical feedback, mode-
suppression ratio, and relaxation oscillation frequency [17].

The effect of optical feedback (reflections) from the connectors and reflectors makes an external
cavity that modifies the intensity noise. This feedback-induced intensity noise has periodical
resonance peaks with the period of �f = c/(2nL), where L is the optical length of the external
cavity, n is the refractive index, and c is the speed of light [12]. Yet, light can be reflected from
some external facets which have polarization or wavelength-selective properties. For certain
kinds of multi-mode lasers, RIN can also be affected significantly by system components that
have polarization or wavelength-selective properties [10].

Dependence of RIN on frequency and output power was discussed earlier in this chapter. In
multi-mode lasers, mode competition effects can result in higher RIN values especially at lower
frequencies (< 2GHz) [18, 19, 20]. VCSELs usually have large active diameters, allowing for mul-
tiple transverse-mode emission. Multi-transverse-mode operation ensures low source coherence,
greatly minimizing interference effects like the modal noise-induced bit-error-rate in multi-mode
fiber systems [21]. These mode competition effects will be discussed specifically in multi-mode
VCSELs in Section 6.1.

The effect of phase noise to intensity noise conversion for distributed feedback lasers (DFB)
have been discussed in [22] and [23]. This has been attributed to interferometric conversion of
laser phase noise to intensity noise by multiple reflections at connectors and splices. Additionally,
if the transmission system has chromatic-dispersive properties, it will also cause frequency noise
to intensity noise conversion [24].

3.6 RIN transfer function

The frequency dependence of the intensity noise can be analytically identified by investigating
how the spontaneous emission affects the characteristics of the laser. In order to do that, Langevin
sources are added to the rate equations (as described in Section 2.3.1), to mathematically model
the spontaneous emission [1, 25]. With this procedure, the transfer function describing the RIN
attains the following form [5]:

RIN(f) =
Af2

+B

(f2
r � f2)2 + (

�

2⇡ )
2f2

, (3.3)

where A and B are terms dependent on the Langevin noise sources.
It is very interesting to observe that Eq. 3.3 has exactly the same denominator term as the

absolute value of the intrinsic modulation response |Hi(f)| (Eq. 2.8). Evidently, the intensity
noise spectrum has the same general shape as the intrinsic modulation response, except for the
frequency-squared term in the numerator that indicates the comparatively low noise levels at
low frequencies and increased noise contributions at high frequencies [25].
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Relative Intensity Noise (RIN) in High-Speed VCSELs for Short Reach Communication, Master of Science Thesis in Photonics Engineering, SEYED EHSAN 
HASHEMI, Photonics Laboratory, Department of Microtechnology and Nanoscience (MC2) CHALMERS UNIVERSITY OF TECHNOLOGY Göteborg, Sweden, 2012
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-40 ºC 25 ºC 125 ºC

-40 ºC 25 ºC 125 ºC

NRZ 10.3125 GBd eye diagram, low bias current: long lifetime

NRZ 10.3125 GBd eye diagram, high bias current: short lifetime

KDPOF: 850nm VCSEL time-domain characterization, based on Keysight DCA-M N1092C, optical input.
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Presentation for IEEE 802.3 Multi-Gig Automotive Ethernet PHY Study Group VI Systems GmbH
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850 nm VCSEL studied: Accelerated Ageing

Æ Wafer level tests: 600 chips. Tested at 3 currents each at 3 temperatures
Æ 30 thousand years extrapolated to 1% failure at RT at 18kA/cm2 (5mA)
Æ Lifetime increases as ~1/(current)7

Æ Lifetime decreases 30000-fold by temperature increase to 105oC

Accelerated aging of 28 Gb s− 1 850 nm vertical-cavity surface-emitting laser with multiple thick 
oxide apertures JR Kropp et al Semiconductor Science and Technology 30 (4), 045001(2015)

TTF1% ~1/J7
30000 years

• Lifetime increases as ~1/(current)7


• VCSEL feasibility study should involve: signal response, noise and reliability


• HTOL experiments have to be conducted with different VCSEL corner lots (i.e. different oxide 
apertures) and currents for technical feasibility assessment

Accelerated aging of 28 Gb s−1 850 nm vertical-cavity surface-emitting laser with multiple thick oxide apertures, J R Kropp, G Steinle, G Schäfer, V A Shchukin, N 
N Ledentsov, J P Turkiewicz and M Zoldak, Published 19 February 2015 • © 2015 IOP Publishing Ltd
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Automotive requirements: Channel
• Optical cables and connectors should follow the same requirements and test 

methods of electrical cables, as far as applicable:

• ISO/ SC32/ TC22/ WG6 = connectors, 

• ISO/ SC32/ TC22/ WG4 = cables


• Automotive target: 

• Channel length ≤ 40 meters

• Max expected 4 inline connectors

• Operation temperature (for optical performance): -40ºC to +125ºC (expected)

• Aging temperature (for mechanical and chemical robustness): -40ºC to +125ºC (expected)

• Installation temperature (for short term mechanical installation stress): +10ºC to +30ºC (expected)

• Mechanical loads: vibrations, shock, push-, pull-, twist/torsion-forces on cable, on connector and 

a mated pair, cyclic bending, edge impact, static torsion

• Chemical loads: liquids, water, greases and oils, corrosive gases, dust

• Flame resistance

• Connector position assurance, connector to be blind mate-able, connector to lock with audible 

sound

• Kojiri protection / scoop proof: no risk damage on connector parts due to handling while 

assembly operation

• In car assembly process, in field reparation

�9
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Technology leveraging: Channel
• BASE-SR optical fibers with high economy scale in data-centers:


• OM1: MM graded index glass optical fiber 62.5/125 um

• OM2: MM graded index glass optical fiber 50/125 um

• OM3: laser (VCSEL) optimized (index profile) MM glass optical fiber 50/125 um (the 

highest volume today)

• OM4 and OM5: as OM3, with further reduced modal dispersion (optimized index profile)


• BASE-SR optical connectivity:

• LC connectivity technology is the most extended with physical contact: IL < 0.25 dB

• PHYs provide very low link budget

• Physical contact LC produces small back reflection, therefore low RIN from VCSEL


• Any kind of high-bandwidth low-attenuation optical fibers as well as optical 
connectivity technologies that may be suitable for automotive applications 
should be considered by the SG in the technical and economic feasibility 
assessment:

• MM 62.5/125 um, MM 50/125 um, GIHCS, GIPOF

�10
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Technology Leveraging: Channel
• Optical fibers used in harsh industrial environments


• GIHCS 50/200 um (similar optical performance of OM2)

• GIHCS 62.5/200 um (similar to OM1)


• Applications: 

• Factory floor, Wind turbines, Solar power plants, 

• Rail applications, Electrical power plants, Electrical switching, 

• Aerospace, Digital radio connections in aircrafts


• Fiber is terminated with LC connectors in the field, with C&C (Crimp and Cleave) fast 
process

• Air-gap connection due to ~10 um fiber recession inside LC ferrule  

• Insertion loss is bigger: ILmax  = 1.5 dB

• Back reflection is much higher due to the refractive index mismatch: higher VCSEL RIN


• Other connectors supported: ST, SMA, SC.


• RIN (e.g. RINxOMA) specification should be considered from very beginning in the 
technical feasibility, because it is expected to be much higher with respect to BASE-SR, 
because higher temperature, lower current bias, higher back reflections

�11
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Figure 3. The termination process for C&C LC connector 
Mated-pair insertion loss ofconnectors is one key parameter to be 
considered in the system design for industrial automation and 
control systems. As mentioned above, the C&C LC connector 
system mated fibers are not in physical contact, rather, a small air 
gap exists between the fiber end faces due to the cleaved, rather 
than polished finish. As a result, this air gap causes a small Fresnel 
insertion loss penalty as well as Fresnel reflection.  The air gap and 
Fresnel reflection are the key contributors to the insertion loss of 
this approach. Other factors that can affect the insertion loss include 
the end face quality of the cleaved fiber, core/coating concentricity 
of the fibers, and fiber-ferrule inner diameter tolerance, etc. The 
measured insertion loss of the C&C LC connector is typically ~0.7 
dB, which is higher than that of a standard physical contact LC 
connectors using conventional fibers, but is still sufficiently low for 
applications in industrial Ethernet networking. The reflection from 
the air gap and Fresnel reflection in C&C LC connectors impact the 
system performance, because the they can interfere with the 
transmitted signal causing signal amplitude noise which degrades 
performance. The Fresnel reflection is about 8% from each two end 
faces in a C&C LC connector. 

3. System Transmission Performance 
When the new GiHCS optical fiber cables are applied in 

industrial automation and control systems, the system performance 
and integrity of signal at wide temperature range need to be 
considered. In addition to the modal dispersion and/or chromatic 
dispersion [3] in GiHCS fiber, which cause the pulse distortion of 
signals, the reflection from the air gap and Fresnel reflection in 
C&C LC connectors will also interfere with the transmitted signal 
causing signal amplitude noise, and degradation in system 
performance. Adding C&C LC connectors into the fiber cable link 
incrementally increases the reflected power. Although there is no 
specified limit to the maximum number of LC connectors that one 
can deploy in optical fiber links supporting industrial Ethernet 
applications, it is important to know the system tolerance of the 
maximum number of the C&C LC connector in practical 
implementations for industrial automation and control systems. We 
experimentally investigated the transmission performance of 1 Gb/s 
and 10 Gb/s data link using a reasonable length of GiHCS fiber with 
multiple C&C LC connectors, and we will describe the transmission 
results and discuss the system implication in this section. 

3.1 50/200 Pm GiHCS Fiber Link 
In order to assess high speed performance using 50/200 Pm GiHCS 
fiber, a 10-Gb/s transmission experiment was conducted. Here a 
commercially available 10Gb/s Ethernet transceiver (JDSU, JXP-

05SGAA1) was used to transmit (Tx) and receive (Rx) (see Fig.4, 
a).  This transceiver was compliable with IEEE 802.3ae 10GBASE-
SR Ethernet and 10 GFC 1200-MX-SN-I (fiber channel) standards 
and was designed for offset launch with conventional OM3 
multimode fiber (MMF). The transmitter was an 850-nm VCSEL 
with the output power of about -1.0dBm, and it was directly 
modulated by non-return-zero (NRZ) electrical signals using 10-
Gb/s pseudo-random bit sequences (PRBS) with a pattern length of 
231-1, generated by an Anritsu pattern generator. A variable-optical-
attenuator (VOA) (free-space based) was used for BER 
measurement. The link consisted of 205 meter 50 Pm GiHCS fiber 
connected with the VOA (pigtailed with 50Pm MMF) using a pair 
of C&C LC connectors.  The total link loss including 205 m 
50/200um GiHCS fiber and C&C LC connector was about 2 dB at 
850nm. 
Fig.5 shows the measured BER vs. receiver optical power, and the 
back-to-back performance was measured by using a 2 meter 50/200 
Pm GiHCS MMF connected to the transceiver. It can be seen that 
there is about 3.5 dB receiver power penalty, which is mainly 
caused from the 205 meter of 50/200Pm GiHCS fiber. In order to 
investigate the system performance degradation caused by 
reflections in LC connectors, we added another five pairs LC 
connectors (each with 3 meter of 50um MMF) into link, resulting 
the total link length of 219m (see Fig.4, b). The observed total 
receiver power penalty was about 5.5 dB for this 219m 50/200Pm 
GiHCS fiber link w/ six LC mated-pairs of connectors (see Fig.5). It 
can be seen that the additional receiver power penalty of about 2 dB 
was caused by the five LC connectors. Nevertheless, a 10Gb/s 200 
m data link using 50/200um GiHCS fiber with a few C&C LC 
connectors is feasible for industrial automation and control 
applications. It should be noted that in most industrial network 
installations, diret-connection between Tx and Rx devices is most 
common with no intermediate mated-pair connection points. 
Therefore, selection of this six mated-pair model attempts to 
examine worst case. 

 

 
Figure 4. Experiment set-up for 10-Gb/s data link, (a) 
205m 50Pm GiHCS fiber w/ one mated-pair C&C LC 

connector, (b) 219m 50Pm GiHCS fiber w/ six mated-pair 
LC connectors 

are usually not physically contacted to each other: the cleaved fiber end face is perpendicular to the fiber axis and is 
typically recessed ~10Pm from the ferrule end face.  The Fresnel reflection loss of the two end faces is estimated to be 
~0.31dB. Additional losses are caused lateral offset of the two fiber core and the longitudinal end face separation [3]. 
The C&C connectors can also have higher back reflection: ~4% from each end face.   

 
Fig. 3 Distribution of the insertion loss of C&C connector with 62.5/200 GI-HCS fiber measured at 850nm 
 

2.3 Experimental setup and results  

The experimental setup is shown in Figure.4: the AFBR-5710LZ was a Gigabit Ethernet transceiver from AVAGO for 
multimode optical fiber. The transmitter was an 850nm VCSEL with output power of -7.1dBm. The PRBS generator and 
error detector were Anritsu MP1763 and MP1764.  

First we measured the bit error rate (BER) vs. received optical power with the transceiver connected back to back by a 2 
meter 62.5/125 fiber. At -19dBm, the BER was less than 10-9 as shown in Figure 5(a). Then the BER was tested with 
347m of GI-HCS fiber. The GI-HCS fibers were connected ~with 3 pairs of C&C connectors as shown in Figure.4 (a).  
The power at the receiver was measured to be -12.6dBm. . The measured BER vs. received power is plotted in Figure 
6(a).  The observed power penalty with 347m of GI-HCS fiber and C&C connectors was less than 0.3 dB. In this setup, 
there were total 10 connectors and could generate ~-7dB of back reflection to transmitter and the effect on the transmitter 
seemed to be minimum. Furthermore we removed the VOA and put the fiber and connectors in side a thermal oven to 
measure the BER at -40°C and 85°C for total of six hours each and didn’t observe any bit error as shown in Figure-5.  
The GI-HCS fiber can meet the Gigabit Ethernet requirement[2]. 

To find out the effect of the back reflection on the VCSEL transmitter, we measured the power and spectral change of 
the VCSEL with strong back reflection. The setup is shown in Figure. 5. Power meter-1 was used to measure the power 
of back reflection, and power meter-2 and optical spectrum analyzer (OSA) to measure the output power and spectrum 
change. The maximum reflected power we could achieve with the setup was about 13%. The VCSEL output power 
change was less than 0.2dB, and no significant change of the spectrum was observed as shown in Figure 5. Thus the 
back reflection by several pairs of C&C connector may not cause detrimental effect on VCSEL transmitter and VCSEL 
transmitter can work with C&C connectors. 

Next we connected 787m of GI-HCS to the transceiver as shown in Figure.4 (b). The measured power at receiver was -
12 dBm. The measured the BER vs. received optical power is shown in Figure 6 (b). The power penalty was ~5dB at 
BER of 10-9, and a noise floor was also observed. This may due to the limited bandwidth of the 787m fiber.  The total 
fiber loss was ~4.9dB-the loss of the 788m of GI-HCS fiber is ~2.4dB and that the 3 pairs of connectors was 2.5dB. Thus 
a BER of 10-9 can be achieved with this setup. 

Field termination

IC IL > 0.1 dB 
IC ILmax = 1.5 dB

Critical properties Fiber design  
62.5/200 um

Fiber design  
50/200 um

Core diameter 62.5 +/- 3 um 50 +/- 3 um


Cladding diameter 200 +/- 4 um 200 +/- 4 um
Coating diameter 230 +0/-10 um 230 +0/-10 um

Buffer diameter 500 +/- 30 um 500 +/- 30 um

Core/coating offset < 5 um < 5 um
Proof test level 150 kpsi 150 kpsi

Numerical aperture 0.275 nominal 0.200 nominal
Bandwidth-length  
@850 nm >200 MHz·km >400 MHz·km

Bandwidth-length  
@1300 nm >500 MHz·km >400 MHz·km

Bandwidth-length  
@850 nm < 3.5 dB/km < 2.8 dB/km

Bandwidth-length  
@1300 nm < 1.2 dB/km < 1.0 dB/km

 
Figure 1. Schematic of GiHCS fiber and index profile 

Figure 1 (a) shows the schematic diagram for typical GiHCS fiber 
consisting of a 50 or 62.5 um diameter Ge-doped silica graded-
index core, a 200um diameter silica cladding, additional 230um 
diameter HCS coating and 500um diameter ETFE (Ethylene-tetra-
fluoro-ethylene) buffer layers. The graded-index profile with in the 
core (see Figure 1 (b)) is designed for increasing the bandwidth. The 
typical optical properties are shown in table 1. It can be seen that the 
bandwidth-distance product for both 50Pm and 62.5Pm have been 
significantly increased to >100MHz*km.  Since the fibers have a 
core identical to that of standard 50/125-Pm, or 62.5/125-Pm 
multimode fibers (MMF), they are easily interfaced with many 
existing systems and transceivers. 

Table 1. Typical optical fiber properties of 50-Pm and 
62.5-Pm GiHCS fibers 

 
High mechanical strength characteristics of these GiHCS fibers are 
enhanced by OFS HCS coating technology, which applied during 
the draw process on the pristine fiber surface. The HCS coating 
materials chemically bonds to the silica substrate and these 
chemical bonds significantly improve the mechanical properties of 
the silica fiber, making the coating virtually impermeable to 
moisture ingress. By isolating the silica surface from moisture in the 
environment, the fiber strength is greatly enhanced. The degradation 
of fiber strength over time (known as static fatigue) is thus greatly 
reduced by HCS technology; furthermore, the HCS technology 
enables the optical fiber to withstand the tight, long-term bends, 

which are often found in the confined spaces of industrial 
installations. 

2.2 Crimp and Cleave LC Connectors 
For simplicity in installation, the optical fiber cables are 

terminated with C&C LC connectors (sometime called HCS LC 
connectors), thus the fiber cable system can be easily deployed by 
factory personnel having minimal familiarity with fiber optics 
technology. The LC connector is a two-piece “Optical Disconnect” 
style connector that comes assembled and ready for fiber insertion 
and crimping. The C&C LC connector is first crimped on the 
230um HCS coating and then the fiber is cleaved. The cleaved fiber 
end face is perpendicular to the fiber axis and is typically recessed 
~10um from the ferrule end face. Inside of the connector, unlike 
traditional telecom connectors, the the two fiber end faces are not in 
physical contact with each other sothere is a Fresnel reflection from 
the two end faces that musyt be considered for the link design. 
Figure 2 shows the detailed view of the  components of C&C LC 
connector. The C&C connector termination process consists of a) 
simple fiber preparation i.e. stripping cable jacket with jacket strip 
tool and stripping buffer with buffer strip tool, b) crimping the 
fiber, i.e. placing connector into connector nest in crimp tool, and 
inserting cable into connector, then squeezing crimp tool to attach 
connector to cable, c) cleaving to finish the fiber end by placing 
connector into cleave tool and squeezing to cleave, and d) install 
cap (see Figure 3). Compared with typical epoxy/polish connector 
termination process, the C&C LC connector requires minimal  
termination steps. In addition, the C&C LC connector has 
advantages including simplifying cable design and construction, 
fewer components to handle during installation, less variation by 
operator, and reduced time to complete termination process, etc.  

 
Figure 2. Detailed view of the C&C LC connector 
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Technology Leveraging: Channel — GIHCS
• KDPOF characterization of Inline Connectors IL


• Fiber under test: GIHCS 62.5/200/230µm: 

• TX AOP = -2.5 dBm (mean)

• Fiber Attenuation < 3dB/Km at 850nm per data-sheet

• Measured insertion Loss per In-Line Connectors < 1 dB, implemented with LC-LC adaptor
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GIHCS Fiber 62.5/200/230
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Tet Point Length (m) In-line Conn. # AOP (dBm) IL/In-Line Conn. # (dB)

P0

AOPTP2 3 0 -2.497 0.000

P1 6 1 -3.113 0.615
P2 9 2 -4.003 0.753
P3 12 3 -5.085 0.862
P4 15 4 -5.917 0.855
P5 18 5 -7.168 0.934
P6 21 6 -8.263 0.961
P7 24 7 -9.163 0.952
P8 27 8 -10.079 0.948
P9 30 9 -10.784 0.921
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Technology Leveraging: Channel — GIHCS
• KDPOF characterization of Macro-bending IL


• Fiber under test: GIHCS 62.5/200/230µm: 

• Insertion loss per 90º turn < 0.012dB with curvature radius of 2mm

• Insertion Loss per 8 complete turns < 0.35dB

• Fiber recovers after test
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❑ Experimental	Setup ❑ Results
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Technology Leveraging: Channel — GIHCS
• KDPOF characterization of Microbending IL
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a)	The	fiber	loop	has	9	cm	
radius.	And	the	fiber	section	
that	receives	the	pressure	has	a	
length	of	25	cm.	

b)	 c)	 d)	a)	

b)	Meshes	with	grids	of	60,	40	
and	20	are	used.

c)	Aluminum	and	steel	plates	
are	used	to	distribute	the	load.

d)	A	total	load	of	36	Kg	is	
applied.	

No	Load 36Kg	Load

-2.68dBm -2.68dBm
Optokon	Power	Meter Optokon	Power	Meter

No variations were registered in 
the average optical power after 
applying a load of 36Kg.  
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Economic feasibility
• The photonics, electronics, and optics are going to have much bigger parametric variation 

than in the case of data-center products

• Manufacturing process

• Wider temperature range: Tj from -40 ºC to +125 ºC

• More important aging due to longer time in operation and temperature cycles

• More aggressive mechanical and chemical loads


• Stringent reliability requirements will impose limits on which kind of electronics and 
components are suitable (e.g. VCSEL driving)


• Practices followed in data-centers products may not be longer valid:

• Wafer-sort based binning to avoid large parametric variation

• Use of special RF tech-nodes with low yield and integration (e.g. HBT)


• Adaptive technology will help drive economic feasibility:

• Compensation of the channel response impairments caused by large parametric deviation

• High production yield due to wider parametric variation is allowed

• Sensitivity improvement to provide high link budget (higher insertion losses, higher tolerances, dust, 

aging, …)


• Economic feasibility should be focused from a holistic point of view:

• Photonics, electronics, cable harness, connector, optical connectivity, supply chain, … 

�16
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Key parameters for PHY technical feasibility
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Key parameters for PHY technical feasibility: VCSEL
• ITH = f(A, T), being A the oxide aperture


• AOP = f(A, T, I - ITH)


• Intrinsic response: D-factor = f(T), Fr = f(A, T, sqrt(I - Ith))


• Intrinsic response: K-factor and Gamma-0, Gamma = f(A, T, Fr2)


• Extrinsic response (parasitic pole): Fp = f(A, T, I - Ith)


• RINxOMAMAX = f(A, T, x), being x the max expected back reflection


• Reliability: 

• Max bias current to meet failures in time figure: IBIAS,MAX = f(A, T, FIT)

• Corner lots with max. current density should be considered (min oxide aperture)


• ERMIN or OMAMIN that the TX can have in worst case conditions

• OMA shall be limited by design to avoid excessive non-linear dynamic distortion

• Link-Budget shall be calculated in terms of OMA, while life-time is limited in current bias average


• Wavelength spectrum: WLC = f(A,T, IBIAS), WLW = f(A,T, IBIAS)


• Rate-equations parameters identification as a function of T: non-linear time-domain response

• Linear frequency response (i.e. Fr, Gamma, Gamma) allows for Shannon’s capacity analysis

• Non-linear time-domain response allows to determine implementation loss wrt. Shannon by transient 

simulation
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Key parameters for PHY technical feasibility: Channel
• Fiber frequency magnitude response: |H(f)| = f(bending, T, launching-condition, 

wavelength, cable length)

• Worst-case (min) bandwidth-length product for max considered length 


• Fiber insertion loss: ILFIBER = f(bending, T, launching-condition, wavelength, cable length)

• Worst-case (max) insertion loss for max considered length


• Connections insertion loss:

• VCSEL to TP2 ILMAX

• TP3 to PD ILMAX


• Inline connection ILMAX


• Connections return loss:

• RLMAX for worst-case channel condition 

• Very important for RIN specification 


• Connections losses considerations:

• Fabrication tolerances, Aging, Dust

• Humidity, Vibrations, 

• Mechanical, Size, and Economic feasibility
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Key parameters for PHY technical feasibility: Others
• Photodiode:


• Max capacitance CPD = f(T, VR)

• Max series resistance RS

• Min responsitivity RPD (A/W) at VCSEL wavelength = f(T)

• Min bandwidth (GHz), max transition time (ps) = f(T, VR)

• Max dark current = f(T)


• Trans-Impedance Amplifier:

• Max input capacitance CIN = f(P, V, T), including pads, ESD protections, …

• Min input stage trans-conductance gmIN = f(P, V, T)

• Worst-case (min) GBW = f(P, V, T) provided by the technology node

• Max expected excess noise factor Gamma = f(P, V, T) of technology node


• Clock:

• Max expected PLL phase jitter, TX and RX sampling

• Environment limitations? Is LC-tank valid for EMC automotive requirements?
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Shannon’s capacity based assessment
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Reference model
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Information theory model
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Information theory model
• Model built in the electrical domain (v.s. optical domain), because it is 

assumed an IM/DD optical communication system (like BASE-SR)


• Final sensitivity in terms of optical power in the photodiode and TP3 are 
derived by responsitivity and optical coupling efficiency (ILTP3-to-PD)


• Two signal paths are considered, DC and AC, both closely related by the 
Extinction Ratio (ER) and the modulation scheme


• OMA figures can be calculated from AOP based on ER relation


• Transfer functions HZOH(f), HLE(f), HFIBER(f), HPD(f) and HAAFLT(f) are normalized 
for DC gain of 0 dB


• Transfer function HTIA(f) preserves the trans-impedance conversion factor 
between input current and output voltage, therefore no DC gain normalized
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Information theory model
• ETX(f): TX electrical current spectral density referred to photodiode output


• DTX: average TX electrical current referred to photodiode output


• DRX: average RX electrical current at the output of photodiode


• RPD: Photodiode responsitivity (A/W)


• ILTP3-to-PD: insertion loss from TP3 to photodiode


• AOPPD: average optical power coupled to photodiode


• AOPTP3: average optical power at TP3


• AO: variable optical attenuation


• NZOH(f): ZOH noise spectral density in terms of electrical current referred to photodiode output


• NSAMPLER(f): Sampler noise spectral density in terms of electrical voltage


• NPD(f): photodiode shot noise spectral density as electrical current at the photodiode output


• NTIA(f): TIA output voltage noise spectral density


• HZOH(f), HLE(f), HFIBER(f), HPD(f) and HAAFLT(f): transfer functions of ZOH, light emitter, fiber, 
photodiode and anti-alias filter, respectively


• HTIA(f): transfer function of the trans-impedance amplifier
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Shannon’s capacity method
• Let’s define NRX(f) and SRX(f) as the spectral densities of noise and communication 

signal, respectively measured at the sampler output after folding. NRX(f) and SRX(f) 
are defined between DC and FS/2


• Let’s define the effective SNR (SNRe) at the sampler output as the SNR that 
provides the same capacity of the channel defined by SRX(f) and NRX(f) in 
bandwidth FS/2:


• SNRe is equal to the SNRd in detector provided by an ideal infinite length unbiased 
MMSE DFE in an ISI channel

• Error propagation is not considered

• Degradation due to finite length filters constraint is not considered
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Shannon’s capacity method
• The minimum SNRd required for M-PAM scheme can be well approximated by: 

where:


• AWGN is assumed in detector after noise whitening and ideal feedback by 
MMSE,u DFE


• Parameters:

• M: number of levels of PAM scheme; M ≥ 2

• CR: code-rate of FEC scheme; CR < 1 for coded schemes, CR = 1 for uncoded scheme

• CG: coding gain respect to an uncoded scheme; CG > 1 for coded schemes, CG = 1 for 

uncoded scheme. Coding gain is defined for a given Pb in non-asymptotic codes

• Pb: bit error probability (i.e. BER) after demodulation and decoding
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Shannon’s capacity method

• The ITM is evaluated in several iterations in a LMS loop to find the minimum AOPPD and OMAPD (i.e. optical 
receiver sensitivity), for coded modulation scheme (FS, M, CR, CG), and Err < 0.01 dB


• RIL (dB) is included to take into account the real PHY implementation losses, based on time-domain simulations 
where finite size circuits and non-linearities are considered


• OMATP2 (dBm) = OMALE (dBm) - ILLE-to-TP2 (dB)


• OMATP3 (dBm) = OMAPD (dBm) + ILTP3-to-PD (dB)


• Link budget LB (dB) = OMATP2(dBm) - OMATP3(dBm)


• Link margin LM (dB) = LB - ILFIBER (dB) - NIC×ILIC (dB) - ILBEND(dB). If LM ≤ 0 dB, the system is not feasible.
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Thank you


