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Modal Noise vs Misalignment Losses in MMFs Connectors

1. Objective

(J Demonstrate the relationship between insertion loss in multi-mode connectors
and modal noise.

2. Agenda

U Modal Noise Estimation from RIN,,, Measurements
»  Definition of Modal Noise Estimation

O Launching Setup: VCSEL to Fiber Coupling
» Modal Noise due to VCSEL to Lens Radial Misalignment

U Modal Noise in Butt-Coupling (BC) Connections
» Effects of Radial Misalignment
»  Effects of Axial Misalignment
»  Effects of Tilt Misalignment

U Modal Noise in Expanded Beam Optics (EBO) Connections
» Effects of Tilt Misalignment
= Relation between Tilt Misalignment in EBO and Radial Misalignment in BC.
» Analysis of Radial Offset in EBO
= Relation between Radial Misalignment in EBO and Tilt Misalignment in BC.

] Conclusions
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Modal Noise vs Misalighnment Losses
in MMFs Connectors

( 1 Modal Noise Estimation from
e RINgys Measurement
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1. Modal Noise Estimation from RIN,,,, Measurement

1. RINoua 2. Estimation of Modal Noise (MN)

Test method for RINgys has been defined by [1] as: Setup 2: Connector

| RN+ RN m
RINoaa = 10 x logi ( - “U) OM3 fiber 1m OM3 fiber 1m

OMA? x BWy

If we consider a link with in-line connectors (setup 2), the RINgya

where RNo.ne/Zero is stanc!ard deviation of.noise measurements in the DCA will be effected by the Modal Noise (MN)
measured in level 1/0 (in Watts); OMA is the that may be produced due misalignments in the connectors.

optical modulation amplitude (in Watts) and BW/ is

the noise equivalent bandwidth (in Hz). The difference of variances between the Total Noise (RINgy, pyr from

setup 2) and the reference RINgy, (from setup 1) will be an acceptable
approximation of MN caused by the connectors misalignments.
This can be calculated as:

VCSEL's RIN can be considered to be the main \/

RING N AR EF )
- 1w

. o o r r HIN, rr
source of noise in the following setup (setup 1): Tn0,MN T Onl, MN _ ~OMADUT x BW,

I — (10
OMA
OM3 fiber 1m N
M s BC connection with radial offset (IL = 6dB):
Total noise is RINgyarer + MN = RINOMA,DUT.

» If the VCSEL is directly connected to the DCA with a
short section of fiber and there is no mode
selective loss in the VCSEL coupling.

(dB/Hz)
|

RIN_max
|

0

G

l—- ?: BC connection without any offset: RINgya rer -
3 4 5 [

» Scope (DCA) background noise is compensated. e
ER (dB)
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Modal Noise vs Misalighnment Losses
in MMFs Connectors

( 2 Launching Setup: VCSEL
® to Fiber Coupling

__Knowledge Development

Modal noise vs misalignment losses in MMFs connectors 5




2.1. Launching Setup

1. COB Type Lens (ULTEM) 2. Alignment for the lowest RIN

U Coupling Efficiency > 78% | IL < 1.1dB. U IL vs VCSEL Offset (Simulation).

»  Losses are mainly due to material attenuation Lens for SFP28

and Fresnel. No mode selective loss. e
> Radial direction (x-y plane)

(dB)

Vertical direction

adfileieq

IL_TP2
(%]

2410

—0.02 —0.01 0 0.01 0.02
ZL,Y VCSEL Offset (pm)
U Experimental Setup: VCSEL (850nm) to Fiber Coupling. U NFP at TP2 (1m of fiber). Underfilled launch!

» To avoid selective losses at the VCSEL-to-Fiber
coupling in order to evaluate the modal noise in
the intermediate connectors.

r=25um

7o
2 S =
’

XYZ Micrometric Stagej
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2.2. Effects of VCSEL-to-Lens Radial Misalignment

> 1. ReferenceRIN (RINgy )
Best Coupling, No misalignment.

1. Degradation of RINgya

\EECIGEINES

> Losses due to VCSEL-to-Lens

Misalignment generates Noise. 2

o

h=}

> Mode Selective Loss x
5

Z

> 2) Worst RINgya pur
Worst Coupling, highest misalignment

2. Estimation of Modal Noise

> Modal Noise is estimated from
RINOMA,DUT .

» There is a direct relationship
between ILs due to VCSEL-to-
Lens radial misalignment and
Modal Noise

Modal noise vs misalignment losses in MMFs connectors

(The + 0,1 )/OMA

2) Bad Coupling, highest RIN.

VCSEL Radial Offset Effect over RIN:
SFP+ Lenses VCSEL 290321 W0101U
Ibias=6.58mA

—-1204 Offset (um), IL (dB)

—a— Offset_Oum, -0.0
—&— Offset_2um, 0.26
—8— Offset_4um, 1.55
—#— Offset_6um, 3.74
—4— Offset_7um, 4.69
—8— Offset_8um, 7.57

—125+

—130+

—135

—140+

N\
"
1) Best Coupling, lowest RIN.

ER (dB)

VCSEL Radial Offset Effect over Modal Noise:
SFP+ Lenses VCSEL 290321 W0101U

Ibias=6.58mA
ER (dB)
—— 3.0
0.1 4.0
—&— 5.0
—#— 6.0
0.05
0+
T T T T
0 2.5 5 7.5
IL (dB)
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3 Modal Noise in Butt-
* Coupling Connections

Ferrule

Y

|55

. :t: //,,
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3.1. Modal Noise in Butt-Coupling

1. Experimental Setup

YV VVY

IL < 0.55dB

No spring-loaded
2 x LC fibers of 2m with PC termination
No mandrel wrapping

2017/09/20 02:34:53

Tilt Control
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XYZ Control

Y-Axis (Radial)

i ——

\Z-Axis (Axial)




3.2. Modal Noise in Butt-Coupling: Effects of Radial Misalignments

. ) _ Radial Offset Effect over RIN in BC connection of OM3 Fibers:
BC: Radial Misalignment 1. RINgya Measurements Source SFP+ Lenses VCSEL 290321 W0101U

Ibias=6.58mA
. ~128- Exp, AOP(dBm), IL(dB)
» IL with no offset = 0.55dB. > Ref RIN,,,, measurement has —e— BC_Ref, 2.09dBm, -0.0dB
= Asmallgapis needed between been taken with a LC-to-LC —1304 —4— BC_Radial_Exp15, 1.54dBm, 0.55dB
the fibers to allow radial 'é‘ . —=— BC_Radial_Exp16, 0.92dBm, 1.17dB
! connector. S 132 BC_Radial_Exp17, 0.45dBm, 1.64dB
displacement. S, —+— BC_Radial_Exp18, -0.5dBm, 2.59dB
% 1344 BC_Radial_Exp19, -1.55dBm, 3.64dE
» High sensitivity to Radial E BC_Radial_Exp20, -2.43dBm, 4.52dE
M- I- t Z —136 S BC_Radial_Exp21, -3.5dBm, 5.59dB
Isalignment. o —s— BC_Radial_Exp22, -4.45dBm, 6.54dE
. ~138 BC_Radial_Exp23, -5.5dBm, 7.59dB
> Direct dependence between —e— BC_Radial_Exp24, -6.65dBm, 8.74dE
MN and ILs. iy - ] : ]
3 4 5 &
ER (dB)
2. Estimation of Modal Noise
b
i 7 Radial Offset Effect over Modal Noise in a BC connection of OM3 Fibers:
0E Source SFP+ Lenses VCSEL 290321 W0101U
s mm Ibias=6.58mA
ER (dB)
0.05+ —e— 3.0
—_ 00 _ 4.0
5 § 0.044 —&— 5.0
—#— 6.0
= —2.5 % 0.03
E . I3
N g OMS3 Fibers Y o0l
—_— " -]
S _75 0.01
= T T T T o4
0 10 20 30 . . . .
BC Radial Offset (um) 0 23 3 75
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3.3. Modal Noise in Butt-Coupling: Effects of Axial Misalignments

BC: Axial Misalignment (Gap)

> IL with no offset = 0.53dB

» IL has low dependence with the gap,
especially if manufacturing tolerances are
taken into account. However, any gap
generates reflections.

» Direct dependence between MN and ILs.

= Quite similar to the case of radial
misalignment

-

Normalized IL (dB)

10.5 mm

0.0 A

—2.5 4

OMS3 Fibers
—5.0 - :

—7.5 4

T T T T
0 100 200 300 400 500
BC Axial Offset (um)

1. RINgya Measurements

» Ref RINgy, measurement has
been taken with a LC-to-LC

Axial Offset Effect over RIN in a BC connection of OM3 Fibers:
Source S5FP+ Lenses VCSEL 290321 W0101U
Ibias=6.58mA

Exp, AOP(dBm), IL(dB)

—e— BC_Ref, 2.09dBm, -0.0d8

—&— BC_Axial_Exp1, 1.56dBm, 0.53dB

—#— BC_Axial_Exp2, 1.42dBm, 0.67dB
BC_Axial_Exp3, 1.04dBm, 1.05d8

-1254

™ —4— BC_Axial_Exp4, 0.5dBm, 1.59dB

connector. < 1304 BC_Axial_Exp5, 0.0dBm, 2.09dB
s BC_Axial_Exp6, -0.5dBm, 2.59dB
% BC_Axial_Exp7, -1.0d8m, 3.00d8
E —#— BC_Axial_Exp8, -1.5dBm, 3.50d8
EI BC_Axial_Exp9, -2.0d8m, 4.00d8
=4

—135- —&— BC_Axial_Exp10, -2.5dBm, 4.59dB
—&— BC_Axial_Expl1, -3.48dBm, 5.57dB
—8— BC_Axial_Exp12, -4.47dBm, 6.56dB
—s— BC_Axial_Exp13, -5.5dBm, 7.59dB

=— BC_Axial_Exp14, -6.44dBm, 8.53dB

—140]

ER (dB)

2. Estimation of Modal Noise

Axial Offset Effect over Modal Noise in a BC connection of OM3 Fibers:
Source SFP+ Lenses VCSEL 290321 W0101U

0.14
0.094
0.08+4
0.07 4
0.064
0.054
0.044
0.034
0.024
0.014

0

(Uno + Unl}IOMA

Ibias=6.58mA
ER (dB)
—e— 3.0
4.0
- 5.0
—%— 6.0

T T T T
-05 0 05 1 15 2 2
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3.4. Modal Noise in Butt-Coupling: Effects of Tilt Misalignments

BC: Tilt Misalignment

O IL with no offset = 0.55dB
U BC has Very low sensitivity to tilt.
= However, it is not a realistic case.

= |tis not possible to have very high tilt
values in a connector.

U There is a direct relationship between MN
and IL from IL> 1dB.

Normalized IL (dB)

1. RINgya Measurements

» Ref RINgy, measurement has
been taken with a LC-to-LC
connector.

(dB/Hz)

RIN_max

Tilt Offset Effect over RIN in a BC connection of OM3 Fibers:
Source SFP+ Lenses VCSEL 290321 W0101U

Ibias=6.58mA
—130+ Exp, AOP(dBm), IL(dB)
q\ —&— BC_Ref.csv, 2.09dBm, -0.0dB
132 —&— BC_Tilt_Exp25, 1.54dBm, 0.55dB
—=— BC_Tilt_Exp26, 1.44dBm, 0.65dB
134 BC_Tilt_Exp27, 1.09dBm, 1.0dB
—4— BC_Tilt_Exp28, 1.29dBm, 0.8dB
BC_Tilt_Exp29, 0.64dBm, 1.45dB
-136+ BC_Tilt_Exp30, -0.06dBm, 2.15dB
BC_Tilt_Exp31, -0.87dBm, 2.96dB
~138

2. Estimation of Modal Noise

Tilt Offset Effect over Modal Noise in a BC connection of OM3 Fibers:
Source SFP+ Lenses VCSEL 290321 W0101U

Ibias=6.58mA
ER (dE)
0.0 —e— 3.0
< : 4.0
% —=— 5.0
= 0.024 6.0
b:
+
E’% 0.014
0_
T T T T T T
0 0.5 1.5 2 2.5 3
IL (dB)
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Modal Noise vs Misalighnment Losses
in MMFs Connectors

( 4 Modal Noise in Expanded Beam
® QOptics (EBO) Connections
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4. Modal Noise in Expanded Beam Optics (EBO)

Knowledge Deviopment

1. Experimental Setup

» Two 2m OM3 fibers. No mandrel wrapping.

»  EBO connector with two collimators: F220FC-850
=  Beamdiameter:2.5mm
=  Focal distance:11.12mm

»  Kinematic stage for tilt control: KM100C
=  8mrad Tilt per turn (from datasheet)

»  xyz stage form alighment KM100CL

» MinlIL=0.45dB

o R g
!I/A" YAX|s(Rad|aI), -

-, 7
e @
. —
| N
i,

by

Z-Axis (Axial)
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4. Modal Noise in EBO: Experimental Tilt Measurements

Tilt Measurements

U AOP Measurements
» OPTOKON 820
= 1mm diameter detector
»  Micrometer Head
= Tilt=0.462 (8mrad) per turn (from datasheet)

O 00 N O Ul b W N P

0
0.0336125
0.0503942
0.0641543
0.0790596
0.0956225
0.1113365
0.1407354
0.1565097
0.1742315

-1.46

-3.61
-4.5
-5.6
-7.6
-9.5

-11.31

0
0.54
1.04
1.54
2.15
3.04
4.14
6.14
8.04
9.85
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4. Modal Noise in EBO: Effects of Tilt Misalignment

. . . Tilt Offset Effect over RIN in a EBO conection of OM3 Fibers:
EBO: TiltM ISallg nment 1. RINgy, Measurements Source RxSFP+ Lenses VCSEL 290321 W0101U

Ibias=6.58mA
. 1284 Exp, AOP(dBm), IL(dB)
O IL with no offset = 0.56dB. T et i, 2.050am, 008
—&— RefConnector_Exp2, 1.97dBm, 0.12dE

Q Fib d lli t inal | t > Ref RINOMA measurement has -130 —=— EBO_Exp3, 1.53dBm, 0.56dB
| r n m rs mov N ment . . EBO_Exp4, 1.03dBm, 1.06dB

ers and collimators move as a single eleme been taken with a LC-to-LC . - EBO_Eups, 0,548, 1.55dB

. ege o . = EBO_Exp6, 0.0dBm, 2.09dB

a High sensitivity to tilt. connector. g EBO_ExE?, -0.5dBm, 2.59d8
% _134 EBO_Exp8, -1.0dBm, 3.09dB

. o o - E . -1 ;3.
Q Thereis a direct relationship between|Ls due 2 e 2 oaa
. . o -136 B
to tilt and the modal noise. e a0 bata, +adom, 6 040
. —=— EBO_Exp14, -5.5dBm, 7.504B
] H H H H H H —#— EBO_Exp15, -6.5dBm, 8.59dB
U Tilt in EBO is equivalent to Radial Misalignment e e
in BC. -140]
3 4 5 6
ER (dB)

Tnput Block Output Block with Tilt 2. Estimation of Modal Noise

Input Lens

Qutput Lens

Input Fiber]

Tilt Offset Effect over Modal Noise in a EBO conection of OM3 Fibers:
Source RxSFP+ Lenses VCSEL 290321 W0101U

Output Fiber

Ibias=6.58mA
- ER (dB)
e e — — 0.05- S,
Zonan opticstuao 155 40
( 0.04 —= 50
g —4— 6.0
= 0.0 4 ]
2 = 0.03
- —25 K
- +0 0.02-
& 501 . g
© OMS3 Fibers 0.014
E —7.5 1 :
=]
= —10.0 1 : : : : 04
0.00 0.05 0.10 0.15 ['] 2'_5 é ?55 1.0
1 o
EBO Tilt (2) L 8)
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4. Modal Noise in EBO: Analysis of Tilt Misalighment

+wledgecveprrert

1. Tilt in EBO is equivalent to Radial Misalignment in BC

1.1. EBO: Basic ray diagram

Lens

_ i
Divergence = arctan (})

Collimation

¥ R Divergence '* ......... -

1.3. Verification

e
f .
U Slide 16:
1.2. Divergence can be considered as tilt in EBO » InEBO the IL = 3.1dB
when Tilt = 0.0962.
Tilt = arctan E » In an EBO system with f =
Input Block Output Block with Tilt o S f 11.12mm, a tilt of 0.0962
Input Lens . . . H
- Output Lens Ar : Radial Misalignment generates an equivalent
‘ Ar = 19um at the fiber
Input Fiber Dutput Fiber Ar = f % tan (Tilt) input (Theoretical value).
Slide 10:
ks > InBCIL= 3.1dB when
S = Zenax. Ar=20um (Experimental
o value).
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4. Modal Noise in EBO: Analysis of Radial Misalignment

Radial Misalignmentin EBO is equivalentto Tilt in BC

Simulation: Example of 500um radial offset (Paraxial Lenses | f = 5mm) Angular Distribution at Image Plane
R =f xtan(f,,,.) No Detta

ens a) No Offset
Lens With f = 5mm Image Plane 1 Deg

Beam Diameter = 1mm | R=0.5mm

-»-l—t wn,  SPatial Distribution at Image Plane
(No change)

8.918

Radiant
Intensity

A 4

Y coordinate value
® E oo oo
FERGER
=
[ S

Incoherent
Irradiance
2.61E+007 ;;
% 2.35E+007
° 2.09E4007 e
Figure 3: Relation between beam diameter and emission angle. m 1.83E+007
& o 1.57E+887
-E 1.31E+007
£ 1.05E4007
S 7 .BAE+886
R+ AR = f x tan(fnae: + Ag) N 5.23£+006 ity
R4 AR 2.61E+006 Deg e
+ o.00E+800 o 5
arctan (7) = Oar + Ap 3 q;;
f . -0.018 s .
b) Radial Offset Lens With f = Smm -0.010 o a.010 2 e
RLAR X coordinate value "E s
Ay = arctan f [ Beam Diameter = 1mm | R=0.5mm Image Plane 5 1.4
o 8.6
> 5.7
R+ AR It “ T oo
Ag = arctan ( ) arctan (—) Center _ 0.0
f f ﬁ Radial Offset = 0.5mm o 5.0 o 5.0
l X coordinate value Deg
An approximation! Gl Profile has to be taken in to account. Angular Distribution at Image Plane
In this example: * U EBO has very low sensitivity to radial misalignment.

0.5mm + 0.5mm 0.5mm R =  Values are far from a practical case (real connector).
Ag = arctan —arctan | ——— ||= 5.6 . . . - . . . -
Smm S5mm U This is because radial misalignment in EBO is equivalent to Tilt in BC.
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5. Conclusions:
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5. Conclusions: Modal Noise vs Misalignment Losses in MMFs Connectors

Conclusions

Q

dige Deveoprmant

It has been shown that there is a direct dependence between Insertion Losses due to Misalignments

in BC and EBO connectors with the Modal Noise.
» Therefore, it is very important to take into account that the losses in the connectors not only reduce the power in
the Rx but may also increase the noise.

On the other hand, it is important to remember that those losses that affect all modes equally (for
example, material attenuation, Fresnel, NDFs) do not generate MSL and therefore do not generate
modal noise.

It has been shown that tilt misalignmentin an EBO connector produces an effect equivalent to radial
displacementin BC.

» BCis very sensitive to radial misalignment.

» EBO is very sensitive to tilt misalignment.

» Both effects can be related with a simple expression.

It also has been shown that radial misalignmentin EBO produces an effect equivalent to a tilt

misalignmentin BC.
» BCis very robust to tilt misalignment.
» EBO is very robust to radial misalignment.
» Both effects can be easily related.

Therefore, the manufacturing tolerances EBO and BC connectors will be very similar.
» However, it is important to remember that EBO is much more resistant to contamination than BC.
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5. Conclusions: Modal Noise vs Misalignment Losses in MMFs Connectors

Future work

Measure modal noise due to misalignment on multiple connectors.

Improve modal noise measurements by directly using the standard deviation components for high and low levels
reported by the DCA.

Determine the relationship between the spectral width of the VCSEL and the modal noise at the connectors.
Determine the influence of reflections in multimode connectors over the modal noise.

Repeat the measurements with a VCSELs at 980nm .
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