MPX Modal Explorer - Description of Measurements

1 Mode Transfer Function (MTF)

The method used in the MPX Modal Explorer is based on original work by Daido et
al. [1] and further developed by Leminger et al. [2]. The mode distribution is
computed from a measurement of the near-field intensity distribution in the fibre.

1.1 Measurement Theory
For a fibre with a power-law index profile n(r), given by
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where: ncgre IS the index at the core centre,
a is the fibre core radius
a is the profile factor
D is the relative index difference

The near-field intensity profile in the fibre 1(r) may be determined from an integration
of the Mode Transfer Function MTF(d), which represents the relative amount of
power in the fibre modes, as follows, ignoring constants:
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where: dis the normalised propagation constant, given by
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Differentiating both sides of eqn. (2), ignoring constants, gives

MTF(d) = M xi (5)
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The MTF is usually plotted as in terms of the ratio of principal mode number m and
the maximum principal mode number M, given by
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Thus from eqns. (6) and (7)
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The term (m/M) is usually referred to as the relative mode number, or the normalised
mode number. The maximum principal mode number M is given by
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Thus, from a measurement of the near-field intensity profile at the end of the fibre,
and a knowledge of the fibre radius and the index profile shape factor, the MTF can
be determined. A schematic of the near-field measurement apparatus [3] is shown in
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FIGURE 1. Schematic of apparatus for measuring the MTF

MPX - Description of measurements4.doc Page 2 of 16 Jan 2007



The MTF is a measure of the relative power in the modes in the fibre and for a fully-
filled fibre the MTF assumes a unity value for all mode numbers. If certain mode
groups are less well filled than others then the MTF will show this by the presence of
peaks and troughs. An example of an MTF measurement is shown in Figure 2.
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FIGURE 2. Example of MTF measurement

1.2 Constraints and Assumptions

The MTF measurement method is only valid under certain conditions, as follows:

1.2.1 There are no leaky modes present.

The presence of leaky modes results in a distortion of the near-field intensity profile.
As the leaky modes in a graded-index fibre all occur within the meridional NA of the
fibre, they cannot be distinguished from guided modes by the MTF measurement
method and lead to a distortion in the computed MTF. Some care is therefore
required in interpreting MTF curves when it is thought leaky modes may be present.
As a rough guide, a hump in the MTF curve at a normalised mode group number
around 0.65 or greater, may indicate the presence of leaky modes [4].

1.2.2 The near-field profile is azimuthally symmetric.
This requirement is met if

(a) the index profile is circularly symmetric, and

(b) modes within a mode group carry the same power, and
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(c) there are random phases between the propagating modes.

Generally, (a) can be assumed for most fibres. Constraint (b) will normally occur due
mode-coupling between degenerate modes [1]. Regarding constraint (c), if the
relative time delay between modes is less than the coherence time of the source then
interference between different modes can occur leading to speckle.

It has been found [5] that both these conditions (b) and (c) can be simultaneously
met if the line-width DI of the source is sufficiently broad, leading to the Mode-
Continuum Approximation, given by

D, 2D (10)
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where N is the group index, given by

Typically, for a 50mm core diameter fibre, with 0.21 numerical aperture, then
Dl >0.5nm at 850nm and DI >1.0nm at 1300nm both satisfy this condition.

If the source line-width does not meet this criterion then the method can, however,
still be applied by gently or agitating the fibre so as to cause a temporal averaging of
the speckle pattern. In this case, it is important to ensure the near-field is azimuthally
symmetric. This can be achieved by checking that the MTFs measured at 45-degree
intervals are the same shape.

1.2.3 A large Number of Modes are Excited

There is an assumption in eqgn. (2) that the near-field intensity distribution is equal to
a summation of the power distributions of individual mode groups. Daido et al. [1] has
shown that at least three mode groups must be present to satisfy this requirement
and also that there should be no abrupt changes in power between modes groups.

1.2.4 The Intensity Profile is the same as the Index profile

The assumption is also made in egn. (2) that the intensity profile of a fully-filled fibre
is the same shape as the square of the index profile. While this is generally true for a
good proportion of the fibre radius, it can lead to errors towards the core/cladding
boundary.

2 Mode Power Distribution

In a fully-filled fibre the Mode Transfer Function is unity valued for all mode group
numbers indicating that all modes are carrying the same power. The number of
modes in a particular mode group is, however, proportional to the principal mode
number. Thus higher-order mode groups contain more modes and therefore will carry
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more light. This can be represented by the Mode Power Distribution (MPD), defined
as:

MPD(m¢) = MTF(m¢) > m(
where m' = m/M (12)
The MPD is a useful measure of how optical power is actually distributed in the fibre.

As an example, the plots below show a normalised MPD curve corresponding to the
MTF data shown in Figure 2.
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FIGURE 3. Example of MPD curve for the MTF data shown in FIGURE 2

In this example, the MTF curve shows that the lower-order modes are well-filled, but
as there are not many modes in the lower-order mode groups, the MPD is quite small
in this region. In fact, the MPD curve peaks at around 0.65 mode group number,
indicating that the bulk of light in the fibre is carried in this region.

3 Encircled Flux

Encircled flux is a means of characterizing the modal filling of pigtailed VCSEL
sources for use in Gigabit Ethernet (GBE) multimode fibre transmission systems. The
IEEE has derived an encircled flux template which consists of specifying the
maximum and minimum amount of light within concentric circles of given diameters
centered on the fibre axis. Specifically, the requirements for 10Gbit/s are <30% of the
power inside a 9um diameter circle and >86% of power inside a 38um diameter
circle.

A pictorial representation of this specification is shown in Figure 4. In this example

the blue encircled flux curve has just managed to avoid the hatched regions of the
template and therefore passes the test.
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FIGURE 4. Encircled flux template from IEEE802.3-2005.

This specification may be found in IEEE standard IEEE 802.3ae (2002) which is now
incorporated into IEEE Std 802.3-2005.

A similar specification for 10Gbit/s systems at 1300nm is given in IEEE amendment
IEEE8B02.3ag (2006).

The MPX calculates encircled flux by a radial integration of the near-field image,
according to TIA/EIA-455-203 (FOTP-203). A real-time display enables the encircled
flux to be optimised, such as by adjusting source characteristics and fibre alignment.

4 Coupled power Ratio
The measurement of Coupled Power Ratio (CPR) is specified by some international
standards as a means of quantifying the amount of modal filling in multimode fibres.

A CPR measurement is made by comparing the light output from a patchcord with
the light coupled into a singlemode fibre that is butt coupled to the end of the
patchcord. The following diagram shows the principle of the CPR measurement:
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FIGURE 5. Schematic of CPR measurement

The following table from IEC 61280-4-1 gives a summary of CPR values for fibres at
850nm:

The entry marked ‘CPR Category’ corresponds to a series of five categories defined
in the standard. Category 1 relates to a fully-filled fiore and Category 5 to a very
under-filled fibre.

For comparison with directly measured CPR values, the MPX provides a display of
Effective CPR. This is calculated from the Mode Power Distribution by comparing the
integrated power over all mode groups with the power in the first mode group.

As an example, Figure 6, below, shows the integrated MPD as a function of
normalised mode group for a typical LED source. In this example, the effective CPR
was computed to be 22.1dB, comparing well with the actual CPR measured with the
power meter method, which was 20.8dB. It has generally been found that effective
CPR measurements normally agree to within 2dB of actual CPR measurements for a
wide range of modal distributions.
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FIGURE 6. Plot of integrated MPD vs mode number to determine the effective
CPR value.

5 Measurement Examples

Some typical examples of MPX mode profile measurements are given below:
5.1 Long Length Equalisation

It is often thought that a long length of fibre automatically leads to an Equilibrium
Mode Distribution (EMD). This may be true if sufficient mode coupling is present,
caused either by internal imperfections in the fibre or by external effects such as
microbending, but to be sure of this, a direct measurement of MPD is necessary. The
MPD curves in Figure 7, below, are the measured output from a 202m length of tight-
buffered cable for four different launch distributions, and the corresponding MPDs
after transmission through only 1 metre.

It can be seen that the peak of the low NA launch (red) moves to the right slightly
over the long length as mode coupling takes place in the fibre. In contrast, the peak
of the well-filled launch (magenta) moves slightly to the left. This is due to preferential
attenuation of the higher-order modes in the fibre.

So, while there is a tendency for the MPDs to converge to an equilibrium state,
similar to that of the mid-launch, shown in green, the fibre is clearly not producing a
stable EMD for all launch states. To achieve this, a longer fibre might be tested or
else some external mechanism might be used to induce much more mode-coupling.
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FIGURE 7. MPD measurements after (a) 1metre, and (b) 202metre of fibre

5.2 Fused-tapered Coupler/Splitter

In this type of device, light is coupled from one fibre to another along a short section
of fibre where the two fibre cores are fused together. It is generally found that higher-
order modes couple most efficiently and so the split ratio of this type of device is
dependent on the launch mode distribution.

In the plots shown below, the MTFs of the two output ports of a fused-tapered splitter
(blue and red) are compared with the launched distribution (green). Three cases are
considered where the input distribution is well-filled, medium-filled and under-filled. It
can be seen that the output from port 1 is predominantly low-order modes whereas
the output from port 2 has a lack of low-order modes. The effect of this mode-filtering
is to make the split ratio dependent on the launched distribution.
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For the well-filled case, the split ratio is 1.12, which corresponds approximately to the
manufacturer’s specification of this 50/50 splitter. As the input distribution becomes
less well-filled the split ratio increases to 1.35, for the under-filled case. This
corresponds to a 57/43 split ratio.
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FIGURE 8. MTF plots for fused-tapered coupler/splitter

5.3 Commercial LEDs and OTDRs - ISO/IEC Standard

Figure 9, below, shows measured MPD curves for a variety of commercial LED test
sources and OTDRs. The red areas, top left and right, and lower centre correspond
to a pass/fail template which is specified in the ISO/IEC link testing standard 14763-
3.

It can be seen that OTDRs 1 and 3 have predominantly low-order modes. This is due
to the low numerical aperture of the laser sources in the OTDRSs. In contrast, OTDR 2
features some internal mode-conditioning and passes the template test. The two
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LEDs (LSPM 1 and 2) are very much at the borders of the template at both the low-
and high-order extremes.

So, it can be seen that there is a real need to characterise all light sources to ensure
that they comply with the new standard. The MPX provides a real-time display of
MPD, so that adjustments to the light source, such as fibre alignment and mode-
conditioning, may be carried out in real-time to ensure compliance with the standard.

To assist both manufacturers and installers, Arden Photonics Ltd has developed a
mode conditioning device, known as the Modcon, that simply fits between the light
source, LED or OTDR, and provides instant compliance with the standard whatever
the input distribution is. In the lower plots, below, the LEDs and OTDRs have been
connected to a Modcon and their output MPDs re-measured. Now, they all pass the
template.
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FIGURE 9. MPD plots of commercial sources (a) with no mode control, and
(b) with a modcon

MPX - Description of measurements4.doc Page 11 of 16 Jan 2007



6 Standards
A selection of relevant standards is given below:

Number: TIA/EIA-455-203

Title: Launched Power Distribution Measurement Procedure for Graded- Index
Multimode Fiber Transmitters

Abstract: This FOTP sets forth a standard procedure for fiber optic nearfield
grayscale data and subsequent data expressed as a set of three sampled parametric
functions of radius from the fiber.s optical center. This standard is intended and inter-
laboratory variation, supporting accurate minimum guaranteed link length in gigabit
communications systems. The basic approach is to collect 2D nearfield and to
mathematically convert the 2D data into radial distance from the fiber.s optical center.
Incremental Flux, and Encircled Energy. Intensity per area, incremental flux has
dimension power encircled energy has dimension total optical power, radius. Strictly
speaking, encircled energy should the term encircled energy is commonly used.
These three radial functions are intended to characterize fiber optic laser sources for
use in mathematical models predicting the minimum guaranteed length of a
communications link.

Obtain from www.tiaonline.org

Number: IEC61300-3-43 — Ed. 1.0

Title: Fibre optic interconnecting devices and passive components - Basic test and
measurement procedures - Part 3-43: Examinations and measurements - Mode
transfer function measurement for fibre optic sources.

Abstract: This part of IEC 61300 describes the method for measuring the mode
transfer function (MTF) to be used in characterizing the launch conditions for
measurements of attenuation and or return loss of multimode passive components,
according to IEC 61300-1 and IEC 61300-3-4. The MTF may be measured at the
operational wavelengths

Obtain from www.iec.ch

Number: ISO/IEC 11801 - Ed. 2.0

Title: Information technology - Generic cabling for customer premises

Abstract: Within customer premises, the importance of the cabling infrastructure is
similar to that of other fundamental building utilities such as heating, lighting and
mains power. As with other utilities, interruptions to service can have a serious
impact. Poor quality of service due to lack of design foresight, use of inappropriate
components, incorrect installation, poor administration or inadequate support can
threaten an organisation's effectiveness.
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Historically, the cabling within premises comprised both application specific and
multipurpose networks. The original edition of this standard enabled a controlled
migration to generic cabling and the reduction in the use of application-specific
cabling. This second edition of ISO/IEC 11801 has been developed to reflect the
increased demands and opportunities which have arisen since -- and are partly the
result of -- publication of the first edition in 1995.

Obtain from www.iec.ch

Number: ISO/IEC 14763-3 - Ed. 1.0

Title: Information technology - Implementation and operation of customer premises
cabling - Part 3: Testing of optical fibre cabling

Abstract: This International Standard details systems and methods to inspect and
test optical fibre cabling designed in accordance with ISO/IEC 11801 or equivalent
standards and installed according to recommendations of ISO/IEC 14763-2.

Obtain from www.iec.ch

Number: IEEE 802.3-2005

Title: Information Technology - Telecommunication & Information Exchange
Between Systems - LAN/MAN - Specific Requirements - Part 3: Carrier Sense
Multiple Access with Collision Detection (CSMA/CD) Access Method and Physical
Layer Specifications 2002.

Abstract to Ed. 2002: The media access control characteristics for the Carrier Sense
Multiple Access with Collision Detection (CSMA/CD) access method for shared
medium local area networks are described. The control characteristics for full duplex
dedicated channel use are also described. Specifications are provided for MAU types
1BASE5 at 1 Mb/s; Attachment Unit Interface (AUI) and MAU types 10BASES5,
10BASEZ2, FOIRL (fiber optic inter-repeater link), 10BROAD36, 10BASE-T, 10BASE-
FL, 10BASE-FB, and 10BASE-FP at 10 Mb/s; Media Independent Interface (MIl) and
PHY types 100BASE-T4, 100BASE-TX, 100BASE-FX, and 100BASE-T2 at 100
Mb/s; and the Gigabit MIl (GMIl) and 1000BASE-X PHY types, 1000BASE-SX,
1000BASE-LX, and 1000BASE-CX, which operate at 1000 Mb/s (Gigabit Ethernet)
as well as PHY type 1000BASE-T. Repeater specifications are provided at each
speed. Full duplex specifications are provided at the Physical Layer for 10BASE-T,
10BASE-FL, 100BASE-TX, 100BASE-FX, 100BASE-T2, and Gigabit Ethernet.
System considerations for multisegment networks at each speed and management
information base (MIB) specifications and additions to support Virtual Bridged Local
Area Networks (VLANs) as specified in IEEE P802.1Q are also provided. Also
specified is an optional Link Aggregation sublayer which multiple physical links to be
aggregated together to form a single logical link.

Abstract to amendment IEEE802.3aq. This amendment to IEEE Std 802.3-2005
specifies a new PMD, 10GBASE-LRM, for serial, 10 Gb/s operation over up to 220 m
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of 62.5 um and 50 pum multimode fiber, including installed, FDDI grade multimode
fiber.

Abstract to amendment IEEE802.3ae. Support to extend the IEEE 802.3 protocol
and MAC specification to an operating speed of 10 Gb/s. Several Physical Coding
Sublayers known as 10GBASE-X, 10GBASE-R, and 10GBASE-W are specified, as
well as significant additional supporting material for a 10 Gigabit Media Independent
Interface (XGMII), a 10 Gigabit Attachment Unit Interface (XAUI), a 10 Gigabit
Sixteen-Bit Interface (XSBI) and management.

Obtain from www.ieee.orqg

Number: IEC 61280-4-1

Tirle:_Fiber-optic communication subsystem basic test procedures - Part 4-1: Test
procedures for fiber-optic cable plant and links - Multimode fiber-optic cable plant
attenuation measurement

Abstract: Establishes preferred measurement principles and practices to assure that
meaningful data describing the optical loss performance of installed cable plants can
be obtained. It is not intended for component testing, it does not define those
elements of an installation that need to be measured. This procedure is a specific
test associated with IEC 61281-1. This procedure can be used to measure the optical
loss between any two passively connected points, including end terminations, of a
multimode optical fibre cable plant.

Obtain from www.iec.ch
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7 Screen Shots of the MPX Modal Explorer
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