Revista Brasileirade Fisica, Vol. 11, n° 3 1981

Differential Modal Delay Measurements in a Graded-Index
Multimode Fibre Optical Waveguide, Using a Single-mode
Fibre pro Mode Selection

HARISH R. D. SUNAK and SONIA MARIA SOARES
Instituto de Flsica, Universidade Estadual de Campinas, 73700 Campinas, SP

Recebido em 16 de Fevereiro de 1981

Ve have carried out differential model delay (DMD) measurements
in graded-index multimode optical fibre waveguides, which are very pro=
mising for many types of communication systems. These DMD measurements
give a direct indication of the deviation of the refractive index profi-
le, from the optimum value, at a given wavelength. For the first time, by
using a single-mode fibre, we selected a few guided modes in the graded-
-index fibre, in two different ways: launching a few modes at the input
end or selecting a few modes at the output end. By doing so, we have
revealed important features of propagation in the fibre, especially the
the intermodal coupling that may exist. W discuss (1) the importance of
this determination of intermodal coupling or mode mixing, particularly
when many fibres are joined together in a link, and (2) the merits of DMD
measurements in general and their irnportance for the production of high
bandwidth yraded-index fibres.

Concluimos medidas de atraso diferencial de modos (DMD) en fi-
bras opticas multimodo de indice graduado, as quais sd0 muito promisso-
ras para varios tipos de sistemas de comunicagdes. Estas medidas DMD d&o
uma indicacdo direta do desvio do perfil de indice de refragcdo de um va-
lor 6timo, en un determinado comprimento de onda. Pela .primeira vez, u-
sando-se uma fibra monomodo, selecionamos poucos modos guiados na fibra
de indice graduado, de duas maneiras diferentes: lan¢cando poucos modos
na entrada ou selecionando poucos modos na saida. Fazendo isto, temos re-
velado aspectos importantes da propagacdo na fibra, especialmente o aco-

plamento intermodal que possa existir. Nos discutimos (1) a importancia
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desta determinagdo do acoplamento intermodal ou mistura dos modos, par-
ticularmente quando ha conexdo de muitas fibras an un sistema, e (2) os
méritos destas medidas an geral e sua importancia para a producdo de fi~

bras de indice graduado com grande largura de banda.

1. INTRODUCTION

There are three basic fibre typesl’2 for use in different types
of fibre optical communication systems® By using highly pure silica and
other raw materials, the attenuation in these fibres has been reduced to
very small values (5 1 db/km) close to the limit imposed by Rayleigh scat-
tering. Hence a considerable amount of attention is now being given to
the bandwidth and other systems considerations. A multimode step- index
fibre has large intermodal dispersion" (50 nsec/km for every percent of
refractive index difference between core and cladding) and hence the
bandwidth is limited to a few megahertz per kilometre; however the core
diameter of = 50um allows (i)power coupling from cheap and reliable
light emitting diodes (LED) and (ii) fabrication of very low-loss spli-
ces and connectors. Intermodal dispersion is eliminated by designing a
single-mode fibre, in which the intramodal! or material dispersion limits
the bandwidth. Since this dispersion is fairly small and goes to zero in
the region 1,3um to 1,6um, depending on the fibre material composition
and geometry, bandwidths of many tens of gigahertz over tens of kilome-
ters are possible. However, since the core diameter is fairly smail, =Sum,
the fabrication of low-loss splices and connectors is a fairly difficult
problem, and semiconductor lasers have to be used for mode launching. A
graded-index multimode fibre incorporates the advantages of the two fi~
bre types discussed above, namely, core diameters =50 um and much
smaller intermodal dispersion and hence considerably larger bandwidths,
especially when operated in the zero material dispersion region, even

with LED excitation.

In a graded-index multimode fibre, the refractive index decrea-

ses radially from n , at the core axis, towards the core/cladding boun-

dary, approximately as follows3’":

nie) =m0 =20 BNV r<a )
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n(r) = n, D - ZAJ 1/2 = nz;r > a (2)

where a is the core radius, n, is the cladding index and is constant
for r»>q, r is the distance from the fibre axis, a is a power law expo-
nent that characterizes the retractive index profile, and A is the rela-
tive index difference between the core centre and cladding, and is given
by
A= (n? - n?)/2n? (3)
1 2 1

1’

(ny, - na)/my

The rays in a step-index fibre follow zigzaq paths in the core, while
those in a graded-index fibre follows quasi-sinusoidal paths?!, The op-
timum prof'ile, Oopu’ at a particular wavelength, is one for which the
group velocity variation from ray to ray most nearly compensates the cor-

responding path length variation. When a>o e the profile is said to be

op
undercompensated, i.e., off-axis rays arrive later than the ray that has
the shortest pathlength along the fibre axis. On the other hand, with
a<uopt the profile is overcompensated, i.e., the axial ray arrives last

because :he refractive-index gradient decreases so rapidly towards the
core/cladding interfacé that the longer propagation lengths of the off-
-axis rays are overcompensated by their fast speeds. Hence the output
shapes in each case will be different, when the fibre is excited with a
short pulse. With a>a°pt, the leading edge will be short and the trai-

ling edge will be much longer; whereas for 0L<0t° the leading edge will

have a longer duration than the trailing edge ofptthe output pulse. This
will only be observed in fibres with very small amounts of mode mixing,
as each ray will retain its propagation time. The reader is referred to
fig. 4 in Cohen's paper® for illustration of these effects in many kilo-
meters of fibre. The presence of strong mode mixing would leadtoan ave-

raging of the propagation tirnes.

With ozopt, theory predicts reductions in intermodal dispersion
by as much as several orders of magnitudea’“ from what it would be in .a
step-index multimode fibre, which effectively has a==. Nowaopt is wive-

length dependent, and its value differs from 2 because dispersive re-
fractive index difference between the materials® that make the fibre (e.

g. B,03; and Sif, for borosilicate fibres) causes modal group velocities

561



to depend not only on the index profile but also on the wavelength; this

is called profile dispersion?®.

The predicted large reduct'ion of intermodal dispersion has been

difficult to achieve in practice because a, is very critical; a small

pt

deparature of a from o say for example that ot=otopt (le), would in<

’
crease the intermodal d?stpersion by an order of magnitude . Measuring
this total dispersion, by comparing the duration of a subnanosecond pul-
se before and after propagation in such a fibre, does not give quantita-
tive data as to the radial position where the profile deviates from its
optimum value. Qualitative estimates, as to whether the profile is over-
compensated or undercompensated, can be made by observing the output pul -
se shapes, with the elimination of either near-axis or off-axis rays with

aperatures or annular ringss.

Quantitative data can be obtained (i) directly by measuring the
refractive index profile with the various interferometric and other tech-
niques available?, or (ii) indirectly by carrying out the so-called dif-
ferential modal delay (DMD) measurements on the fibres. These latter
measurernents, first made by Jeunhomme and Pacholle®, are done by measu-
ring the pulse propagation times of the various propagating modes, after
launching a few modes at a time along the radial position, from (r/g)=0
to -1, i.e., varying the méde number. Deviations from the optimum index
profile shows up directly as differences in the propagation time. Such
DMD measurements are gaining considerable importance because they can be
used directly in a feedback loop, to modify the dopant gas flows for the
preform deposition layers and hence minimising the DMD time in succes-
sively manufactured preforms. The bandwidth increases as DMD becomes
more constant and of a lower magnitude. {n a fiber with aopt' no diffe-
rence in the propagation time will be observed as the excitation of a
few modes is progressively carried out from the core axis (»/a=0) towards
the core/cladding interface (r/a - 1). Hence DMD measurements ' have
considerable importance as measurements made on the fibre itself are di-

12,13 {he bandwidth of the subsequently produced

rectly used to improve
fibres. The technique will obviously not be useful in fibers with strong
mode coupling as an averaging of the propagation times will occur; how-
ever, well-made present day fibres have very small mode coupling over

many kilometers and any wrapping tension, which causes mode coupling due
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to microbending, can be eliminated by using a metallic drum, on which

the fibre can be wound, and then cooling this drum.

Apart from this nominal disavantage, there are many other for-
ceful advantages7 for using DMD measurements to determine deviations of

the refractive index from a rather than by direct measurement of

>
the profile using various ir?f(:rferometric techniquesz. These are as fol-
lows: (1} A minimum of fibre preparation is required as both ends of the
fibres need to be broken flat and perpendicular to the fibre axis to wi-
thin <1°. For direct measurment, time-consuming careful preparation of a
thin transverse slice is required, involving grinding and polishing, so
that the ends be flat and parallel; (2) An average of the profile over
the entire length of the fibre is obtained as azimuthal profile variat-
ion or length-dependence is automatically averaged; whereas in the di-
rect measurernent, only a very thin sample is measured and the assumption
is then made that the profile is similar over the whole fiber length; the
presence of mode coupling will render this assumption invalid. (3) DMD
measurement do not suffer from systematic uncertainties as other direct
measurement methods do; (4) DMD measurements are very sensitive to small
profile changes; a DMD time of 0,1 nsec/km, which is easy to measure,
corresponds to difference of ~0,01 in the o value. Hence, very small in-
dex differences can be measured, this being difficult in direct measure-
ments; (5) The data can be gathered very rapidly and can also be inter-
pretated directly’ as the DMD measures the diference between the actual
and optimum profile; hence the need for precise curve fitting is avoided
as needed in direct measurements. Further in these latter measurements,
analysis of typical refractive index data encounters ambiguities, such
as the proper weighting for the on-axis index perturbation, the rounding
of the profile at the core/cladding interface, or the choice of an ove-
rall weighting function. In a pratical situation, these ambiguities make
it difficult to determine small refractive index perturbations. DMD mea-
surements avoids all these difficulties and further, even makes a know-

ledge of a . unnecessary; (6) DMD measurements can be used in a produc-

pt
tion environment as they are very similar to other quality control mea-
surements. This has already been demonstrated by Buckler!® and will be
discussed further later. (7) In the laboratory, DMD measurements can be

carried out with the same laser type as would be used in a system; hence
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aopt can be obtained at the exact wavelength, without any need for ex-

trapolation using different profile measurements.

It is clear that DMD measurements are of considerable importan-
ce due to their many advantages, but relatively few reports7_14 of these
exist in the literature. In view of these facts, we are also carrying
out a detailed and systematic study of DMD measurements and this paper
reports the initial results obtained. W shall discuss and compare our
measurement techniques and results with those used by other researchers.
W shall also discuss their importance for optimum system design when

many fibres are linked together.

2. SELECTIONOF A FEW GUIDED MODES

The selection of a few guided mode in a graded-index fibre can
be made by two methods: (1) launching a few modes at the input end, or
(2) selecting a few modes at the output end of the fibre with all modes
Taunched at the input end.

Launching a few modes at the input end is fairly easy from la-
sers operating in the fundamental TEM, Gaussian spatial mode and giving
collimated beams. Jeunhomme et aZ.%*® used a mode-locked Nd: YAG laser
and Olshansky and Oaks’ used a mode-locked Krypton-ion laser. The only
important point is the selection of the lens which will focus the output
beam from the laser onto the fibre input end, where the optimum launch-
ing radius (w;) at the (1/e?) times maximum intensity points, 1is given
by®

/ /
& e (1)

wy =
This is a tradeoff condition for launching a few modes where the natural
tendency of the input beam to spread is counterbalanced by the refracti-=
ve index variation. it comes about from a practical point of view since
with w}+0, the divergence will be infinite and all modes will be Tlaun-
ched. On the other extreme, as w(;—wo, there will be no divergence, but
again all modes will be iaunched. Equation {4) gives the best trade- off

between these two extremes. As an example, with A=0,85um, a=28um,A=0,0064,
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m5=8,2um. Knowing this value of w‘; and the corresponding value (w7.) of
the beam at the position of the launching lens, the focal ienyth (f ) of

this lens can easily be calculated from

w.
tan = =—f.74=—)i— : ()

The output beams from semiconductor diode lasers are highly divergent
and not circularly symmetric. Hence to launch a few rnodes using these la-
sers, the output beam has first to be collimated using a x20 microscope
objective, then aperatured spatially before achieving the condition of
equation (4) at the fibre input end, as done by Jeunhomme et al.®?%?.
As already mentioned, measurements performed with semiconductcr
lasers have great import:ance since these are being used in practical sys-
tems and if the same laser type is used for the measurenents, no extra-

polation of the %, value is required. The above techniques using mi-

croscope objectivegtand aperatures are curnbersome. Buckier ' 1" has used
a single-mode fibre, butt-coupled to the test graded-index fibre, to
launch a few modes. Since this technique is fairly simple and avoids com-
plicated beam optics, we have adopted this technique for exciting a few
modes of the graded-index fibre we tested. The single-mode fibre can be
selected so that the near-field intensity distribution approximately sa-

tisfies the condition in Equation (4).

For selecting a few modes at the output end of the fibre, the
first important consideration is the launching of all modes at the input
end. This can be achieved!® by using a mode scrambling fibre and butt-
-coupling it onto the test fibre; then selection of rnodes can be accom-
plished by using10 beam optics and annular rings. Again, we consider that
this technique is fairly cumbersome and have extended Buckler's!? tech-
nique to the output end, i.e. we have also used a single-mode ta select
a few modes at the output end. {t is the first time that such selection
of a few guided modes in a graded-index fibre, at koth ends of the fibre,
has been accomplished. By doing so, we have established a new and simple

technique for directly determining the presence of mode coupling in the

fibre at the test wavelength. The technique can be used routinely on a
quality control basis to directly determine the extent of mode conver-

s'ion in the Cibre.
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3. DMD MEASUREMENT SYSTEM

The experimental set-up for DMD measurements in shown in Fig.l.
The laser L is a semiconductor laser made by Laser Diode Laboratories in
the US.A,, and is of the type designated LA-60. [t has a peak output
wavelength of 880nm, with a spectral bandwidth of approximately 2nm, and
is driven' by a simple electronic circuit to produce pulses with a dura-
tion of -100 psec, having peak powers of many hundreds of milliwatts, at
a repetition rate-of -1 kHz. Using an Ealing tetravar unit Tl, the output
from the laser is first collimated using a high numerical aperature (0,54
x20 rnicroscope objective M}, as the light frorn the semiconductorlaser is
highly divergent. The beam-splitter in Tl splits the collimated 1light
into two paths: (i) microscope objective M2,x10 laynches part of this
light into a single-mode fibre (SMF) having a nominal core diameter of §
um, and (ii) microscope objective M3, x10, launches the other part of the
light into a fibre delay line; the need for this is discussed furtherbe-

tow.

Our SVF has w;=5,2um compared to an optimum value of 8,2um for
our test fibre and is the nearest value that could be obtained, due to
the non-availability of an optimum SMF. W measured the far-field pat-
tern from the fibre with a Reticon scanning photodiode array (SPA) and
the gaussian.spatial profile of the HE;; fundamental mode is shown in
fig.2. The fibre was excited by a cw semiconductor laser operating at
850 m and was necessary to give a high average power for detection py
the SPA. The distance between the fibre end and the SPA is 6lmm, and the
full width of SPA as in fig. 2, is 27mm. W also confirmed the above
value of w(‘) by measuring the fibre output angular spatial distribution
with a pin-hole and obtained a divergence of ‘+,2°, to the I/e times ma-

ximum intensity points. .

The SV is butt-coupled to the graded-index fibre (GIF) which
is to be tested. Butt-coupling implies axial separation of a few microns
between the two fibre ends. The SW has -2m length and its output end is
fixed, while the input end of GIF is held in a precision micromanipula-
tor (PMM), which gives a remotely controlled positional accuracy of 0,4
um in the radial scanning direction (r), i.e., perpendicular to the fi-

bre axis. Great care is taken to break the ends of the SMF and the EIF,
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Fig.1 - Experimental set-up used for differential modal delay measurements.
Ml to M7 - Hicroscope objectives; L - pulsed Semiconductor Laser; Ti toT3 =
Ealing Tetravar units; BS = Beam Splitter; Dl and 02 - silicon avalanche
aetectors; A - wide bandwidth preamplifier; SHF - Single mode fibre; GIF -
grade-index fibre under test; AW - precision micromanipulator; PS - power
supply for detectors; FDL - fibre delay line; SO - Sampling Oscilloscope;

R = x-y recorder.

Fig.2 - Far-field spatial intensity distribution of the fundamental mode
of the single-mode fibre, measured 61 mm from the fibre end, with a Re-
ticon scanning photodiode array.

so that the hroken ends are perpendicular to the fibre axis to within 1%

end. Selection of a few modes at the output end of the GIF
shed by (i)

launching all modes into the GIF with M2 and also

Using the SMF in this way, we select a few modes of the GIF at its input

is accompli-

using a
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mode scrambler soon after launch, (ii) placing the output end of the GIF
on the AWM and then butt-coupling the SVWF to this end.

Another tetravar unit T2 is used at the output end of the GIF,
as shown in fig. 1 (with mode selection at the output end of the GIF,
T2 is used at the output end of the SMF). The output pulses from the fi-
bre are detected by D2, a silicon avalanche photodiode (ADP), made by
Optel, Model 103, and subsequently amplified by a wide bandwidth pre-am-
plificr (HP 8774D). The output pulses are displayed on a sampling oscil-
loscope (Philips Model M 3400). Very stable, and jitter-free, external
triggering of the oscilloscope is fundamental in DMD measurernents so that
very smdll time differences can be resolved clearly as the mode number is
increased. For a one kilometer length of GIF, the total propagation time
of the pulse is ~5usec; hence the trigger pulse to the oscilloscope also
has to delayed by this time interval from the beam-splitter of Tl. A di-
gital delay generator (e.g. HP 5359A Time Synthesizer) can be used!?-!*
to generate this high delay with an extremely small jitter of £10ps rms.
Buckler, of Bell Labs., has said, in a private communication, that this
is an actually measured jitter in the particular time Synthesizer heused;
the manufacturer quote a typical jitter of 100 ps rms. A high jitter in
this range would be unacceptable in our present measurements as the ma-
ximum OMD time was -300 ps. Due to the non-availability of a suitable
delay generator, we used a fibre delay line; part of the light from the
laser is launched into the delay line with M3 and detector Dl provides
the external electrical trigger pulse to the oscilloscope. The length of
the fibre delay line is slightly shorter than the GI{F under test.In this
way, vary stable snd effectively jitter-free triggering of the oscillos-
cope is achieved, enabling a DMD time of a few tens of picoseconds, in
the pulse peaks, to be easily resolved. The pulses on the sampling oscil-

ioscope are recorded on a X-Y recorder.

Ir both types of mode selection, we immersed many centimetersof
the SVF, both at its input and output ends, in index-matching liquid (IML),
having refractive index higher than the cladding. W did this so astobe
sure that the light launched and propagating in the cladding of the 9w
is completely stripped away. If this is not done, a smooth output profi-
le of the spatiai propagating mode will not be observed, as shown in fig.

3 (a). Yith the IML this will not happen, as shown in fig. 3(b). W found
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{a)
Fig.3 - Effect of index-matching tiquid (IML) for cladding modes stripping
inthe single-mde fibre (a) without IH; (b} with ML near the output end
of the single-mode fibre.

that it was more important to put IML at the output end of the SMF than

at its input end, where the light is launched.

The test GIF used in our DMD measurements was made at ehe labo-
ratories of Bell-Northern Research (BNR), in Ottawa, Canada. The fibre,
designated as n? 417, had a length of one kilometre, with a secondary
protective coating, and an attenuation of 3 dB/km at 840 nm. The nominal
numerical aperature was 0,16, nominal core diameter 60um and fibre dia-
meter 125um. The fibre delay line was made up of two fibres joined toge-

ther to give a length of just less than one kilometer.

4. RESULTS AND DISCUSSION

The B\R test fibre was measured in Ottawa to determine its to-
tal dispersion, due to intermodal dispersion and material dispersion. A
2km length was pulled and measured and then a 1 km length was senttoour
laboratories for further measurements. 1he results obtained at BNR and at
Unicamp, on these different fibre lengths, are summarized in Tablel. All
modes were launched and collected with x10 microscope objectiives. The
pulse profiles obtained in our laboratories are shown in fig. 4. The in-
put pulse was measured with attenuation so as to give the same amplitude
of 30 mV, as measured in the output pulse. The output pulse shapes in
both measurements are near}y Gaussian and hence the total dispersion

(T—l—) was calculated using FF = 13-13, where 1, and t, are the full-widths,
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TABLE 1 - Dispersion measurements on a graded-index fibre (Fibre n? 417)

fabricated by BNR, Ottawa, Canada.

Results obtained at Results obtained at
BNR, Ottawa, Canada UNICAMP,  Campinas,
Brazil

Fibre length (km) 2 km I km
Laser Wavelength 904 rm 880 mm
(1)
Input PWVHVF (T,) 0,40 nsec 0,33 nsec (see fig.h4a)
Output FWHM (t,) 1,35 nsec 0,73 nsec (see fig.hb)
Total Dispersion

(TT) 1,29 nsec 0,65 nsec
Total Estimated
Material Dispersion 0,4 nsec 0,2 nsec

(t.)
Total Calculated
Intermodal Disper~ 1,23 nsec 0,62 nsec
sion (1)

g

Total Normalised 0,62 nsec/km
Intermodal (1inear dependen- 0,62 nsec/km
Dispersion (Tg) ce assumed)
*

PMM = Full-width at half-maximum intensity points.

at half-maximum intensity points, of the output and input pulses respec-
tively. The material dispersion (Tm) was calculated by using the value
of -100 ps/(nm.km), previously measured!® in similar Ge0, - $i0, fibres,
and a spectral width of ~2nm for the semiconductor laser. The contribu-
tion of intermodal dispersion (’I.'a) was deconvolved from Tp, again assu-
ming gaussian pulse shapes. We note that the normalised value of Tg=0,62
nsec/km obtained from the measurements at BNR, assuming linear length de-
pendente of T , corresponds exactly to our measured value, as shown in
Table 1. We conclude the following from this excellent agreement: (i)

the slightly different laser wavelengths has negligible effect on ’l‘g .
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{a) J—

~| [«0.33 nsec

(b}

Fig.h - (a) Input and (b) output pulses to | kmof BNR graded-index fibre,
measured at Unicamp, showing intermodal pul se dispersion of 0,62 nsec/km
(see Tabl e 1).

(ii) The gaussian deconvolution is valid ast, and 7, are very different
in each measurement, (iii) most importantly, the linear length dependen-
ce of T, implies that very little mode conversion takes place in the fi-
bre. The DMD results below give more quantitative insight into this ini-
tial conclusion and the t_ value will be used for correlation with the 3~
dB bandwidth of the fibre, both in our results and those obtained by
other researchers. With complete mode mixing in the fibre, a coupling

length (Ln) will exist, after which T, will be proportional to vZ.

For our first series of DMD measurements, on the B\R test fibre,
we launched a few modes at the input, as shown in fig. 1. The x20 mi-~
croscope objective M2 collects all the light-from the output end and mi-
croscope objective M5 (x10) focusses it into detector D,. The GIF s
scanned in the radial position, across the SMF in 2um steps, from the
centre of the core, with (r/a) = 0, towards the core/cladding boundary,
i.,e. (r/a)+1. At each scan point, the output pulse is recorded on the X-Y
recorder and at subsequent radial positions (»/a), the pulse is displa-
ced vertically on the recorder so that the pulse shape and the delay of
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—-{200 psec "—

Fig.5 = Output scan obtained as a function of normalised radial position

(r/a), as shown on the scans: mode selection at the Zmput end of the
fibre.

the peak of the pulse, relative to (r/a)=0 pulse, can be accurately de-~
termined. The scans are shown in fig.5, the various scans are for diffe-
rent (»/a), the radial position, a being the core radius and r being
the radial displacement. A similar set of scans was obtained for radial
displacement in the opposite directien. The DMD time for a scan position
on either side of the core axis are averaged to improve the precision of

the measurements, and this is plotted in fig. 6 with the dotted line
(mmmmmmmm }. The actual delays obtained on either side are also shown with



circular points (8). For clarity, fig. 6 shows DMD time vs (r/a) on a li-
near scale. W note that for (»/a) < 0,6, the measured delay times are
completely symmetric to within * 10 psec, the measurement error. For
(r/a)} > 0,6, the peaks of the pulses are not well defined and hence the
measurement error is £ 30 ps, as indicated by the two error bars on ei-
ther side of the ordinate axis. Taking this error into consideration, we
can conclude that the meacured delays are symmetric about the core axis,
as would be expected. Thesie measurements are completeiy repeatable with
a new break and also confirm the very stable and jitter-free triggering
of the sampling oscillosccpe, since -10 minutes are taken for each series
of scans, and over this interval of time no delay is observed when the

radial launching position is held constant

The mode group number m of a near-parabolic graded-index fibre

is given as

(m/M) = (r/a)? (6)
4
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Fig.6 - Differential delay time as a function of normalized radial position
(r/a), measured at the pulse peaks for mode selection at the input end of
the fibre. The points 8 are experimentally measured points; the dashed iine
[ ) ts the average of the experimental points on eithersideof (r/a)

573



when M is the maximum mode number. Hence in fig. 7, we have plotted the
results of average OVD time, as obtained in fig. 6, versus mode number
(m/M). This representation has been mostly used by previous researchers.
Fron fig. 7, we observe that the maximum average DMD time is = 270 psec.
The bandwidth (B) of our GIF can be calculated approximately by using
B=(1/2t_) = 800 MHz.km. This result is in good qualitative agreement with
other results, principally obtained by Buckler, in reference 13. However,
the exact shape of the DVMD signature does have profound influence on the

bandwidth obtained. Apart from the maximum OVD time, what is very impor-
tant is the span of rnode group number {(m/M) over which the IMD time re-
mains constant. Hence Buckler?® obtained a very high bandwidth of 1430
MHz.km even when the DVMD time increased, from 0 to ~2G0 psec/km, with
(m/M) = 0,1, but remained constant over the much greater range
0,1<(m/M)<1,0; indicating equalization of propagation times over a very
large portion of the graded profile. As already mentioned, knowlwedge of
the a0 value is not needed; what is important is a constant [OVMD time

pt
over a large (m/M) range.
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Fig.7 - The average differential delay time, from fig.6, plotted as a func-

tion of mode number (m/M) = (r/a)?.
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Fig.8 - Output scan obtained as a function of normalisea radial position
(r/a), as shown on the scans; mode selection at the output end of the fi-
bre.

For our second series of DMD measurernents, we selected a few
propagating modes of the BNR fibre at the output end. All modes of the
fibre were excited with a x10 rnicroscope objective M2, having a numeri-
cal aperature of 0,25, greater than that of the fibre (0,16). The SW
was butt-coupled to the output end of the BNR fibre and it is the first
time that such an arrangement has been used. The output scans for the in-

creasing radial positions are shown in fig. 8. As the radial position
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(r/a) is increased, the pulse amplitude decreases due to differential mo-
de attenuation, Due to this, we increased the sensitivity of the oscil-
loscope, for higher (»r/a) values, so as to resolve the-peak of the pulse
more clearly. As done previously, a similar set of scans were obtained
for radial positions in the opposite direction and the results are plot-
ted in fig. 9; also shown is the average value of the DMD time, calcula-

ted from the radial positions on either side of the core axis.

Comparing figures 6 and 9, we notice that the DMD signatures are
approximately similar, i.e. the delay time increases as (r/a) is increa-
sed with a maximum at {r/a) = 0,8; hence it is at approximately thispoint
that maximun deviation of a from aopt exists. To compare these graphs
more closely, we have plotted the average values, from figures 6 and 9,
in fig. 10. For (r/a)>0,2, we observe that the DMD time difference bet-
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Fig.9 - Differential delay time as a function of normalised radial position
(r/a), measured at the pulse peaks, for mode selection at the output end of
the fibre. The points ® are experimentally measured points; the dashed line
[CEETaE— } ts the average of the experimentsl points on either sideof {r/a)
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Fig.10 = Comparison of the average differential delay times obtained (a) from
fig. 6; (b) from fig. 9, for mode selections at the input and output ends of

the fibre respectively. Due to the symmetry, only one side is shown.

ween the two curves is approximately constant at = 80 ps. This implies
that mode conversion, although fairly small, has taken place in the fi-
bre. W can imagine that in an absolutely perfect waveguide which was
completely straight along its kilometre length, the two DMD signatu-
res would match up exactly, since each mode would have its unique propa-
gation angle all along the fibre length. Hence no difference would be ob-
served by mode selection at the input end or at the output end of GIF.
However, in practice the situation is quite different and mode conver-
sion can take place due to many reasons: (i) refractive index variations

in the radial direction, along the fibre due to the preform fabrication
process. |f this is the main cause of mode conversion in our results, the

difference of =80-100 psec/km implies that a changes by only 0,01 from
its optimum value, using the calculations made in reference 7, but this
is enough to increase T by an order of magnitude; (ii) Our test fibre
has a second coating which can cause microbending loss and mode convers-

ion; (iii) the fibre is not straight along its kilometer length but has
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bends, as it is wound on an expanded polystrene drum with 33 dn diameter,
{iv) the core diameters differ at the fibre ends, 56,6um compared to 61
im. These figures were supplied by BNR and subsequently confirmed with

measurernents in our laboratories.

There is a second distinct difference in the two DMD signatures
in fig. 10. For (r/a)<0,35, we observe a negative DMD time with mode se-
lection at the output end of the GIF, although this is fairly small, 40
psec. The implication is that within this region, the modes selected at

the output end propagated in regions with o>a and also a<ao e but the

opt
effect on the total propagation time was slightly dominated by a<aopt ,
i.e overcompensated profile and hence negative IMD time, as discussed
previously. At< 40 psec implies Aa < 0,004, a very small index variation

indeed. For {(r/a)>0,35, fibre lengths with a<a would be small, as the

pt

total delay time is always positive, implying OL>0.° i.e an undercom-

pt’
pensated profile.

W do not observe negative IMD with selective mode excitation
of the GIF, even at the first radial displacement with (»/a)=0,07. This
must be due to mode conversion, to modes with (r/a)>0,35 so that the
small negative IMD time is cancelled out, with positive DMD time for
these higher order modes, as already verified above. As (r/a) is increa-

sed, positive DMD time always dominates.

in order to verify the above mode conversion, we measured the
full-widths, at half-maximum intensity points, of all the pulses in figs.
5 and 8 and the measured values are shown in Table 2. Although the mean
values are very similar, (0,75 nsec and 0,73 nsec) the standard deviat-
ions are not (0,01 nsec and 0,05 nsec). Further, there are three distinct
regions, of the radial positions, that need to be considered carefully:
(i) 0<(r/a)<0,35; (ii) 0,35<(r/a)<0,55 (iii) 0,35<(x/a)<1,0. This can be
observed clearly from the graphical representation, of the results in Ta~
ble 2, in fig. 11.

In the first region, with mode selection at the output end, cur-
ve (b}, the widths are distinctly smaller than with mode selectionat the
input end, curve (a). This confirms mode conversion for curve (a). The
negative IMD time for (»/a)<0,35 helps to reduce the width of the output

pulses in this region, as shown in curve (b). This is not suprising as
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TABLE 2 - Full-widths at half-maximum intensity points of the pulses ob-
tained in figs. 5 and 8, for mode celection at the input and cutput ends

of the graded-index fibre respectively.

Fig. 5 Fig. 8
Normalized radial Mode Selection at input | Mode Selection at
Position {r/a) end: FWHM in nsec output end: BAHM in
nsec

] 0,74 0,70
0,07 0,74 0,68
0,14 0,75 0,68
0,2} 6,77 0,68
0,28 0,77 0,71
0,35 0,74 0,72
0,42 0,75 0,72
0,49 ) 0,74 0,73
0,57 0,75 0,73
0,64 ' 0,75 . 0,77
0,71 ) 0,74 0,77
0,78 0,75 0,75.
0,85 0,77 0,76
0,92 a,75 0,85
Mean 0,75 0,73
Standard
Deviation 0,01 0,05

most Ge0,-Si0, fibres have a dip in the refractive index in this region,
caused by the evaporation of Ge0z in the collapsing process? when making
the preform rod. Unequal evaporation of the Ge0; along the preform rod
can cause the refractive index differences along the subsequently pulled

however, Ao is very small, <0,004.

fibre with o<a aswell as a0,

pt pt?

In the second region, 0,35<(»/2)<0,85, it can be seen from fig.
11 that the widths for both selections are very similar, within the mea=-
surement accuracy. Observing the curves in fig. 10, we observe that wi-

thin this region, the slopes of the delay time vs. (r/a) curves are si-
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Fig.1} - Full-widths at half-maximum intensity points, as a function of nor~
malised radial position {r/a), obtained (a) from fig. 5 and {b) from fig. 8,
for mode selections at the input and output ends of the fibre respectively.

Again, due to symmetry, only one side is shown.

milar. Hence it is to be expected that the total dispersion, as measured
by the widths, also be similar. Differences in the slopes show up as
stight differences in the widths, as observed by comparing figs. 10 and

11 at a particular value of {r/a) within the region specified.

tn the third region, 0,85> (r/a)<1,0, we have only slight dif-
ferences in the widths for both mode selections as seen again in fig.11.
However, contrary to the results fgr the first region specified above,
now the widths, with mode selection at the output end, are slightly grea-
ter than those with mode selection at the input end; but the results are
within the measurement accuracy as shown with the error bars. This arises

due to the small amplitude of the pulses near {r/a) - 1.

We shall now discuss the utmost importance of DMD measurements
in graded-index multimode fibres linked together in along communications
link, especially the length dependence of intermodal dispersion (t ). {f
a fibre has complete mode mixing, or intermodal coupling, the DMD time
will be constant and independent of the radial launching position, as
the complete coupling will force all modes to have an average propagat-
ion time through the length of the fibre. in this case, T will be redu-
ced and further, increase as the square-root of the fibre length; but
some aditional loss, in addition to the scattering and absorption lossof
the fibre, will occur as coupling will also take place to radiation modes.
Due to this square-root length dependence of Tg’ the bandwidth of such

fibres interconnected together will improve significantly.

Otherwise, if a fibre has a negligible amount of intermodal
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coupling, DMD time will be zero for all radial positions only if the pro-
file is optimum. However, this abpt is fairly difficult to achieve as
shown by DMD measurements and small changes in a can have a marked ef-
fect on T_. However, if the DMD time can be held constant, at any value
but preferably small, over a targe region of radial positions, Tg can be
reduced, and the bandwidth can be increased considerably as clearly shown
by Bucklér!?®, In this case such fibres, with negligible intermodal cou=
pling, linked together will show a linear dependence of dispersion, as
long as the DMD signatures of all the fibres in the link have either po-
sitive or negative delay. Hence in very long links, many tens of kilome-
ters, it can be seen that mode-coupled fibres will have a greater band-
width than non-mode-coupled‘fibres, but at a loss penalty, as already
discussed above. But the overriding and decisive advantage in non~ mode-
-coupled fibres is that positive DMD time, for undercornpensated profiles,
and negative DMD time for overcompensated profiles simply add arithmeti-
cally, as shown again by Buckler'®, Physically, this can be understood
by considering one ray, which has its unique propagation path through
the fibres and will travel at different veiocities in different fibres
depending on the local refractive index. This will be true also for all
other rays as well, with the effect that all rays will have the same to-
tal propagation time through all the fibres linked together, if the ari-
thmetic sum of the DMD times at each value of radial position 1is zero.
Hence multimode graded-index fibres having non-optimurn a values can have
zero total dispersion, when linked together, by (i) operating in the ~1,3
um region for zero material dispersion, (ii) 1inking non-mode-coupled fi-
bres, have positive and negative DMD time, so that their summatiori at
each (r/a) position, is zero. However, this latter requirement would be
difficult to achieve in practice. Nevertheless, with a DMD signature of
each fibre, selection of fibres can be made to give a nearly constant DMD
time, not necessarily zero,at each {r/a) position, hence optimising the
bandwidth of these fibres linked together, by reduzind the value Tg. It
is not necessary to worry about optimurn refractive index profiles in fi-
bres. Non-optimun fibres produced while optimising & using DMD measure-
ments, can still be used as long as the intermodal coupling is negligi-
ble. The measurements we have .demonstrated in this paper can be used to
probe in detail the propagation in the fibre, especially the intermodal

coupling.
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5. CONCLUSIONS

W have made DMD measurements in a graded-index fibre using a
single-mode fibre and for the first time, carried out selection of a few
guided modes of the fibre kth at its input and output ends. By doing so,
we have probed mode coupling effects in the fibre with a fairly simple ex-
perimental system. DMD measurements are of utmost importance in a graded-
-index rnultimode fibre as they give a direct indication of the deviation
of the refractive index profile from its optimum value and are to be pre-
ferred over direct nieasurements using interferometric techniques. Further,
these DMD measurements can be used to improve the bandwidth of subsequen-
tly puiled fibres, and hence can be used on a quality ccntrol basis in a

prodiiction environment.
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