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All-Fiber Interferometer for Chromatic Dispersion 
Measurements 

LUC THEVENAZ, JEAN-PAUL PELLAUX, AND JEAN-PIERRE VON DER WEID 

Abstrucf-A new all-fiber interferometric method for chromatic dis- 
persion measurements in meter-length single-mode fibers is presented. 
In a Michelson setup a reference fiber is used whose physical length is 
varied so as to obtain an adjustable optical delay. Time resolution, ease 
of manipulation, and mechanical isolation are considerably improved 
with respect to conventional interferometers. Resolution of group de- 
lay measurement and Chromatic dispersion over the full 1100-1700 nm 
spectral range are better than 5 fs and 0.1 ps/nm . km, respectively. 

I. INTRODUCTION 
INGLE-MODE optical fibers are of great interest for S high-data-rate long-span transmission systems be- 

cause of their very low attenuation and high bandwidth at 
wavelengths from 1.3 to 1.55 pm. However, chromatic 
dispersion of the fiber, together with the finite spectral 
width of the light source, give rise to pulse broadening 
which limits the overall bandwidth attainable with such 
systems. Measurement of chromatic dispersion is then of 
utmost importance for users and manufacturers of single- 
mode fibers in order to insure optimal performance. 

km) fibers are now 
commonly available in the zero material dispersion win- 
dow ( 1.3 pm) and more recently in the minimum atten- 
uation window ( 1.55 pm)-the so-called dispersion- 
shifted fibers. These low dispersion values require very 
accurate measuring systems. Several experimental meth- 
ods have been proposed during the last few years, most 
of them measuring the group delay as a function of wave- 
length and obtaining chromatic dispersion by simple nu- 
merical differentiation. 

Fiber Raman lasers [ l ]  are now commonly used as 
pulsed light sources for the measurement of the group de- 
lay at the Raman shifted wavelengths. Comprehensive re- 
sults are directly obtained, but an expensive setup and 
safety care are required. Furthermore it is difficult to get 
a resolution better than 50 ps on the group delay mea- 
surement. Another proposal is to sinusoidally modulate 
an LED [2] whose spectrum is scanned by means of a 
monochromator and to measure the group delay by de- 
tecting the phase of the modulation signal at each wave- 
length. Resolution is theoretically good, but is strongly 
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reduced by the low detected intensity and therefore the 
poor signal-to-noise ratio. In addition several LED’s are 
needed to cover the full spectral range of interest. Signal- 
to-noise ratio can be increased by replacing the LED and 
monochromator by an array of semiconductor lasers, each 
of them emitting at a different wavelength. However, many 
lasers are necessary for a good resolution and a wide spec- 
tral range, rapidly raising the cost to prohibitive levels. 

Interferometric measurements with coherence limited 
sources had been reported by many authors. Some of them 
use LED or lasers [3]-[5], others a simple halogen lamp 
[6]. The stability of the interferometer limits the actual 
length of the measured samples to roughly 1-5 m but re- 
ported resolution of 0.1 ps [6]-[7] indicates that this 
method can be very accurate. In addition the method 
seems attractive because of its low cost and theoretically 
unlimited spectral range. It seems, however, to have re- 
tained little attention, probably because of the expected 
difficulty of getting interference fringes in such a long- 
armed interferometer. 

In this paper we report a novel interferometric tech- 
nique for the determination of chromatic dispersion. It al- 
lows the measurement of the group delay with a resolution 
better than 5 fs which is at least one order of magnitude 
better than previously reported results. Our method has a 
broad wavelength coverage from 1.1 to 1.7 pm and can 
be used for fiber samples lengths of 1-2 m. It is based on 
a Michelson configuration in which a reference fiber is 
placed in one arm of the interferometer and whose length 
is elastically varied resulting in a precisely adjustable op- 
tical delay length. The setup is simple to make, easy to 
manipulate, and inexpensive. Neither IR visualizing cam- 
era nor lasers are needed. 

11. BASIC PRINCIPLES 

Most of the experimental methods for chromatic dis- 
persion measurement are based on the direct measure of 
the group delay r as a function of wavelength, the chro- 
matic dispersion being obtained by simple differentiation 
of r ( X ) :  

1 dr 
L dX 

D ( h )  = -- 

where L is the length of the light path in the dispersive 
medium. 

The interferometric method for measuring the group de- 
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lay is based on the fact that when coherence limited light 
is splitted and recombined in a two arms interferometer, 
interference fringes can be detected only if the group de- 
lay in both arms are nearly equal. The intensity at the 
recombination point is given by 

where El and E2 are the field amplitudes of the light com- 
ing from each arm of the interferometer and the brackets 
mean time average. 

The third term in the right hand side of (2) is the cross- 
correlation of the field amplitudes which depend on the 
source spectrum and the dispersive properties of the me- 
dia in each arm. Writing down the field amplitude Ei as 

Ei = dw’ F ( w ’ )  exp [ -i & ( U ’ )  zi] - exp ( i w ‘ t ) .  

i = l , 2  ( 3 )  
s 

where F (  w )  is the amplitude spectrum of the light source, 
pi ( w )  the propagation constants along each arm i, and zi 
the corresponding length, the cross-correlation term gives 

For nearly monochromatic light of frequency U ,  1 F (  w )  l 2  
is nonzero only in a limited range 6w around U ,  whereas 
pi (a) are slowly varying functions of w. Taking the Tay- 
lor’s expansion series of & and keeping only the first or- 
der terms: 

equation (4) now reads: 

( E T E , )  = ei’ [ dw’ IF(w’)12 

where ~ ~ ( w )  = ( d & / d w )  zi are the group delays in each 
arm of the interferometer and CP is a phase factor given by 

9 = P1(w)z1 - P2(4z2. (7) 

When the length of one arm, say zI, is continuously varied 
the phase factor CP gives rise to the oscillatory behavior of 
the light intensity which characterizes the interference 
fringes. The amplitude of the intensity oscillations is the 
Fourier transform of the power spectrum of the source 
centered at the position where the group delays in both 
arms are equal. This means that once the group delay in 
the reference arm is known, the group delay of the second 
arm can be measured by scanning the reference group de- 
lay and searching for the center of the resulting fringe 
pattern. The effect of the neglected second-order term in 
the Taylor’s expansion ( 5 )  is to broaden the interference 
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z 

Fig. 1 .  Interference patterns at different wavelengths produced by a Mich- 
elson interferometer with a 1.8-m single-mode fiber balanced by a 
2.7-m air path. 

pattern and to reduce fringes contrast. Some authors used 
this property for a direct measure of chromatic dispersion 
[SI, [9]. They performed measurements either in the 
highly dispersive range around 800 nm [8] or with a wide 
spectrum source at 1300 nm [9]. 

Delay scanning is usually obtained by introducing a 
variable air path in the reference arm using a roof prism 
or a system of mirrors on a displacement unit, so that the 
length of a parallel beam in air is varied. Shifts of the 
fringe pattern for different wavelengths can be seen in Fig. 
1 for an interferometer with a -2.7-m-long variable air 
path balanced by a single-mode fiber. In this case the cen- 
ter of the fringe pattern z ( A )  is directly proportional to 
the group delay of the single-mode fiber .(A) = z( A)/c. 

Another possibility consists in introducting a length lo 
of a fiber whose group index No ( A )  is known in the ref- 
erence arm of the interferometer, in addition to a length 
6z of variable air path. In this case, the center of the fringe 
pattern will be given by the difference between the un- 
known fiber and the reference fiber 

In our work, a novel interferometric configuration has 
been investigated in which the variable air path is sup- 
pressed and delay scanning is obtained by elastically 
changing the length of the reference fiber in an all-fiber 
interferometer. It is well-known that elongations up to 2 
percent of the original fiber length can be easily obtained 
without damage in optical fibers. However, since optical 
properties of the fiber change with stress, refractive index 
changes must be taken into account in order to convert 
length measurements into time delays. Let No ( A )  and zo 
be the group index and length of the reference fiber in 
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Fig. 2 .  All-fiber setup for interferometric measurements of single-mode 
fibers in the 1100-1700 nm range. 

unstressed conditions. Up to the first order the group de- 
lay may now be written as 

(9)  

where z is the actual length of the reference fiber at the 
center of the fringe pattern and 6z = z - zo its elongation. 
Keeping the first-order approximation, the group index 
variation 6 N / N o  is related to the induced strain 6 z / z o  by 
[lo]: 

where pi j  are elements of the strain-optic tensor and v is 
the Poisson's ratio. Replacing (10) into (9) and keeping 
aside second-order terms in 6 z  one obtains 

where 

The first term in the right-hand side of (1 1) plays the role 
of a known fiber of length lo in the reference arm, whereas 
the second term plays the role of variable delay. Although 
the r factor in (11) contains implicitly a A-dependence 
through the group index No ( A )  its variation in the region 
of minimum dispersion is expected to be very small so 
that to within - 0.1 percent r is expected to be indepen- 
dent of wavelength unless p i j  vary with A. Using the pa- 
rameters available in the literature for bulk silica [l l ]  I' 
is estimated to be 1.14. However, discrepancies between 
experimental and theoretical calculations of elastooptic 
properties in optical fibers had been reported [ 121 so that 
a careful calibration of I? must be done in order to check 
its value and its A-dependence. 

111. ALL-FIBER INTERFEROMETER 
The all-fiber interferometer used in our experiment is 

outlined in Fig. 2. The light source was a halogen lamp 
filtered by a 20-cm grating monochromator and the detec 
tor was a pig-tailed InGaAs p-i-n photodiode. A single- 

mode coupler was used instead of the classical beamsplit- 
ter in a Michelson configuration. Coherent coupling in- 
sures ideal conditions for maximum fringes contrast with- 
out the need of achromatic optics, careful mirror 
alignment, and IR viewing equipment. However, single- 
mode couplers usually have a wavelength dependent cou- 
pling ratio. Good fringes contrast is obtained if the cou- 
pling ratio is bounded between 20 and 80 percent which 
actually defines the spectral range covered by the inter- 
ferometer. The stretched fiber used as variable path to- 
gether with the single-mode coupler completely elimi- 
nates the need for achromatic injection optics and parallel 
beam reconstruction. The mechanical stability of the all- 
fiber interferometer was therefore greatly enhanced with 
respect to conventional systems. 

The Michelson configuration was chosen rather than the 
Mach-Zehnder previously reported in interferometric 
measurements [3]-[6] because the light travels twice the 
length of the fibers and hence the dispersion effects are 
doubled. The reflection at the fiber endfaces is obtained 
by a chemical deposition of silver at the cleaved endfaces. 
No additional alignment of mirrors at the fibers endfaces 
is needed but good quality cleaved endfaces are required 
for best fringes contrast. 

Alignment of the test fiber is obtained by searching for 
the signal reflected at the silvered fiber end. For best sig- 
nal-to-noise ratio the halogen source is chopped and the 
reflected signal is lock-in amplified. 

Index matching oil insures optimum transmission at the 
single-mode fiber-to-fiber butt coupling also eliminating 
undesirable Fresnel reflections at the interfaces. 

The reference arm of the all-fiber Michelson interfer- 
ometer contains a 1.5-m-long primary coated single-mode 
fiber anchored at a fixed support at one end and at a 0.1- 
pm sensitivity stepping motor driven displacement unit at 
the other end. Primary coating was removed at the an- 
choring points to prevent the stretched fiber from sliding 
on its supports. In order to avoid fatigue effects that could 
reduce the lifetime of the stretched fiber we restricted the 
strain to a maximum of'0.5 percent. Sweeping the length 
of the reference arm allows direct observation of the in- 
terference fringes at the output of the lock-in amplifier as 
shown in Fig. 1 .  This direct measurement needs, how- 
ever, a slow sweeping speed imposed by the integration 
time of the lock-in amplifier. 
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Fig. 3. Direct measurement of the fringe visibility with a tuned amplifier. 

On the other hand sweeping the 16&h of the reference 
arm at constant rate gives rise to an oscillatory signal 
whose amplitude can be directly measured with a tuned 
amplifier at the correct frequency f : 

2 r v  f =  - 
X 

where v is the sweeping speed, X is the wavelength of the 
measuring light, and r is the factor defined in (12). 
Therefore the fringe visibility is directly measured as 
shown in Fig. 3 and a much better accuracy is obtained 
in the computation of the center of the pattern. Here the 
two-phase lock-in amplifier shown in Fig. 2 was used as 
tuned amplifier, its internal oscillator being locked at the 
frequency given by (13). With this method the measure- 
ment time for each experimental point falls from - 10 
min down to - 15 s. 

Calibration of the r factor defined in (12) was done by 
replacing the test fiber in Fig. 2 by a variable air path 
whose length at the center of the fringe pattern is a direct 
measurement of 7 ( A). The slope of the linear relationship 
between 7( A) and the elongation 6z is therefore a direct 
measurement of the I' factor. This is the most accurate 
optical path measurement which can be done in single- 
mode optical fibers. The mirror at the end of the variable 
air path was mounted on a 0.1-pm stepping motor driven 
displacement unit so that both elongation and optical path 
change could be measured with the same sensitivity. Cal- 
ibration curves were made in the 1100-1700 nm range for 
several different step-index fibers. Results for the two ex- 
treme index differences are plotted in Fig. 4 and clearly 
state that the r factor remains constant over the whole 
1100-1700 nm range. No hysteresis or sliding effects were 
observed even after a great number of stretching cycles 
confirming the good quality of the anchorages of the 
stressed fiber. Assuming r to be wavelength independent 
and taking the scattering of the data in Fig. 4 as experi- 
mental errors we determined the value of the r factor as 

1.171 & 0.002. The same result was obtained for a fiber 
with coating removed so that it suggests that the measured 
r factor is intrinsic to the fiber material and not affected 
by the coating. 

Finally, calibration of the dispersion of the reference 
fiber was done with the same configuration described for 
the measure of the r factor. The nondispersive air path 
was used as absolute reference medium and the length of 
the stretched fiber was swept at constant speed in order to 
detect the center of the fringe pattern at each wavelength. 
An average over several dispersion measurements gave an 
extremely accurate calibration curve which was perma- 
nently stored onto the computer storage medium and sub- 
tracted from the delay measurements of each test fiber fol- 
lowing (1 1). 

In addition to the calibration curve, the dispersion of 
the reference fiber was measured under stress in order to 
verify if the change in waveguide parameters, like core 
radius and index difference, could affect the dispersion 
properties of the reference fiber. No measurable effect was 
observed for strains up to 2 percent on fibers with low 
waveguide dispersion. Nevertheless a fiber with strong 
waveguide dispersion like a dispersion-shifted fiber should 
not be used as a variable delay line because the dispersion 
could be altered enough to influence the measurements. 

IV. RESULTS AND DISCUSSION 
Measurements of group delay for a conventional step- 

index and a dispersion shifted fibers are shown in Fig. 
5(a) with 1.62-m samples length. The measured group de- 
lays were fit to a fourth degree polynomial and the cor- 
responding computed chromatic dispersions are shown in 
Fig. 5(b). 

The accuracy in the determination of the center of the 
fringe pattern depends on the coherence length Z, of the 
source which is related to its spectral width 6X by 

1, = X2/6X.  



THEVENAZ et al.: ALL-FIBER INTERFEROMETER FOR DISPERSION MEASUREMENTS 

X Step index An=0.007 

0 Step index An-0.004 t 
I I I I I I I 

I100 I 3 0 0  1 5 0 0  1 7 0 0  n m  
1.15 I 

Wave I eng t h 
Fig. 4. r factor measured at different wavelengths for two different step- 

index fibers. 

Fibre length: 1.62111 

nm I 2 0 0  1400 1600 

Wavelength 
(a) 

Wavelength 

(b) 
Fig. 5. (a) Interferometric measurements of group delay spectra. A :  step- 

index fiber. B :  dispersion-shifted fiber. (b) Computed dispersion spectra. 
Zero-dispersion wavelengths: A = 1302 nm, B = 1559 nm. 

5 



6 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 6, NO. I ,  JANUARY 1988 

A = 1 3 0 0 n m  

A - 4  - 2  

T-f 

0-1.63 fs  

hs 

A = I S 5 0 n m  

O =2.14 fs  

0 +z * 4  f s  

T-T 

Fig. 6.  Experimental deviations on group delay measure computed with a 
IO00 measurements sample at two different wavelengths. Vertical scale 
is arbitrary. 

A too narrow spectral width gives rise to a broad fringe 
pattern whose center will be known with little accuracy. 
On the other hand a broad spectral width will give a sharp 
fringe pattern but the wavelength accuracy will be corre- 
spondingly reduced. Interferometric measurement of the 
group delay is actually limited by the uncertainty princi- 
ple which states the incompatibility between time and en- 
ergy measurements. Best results were obtained with a 
- 10-nm spectral width source at 1300 nm, but results at 
1550 nm are slightly less accurate due to the greater co- 
herence length with increasing wavelength. 

Experimental accuracy was investigpted by repeating 
the same group delay measurement mb.;; times. Results 
are outlined in Fig. 6 for 1300 and 1550 nm. The mea- 
sured - 2-fs standard deviation is more than one order of 
magnitude better than previously reported accuracies [7]. 
This very high precision is mainly due to the direct detec- 
tion of the fringe visibility, the numerical treatment of the 
signal, and the algorithm used for the calculation of the 
center of the fringes pattern. In addition, the all-fiber in- 
terferometer is much less sensitive to mechanical pertur- 
bation than conventional air path interferometers. 

‘The wavelength of zero dispersion of a test fiber was 
measured many times giving a reproducibility better than 
1 nm for a zero dispersion near 1300 nm and better than 
2 nm for dispersion shifted fibers at 1550 nm. This dif- 
ference is mainly due to the slightly less accurate delay 
measurements at 1550 nm. 

Since the dispersion curve is calculated from the fit of 
the time delay experimental data, the wavelength of zero 
dispersion X o  is slightly dependent on the kind of theo- 
retical fitted curve. Interferometric measurements are a 
very powerful tool for this approach as it allows an arbi- 
trary number of experimental points in the delay curve. 
For delay measurements each 10 nm over the whole 1100- 
1700 nm spectral range a fourth degree polynomial fit and 
a five terms Sellmeier’s expansion gave equivalent results 
for both standard and dispersion-shifted fibers. Typical x 2  
standard deviations between experimental data and the fit- 

ted theoretical curves are 20 fs for a standard step-index 
fiber and 30 fs for a dispersion-shifted fiber. The descrip- 
tion of the delay data by a three terms Sellmeier’s expan- 
sion over the full 1100-1700 nm spectral range gave less 
accurate results, the standard deviation between the cal- 
culated and measured delay data increasing to 40 fs for a 
standard fiber and up to 200 fs for a dispersion-shifted 
fiber. This result clearly indicates the ihadequacy of the 
three terms Sellmeier’s expansion in the description of 
group delay data over a wide spectral range. 

On the other hand adding more terms to the polynomial 
or Sellmeier’s expansion fit did not improve the quality 
of the theoretical fit, so that the best results were obtained 
with the fourth degree polynomial or the five terms Sell- 
meier’s expansion. It is interesting to note that standard 
deviation between the calculated and measured delay data 
is somewhat larger than the experimental accuracy related 
to the delay measurements. This difference is due to reg- 
ular systematic deviations between the experimental data 
and the fitted curve. These deviations depend on the fiber 
being measured and change with bending applied to the 
fiber, suggesting they are probably related to polarization 
effects due to residual birefringence. Further experiments 
are under way in order to clarify this point. 

V.  CONCLUSION 
In summary, a novel experimental setup based on a 

Michelson interferometric method was developed for 
chromatic dispersion measurements of 1-2 m optical fiber 
samples. In one arm of the interferometer a reference sin- 
gle-mode fiber is placed whose length is varied so as to 
obtain an adjustable and highly reproducible delay, the 
other arm being the fiber sample to be measured. The all- 
fiber configuration replacing the classical beamsplitter by 
a single-mode coupler and the variable air path by the 
stretched reference fiber allows a resolution on time delay 
measurements of 5 fs. This is more than one order of mag- 
nitude better than previously reported interferometric 
methods. This great sensitivity over the whole 1100-1700 
nm spectral range, together with the simplicity and ease 
of manipulation, brings back the interferometric method 
as a powerful tool for detailed investigation of dispersion 
properties of optical fibers. 
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