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Abstract: We present the simultaneous measurement of first and second 
order dispersion in short length (<1m) few mode fibers (polarization and 
transverse) using virtual reference interferometry. This techique generates 
results equivalent to balanced spectral interferometry, without the 
complexity associated with physical balancing. This is achieved by 
simulating a virtual reference with a group delay equal to that of the 
physical interferometer. The amplitude modulation that results from mixing 
the interferograms, generated in both the unbalanced interferometer and the 
virtual reference, is equivalent to the first order interference that would be 
produced by physical balancing. The advantages of the technique include 
speed, simplicity, convenience and the capability for simultaneous 
measurement of multiple modes. The theoretical framework is first 
developed and then verified experimentally. 
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1. Introduction 

Few-mode fibers (FMFs) have attracted considerable research interest [1–5] due to their 
compatibility with currently deployed single mode fibers and their resistance to intermodal 
coupling [1]. This has made them excellent candidates for space-division multiplexing (SDM) 
systems that can be used for increasing network capacity. Recently, high-capacity 
transmission systems that use a combination of transverse and polarization mode multiplexed 
signals have been demonstrated [3, 4]. The design of these systems requires accurate 
dispersion characterization of both types of modes. 

Early characterization techniques focused almost exclusively on measuring the differential 
group delay (DGD) between two polarization modes, such as those present in a polarization 
maintaining (PM) fiber. Several techniques were developed for this purpose including those 
based on: Polarizer-analyser [6], Jones matrix eigenanalysis [7, 8], temporal interferometry 
[9–11] and spectral interferometry [12–14]. These DGD-based techniques measure the 
interference pattern produced when the phase front in one mode interferes with that in 
another. These techniques work very well for the characterization of a fiber with two modes; 
however, potentially ambiguous results can be produced as the number of modes increases 
[15–17]. The problem occurs when the power in a higher-order mode is comparable to that of 
the fundamental [16] as it becomes difficult to determine if a beat frequency in the 
interference pattern is caused by interference between the fundamental and a higher-order 
mode or the interference between two higher-order modes. Time-of-flight (TOF) and 
interferometric techniques, capable of measuring the absolute group delay of a given mode 
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are immune to this type of ambiguity. A recent TOF demonstration characterized the 
dispersion of FMF [18] using a high speed (30GHz) sampling oscilloscope and pulsed-tunable 
laser to characterize. This measurement, however, required a 10.2 meter length FMF. For the 
characterization of shorter fiber lengths (<1 meter), however, TOF techniques place 
prohibitive requirements on the sampling oscilloscope and pulsed laser. Interferometric 
techniques, on the other hand, are well suited for short length characterization. Temporal 
interferometric techniques (white-light interferometry) are capable of measuring the absolute 
group delay of each mode in an FMF [19]; however, they are susceptible to the vibrational 
noise caused by a moving variable delay line. Spectral interferometric techniques, on the other 
hand, utilize a stationary reference arm and are generally preferred because they are not 
susceptible to this kind of vibrational noise. Some spectral interferometric based techniques 
employ a Fast Fourier Transform (FFT) to measure group delay from an unbalanced 
interferometer [20, 21]. The difficulty with using this approach for measuring the dispersion 
in an FMF is that the spatial frequency peak generated by the FFT depends on the size of the 
spectral window used in the FFT. A window that is too large produces a broadened peak due 
to dispersion and a window that is too narrow generates a broadened peak due to the inverse 
nature of the bandwidth between a signal and its FFT. Since there is no way to know apriori 
the optimum window size for the FFT, in short length fibers it is difficult to prevent the 
overlap between spatial frequency peaks and isolate individual modes. An additional 
limitation of FFT based techniques is that the second order dispersion can only be obtained 
from a fit to the measured group delay curve (not directly from the interferogram). This can 
be a problem for fibers with several modes where the coupled power in each mode is low, 
resulting in a low signal-to-noise ratio (SNR) and higher noise in the group delay curve. 

Techniques based on balanced spectral interferometry (BSI) [22, 23] do not suffer from 
the issues associated with using a spectral window since they use the entire scan bandwidth. 
Additionally they are capable of extracting the second order dispersion directly from the 
interferogram, independent of the group delay measurement. BSI techniques have been 
demonstrated in the measurement of group delay in polarization modes of birefringent fiber 
[23], however, to the best of the authors’ knowledge this capability has not been demonstrated 
for transverse modes in an FMF with more than two modes. The drawback of using BSI based 
techniques, however, is that they require a physical reference for balancing. This involves the 
need for calibration and makes them susceptible to environmental fluctuations (requiring the 
enclosure and isolation of the reference path). An important consideration when using BSI for 
dispersion measurements is that the construction and use of a free-space variable delay line is 
not trivial. In addition, since each point in the dispersion curve requires a separate interference 
scan, BSI measurements suffer from long experiment run times. 

Virtual reference interferometry (VRI), proposed by us in [24, 25], is useful for 
overcoming these issues since it has all the functionality and advantages of BSI but removes 
the need for a physical reference. In VRI, a physically generated spectral interferogram 
(produced using an unbalanced interferometer such as a Fabry-Perot interferometer) is mixed 
via point-wise multiplication with a simulated spectral interferogram (typically produced by a 
simulating a free-space interferometer with a group delay equal to the imbalance in the 
interferometer at a given wavelength). The low frequency amplitude modulation in the 
resulting second order interference pattern is equivalent to the first order interference that 
would be produced by physical balancing in BSI. VRI has recently been demonstrated for the 
measurement of dispersion in single mode fibers and devices [24, 25]. The focus of this 
manuscript is to demonstrate the advantages of its application in the measurement of first and 
second order dispersion of each mode (polarization and transverse) in an FMF. We also 
highlight that, for modes with sufficient spatial separation, plots of first and second order 
dispersion can be generated simultaneously, without the possibility for ambiguity in the 
results. 
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2. Theory 

Polarization modes 

Dispersion measurements that employ VRI typically use the interference generated by the 
reflections at the front and end facets of a fiber under test (Fabry-Perot configuration) to take 
advantage of the simplicity of single-ended measurements. For a PM fiber (modeled in Fig. 1) 

the reflected electric fields are 1 2
ˆ ˆ

oU A i A j= +


 and 1 22 2

1 1 2
ˆ ˆ  f fj L j LU A e i A e jβ β− −= + , where 1β  

and 2β  are the propagation constant in the fast and slow axis as a function of wavelength  λ  

and fL  is the fiber length. 1A and 2A  are the field amplitudes of the fast and slow 

components respectively, which remain constant for oU


 and 1U


 assuming there is no mode 

coupling. 

 

Fig. 1. Model for the interference in a polarization maintaining fiber. 

The interference pattern generated by the reflected electric fields are described by Eq. (1a) 
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Where ( )2 2
1 2 / 2K A A= +  and ( )2 2

1 2 / 2A AΔ = − . If we set 0Δ =  by exciting the fiber with 

an input polarization 45° from fast axis, and remove the DC term, then Eq. (1a) simplifies to 
Eq. (1b) 
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Setting 0Δ = is not necessary for the measurements but it simplifies the mathematical 
expression. Using VRI the first and second order dispersion are extracted via point-by-point 
multiplication of the real interference pattern, described by Eq. (1b), with a suitable virtual 
reference interferogram [24, 25] described by Eq. (2) 

 ( ) ( )( )0
ˆ ˆ, cos 2virtual v wI k Lλ λ λ=  (2) 

where 0k  is the free-space propagation constant, vL  is the length of the simulated virtual 

reference path and wλ̂  is the ‘balanced wavelength’ of mode w  at which the group delay of 

the virtual reference path equals that of the measured mode as illustrated in Fig. 2. After 
filtering out the DC term, the result simplifies to a second-order interference pattern described 
by Eq. (3): 
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Each of the first two terms in Eq. (3) produces a low- frequency amplitude modulation around 

its corresponding balanced wavelength, given in Fig. 2 by 1̂λ  for the slow axis and 2̂λ  for the 

fast axis. Away from the balanced wavelength, the modulation frequency increases. 

If 1̂λ and 2̂λ  are sufficiently separated, the influence on the low-frequency amplitude 

modulation around 1̂λ produced by the second term (cross talk), or the influence on 2̂λ by the 

first term, can be easily removed by low-pass filtering. The third term in Eq. (3) can also be 
low-pass filtered since it contains a slowly varying cosine (envelope) that modulates a fast 
varying cosine, and therefore has a zero average value. The inset of Fig. 2 (showing a 

magnified region near 1̂λ ) shows the carrier (not resolved and appearing black) modulated by 

multiple ‘envelopes’ of different frequencies. The lowest-frequency amplitude modulation is 

used to locate 1̂λ and 2̂λ , from which the group delay of each mode is obtained. Plots of the 

first and second order dispersion vs. wavelength can be produced by varying ( )ˆ  v wL λ  as 

described in [24, 25]. This process can then be repeated for other modes by 

scanning ( )ˆ v wL λ  over different ranges. The precision of identifying balance wavelengths 

improves by removing sources of noise such as the high frequency carrier and cross talk from 
adjacent modes. This is achieved by low pass filtering, as shown in the lower plot of Fig. 2. 

Sustaining low error in the process requires sufficient spectral separation 2 1
ˆ ˆ λ λ− . This occurs 

as long as the wavelength location of the second peak to the left of 1̂λ  is greater than the 

wavelength location of the second peak to the right of 2̂ λ . Following the analysis in [25] this 

condition is satisfied by Eq. (4) 

 
( )( )

2

2 1 1/2
1

1 6ˆ ˆ ˆ
2 w

w wfcL D
λ λ λ

λ=

− ≥   (4) 

where ( )ˆ
wD λ  is the second-order dispersion parameter of mode w  and c  is the speed of light. 

Using typical dispersion parameters of SMF28, modes having a group index difference 
greater than 2.75 × 10−4 for a 1m long fiber can be resolved. We must note, however, that the 
maximum fiber length that can be characterized, using the common-path configuration, is 
dependent on the spectral resolutionΔλ with which the interferogram is sampled, and is 

described by ( )2 / 20 Δ  f gL Nλ λ≤  [25]. The maximum measurable fiber length (typically 

~0.8m) is sufficient for many applications, especially those in which only short lengths of 
fiber are available or desired. Additionally, for few mode fibers it is desired to keep the mode 
separation described by Eq. (4) large enough to ensure resistance to intermodal coupling. As a 
result, there is no need to use long lengths of fiber to reduce the minimum spectral separation 
in Eq. (4) and therefore the fiber length is not a limitation for most practical cases. 
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Fig. 2. Simulated second order interference pattern (upper graph) and the result of low-pass 
filtering (lower graph) used to extract the balance wavelengths, from which absolute group 
delay and second order dispersion of the individual modes can be obtained. Inset above shows 
a magnified spectral region around a balance wavelength. Although both modes (the slow axis 

balanced at 1
ˆ λ and the fast axis balanced at 2λ̂ ) are illustrated in the figure, only one mode is 

typically within the scan range of the tunable laser for a given vL , which is varied to extract 

group delay and second order dispersion of both modes as a function of wavelength. 

Transverse Modes 

A model for the reflections at the facets of a p-moded FMF is illustrated in Fig. 3, assuming 
light can be launched to all transverse modes. 

 

Fig. 3. Model for the interference in a few-mode fiber. 

The field amplitudes of the modes depend on the complex coupling coefficient 
  lj

l lq q e ϕ=  for each mode l  of the fiber. The reflected electric field of the thl mode is 

modeled by ( )2 2

0  l f lj L

l lU q U e
β ϕ− +=

 
and the interference pattern generated by the reflections at 

the facets of the FMF are described by Eq. (5) 
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The DC term results from the sum of the amplitudes of the coupling coefficients of each 
mode. The high frequency terms contain information on the individual propagation constants 
for which absolute measurements can be obtained. The low frequency terms contain 
information about the relative differences between the propagation constants of the modes, 
from which differential measurements between modes can be obtained. This paper focuses on 
the virtual referencing of the high frequency terms in Eqs. (5) and (1a) since this allows for 
the measurement of absolute group delay and second order dispersion, avoiding the ambiguity 
possible with differential (relative) measurements. It is worth mentioning, however, that we 
are not precluded from making differential measurements using VRI. For the FMF 
experiment, the virtual referencing process is performed exactly as described in the previous 
section and the details are omitted for brevity. 

3. Experimental method 

Polarization modes in a Panda fiber and transverse modes in a four-mode FMF are 
characterized using VRI. In both measurements a tunable laser source (Agilent 81642A), with 
a built-in wavemeter (wavelength resolution of 0.1 pm), is swept from 1510 nm to 1640 nm. 
A wavelength accuracy of ± 15 picometers is ensured by the built in automatic wavelength 
calibration function of the wavemeter. Both experiments use a fiber optic circulator connected 
to a tunable laser and detector, as illustrated in Figs. 4(a) and 4(b). The tunable laser is 
connected to port 1 of the circulator and a detector (Thorlabs PDA10CS) is connected to port 
3. Port 2 is connected to the device under test via different optical elements depending on the 
experiment. Each experiment measures the first and second order dispersion curves generated 
from a single scan of the tunable laser using VRI. The setup used for the characterization of 
the polarization modes of a Panda PM fiber is illustrated in Fig. 4(a). A polarization controller 
is used to ensure even power distribution into both polarization modes which effectively sets 

0Δ =  in Eq. (1). This allows both modes to be characterized simultaneously with high signal-
to-noise ratio. Note that even if 1A  and 2A  are quite different (i.e. without the polarization 

controller), both modes can still be characterized simultaneously (though power will not be 
evenly distributed between modes). Although it is possible to measure each mode separately, 
simultaneous measurement of both modes is desirable since it increases accuracy by 
eliminating the possibility of thermal fluctuations in fiber length between scans. In order to 
characterize the transverse modes in an FMF using VRI and BSI longitudinal offset coupling 
is employed as illustrated in Figs. 4(b) and 4(c). This is achieved by using a translation stage 
to vary the gap distance between the FC/APC connector of the launch fiber and the FC/PC 
connector on the test fiber. This setup allows for variability in the power coupled to each of 
the higher order modes. The results of VRI measurements are then compared to those made 
using BSI. 

#204734 - $15.00 USD Received 16 Jan 2014; revised 20 Feb 2014; accepted 21 Feb 2014; published 11 Mar 2014
(C) 2014 OSA 24 March 2014 | Vol. 22,  No. 6 | DOI:10.1364/OE.22.006391 | OPTICS EXPRESS  6397



 

Fig. 4. Experimental setup for measurement of (a) polarization modes in PM fiber using VRI, 
(b) transverse modes in an FMF using VRI, and (c) Transverse modes using BSI. 

4. Results 

The results of the measurement of the group delay (first order dispersion) and the dispersion × 
length (second-order dispersion extracted from the group delay data) of the modes in a Panda 
PM fiber are illustrated in Figs. 5(a) and 5(b) respectively. The results agree well with 
simulated curves for both polarization modes, provided by the manufacturer, Corning® Inc. 

 

Fig. 5. Simultaneous absolute (a) group delay and (b) dispersion × length measurements for 
both polarization modes of a 47.2 cm long Panda fiber 

VRI based group delay and dispersion × length measurements on a four mode FMF are 
compared to results obtained using conventional BSI in Figs. 6 and Figs. 7(a)-7(d) 
respectively. The low power coupled to each mode in the FMF increased the scatter in the 
group delay curves. As a result, the second order dispersion (dispersion × length) had to be 
extracted directly from the balanced interferogram, which is possible using both BSI and VRI, 
as described in [22, 24, 25]. In the VRI experiment the first three modes of the fiber (LP01, 
LP11 and LP02) were characterized in one scan. The gap position was then adjusted and a 
second scan was performed to increase the coupled power into the LP21 mode. As a result, 
the VRI curves in Figs. 6 and Figs. 7(a)-7(d) were generated using only two scans, whereas, 
in the BSI experiment every point required a separate scan. It is important to note that the 
variation in the scatter observed between experiments is due to the differences in power 
coupling (variation in SNR) between experiments for a given mode. The results for both first 
and second order dispersion, however, agree well in both experiments. 

#204734 - $15.00 USD Received 16 Jan 2014; revised 20 Feb 2014; accepted 21 Feb 2014; published 11 Mar 2014
(C) 2014 OSA 24 March 2014 | Vol. 22,  No. 6 | DOI:10.1364/OE.22.006391 | OPTICS EXPRESS  6398



 

Fig. 6. Absolute group delay measurements of a 69.9 cm long few-mode fiber measured using 
Balanced Spectral Interferometry and Virtual Reference Interferometry 

 

Fig. 7. Comparison of the dispersion × length measurements for the (a) LP01 mode, (b) LP11, 
(c) LP02 mode, and (d) LP21 mode of a 69.9 cm length of few-mode fiber measured via 
Balanced Spectral Interferometry and Virtual Reference Interferometry. 

5. Conclusion 

We have demonstrated the measurement of first- and second-order dispersion of polarization 
modes in a Panda PM fiber and transverse modes in an FMF using VRI. The all-fiber 
experimental setup is simple, convenient and fast and allows sufficiently separated and 
excited fiber modes to be characterized simultaneously in a single scan. 
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