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Abstract- Differential Phase Shift Keying (DPSK) modulation
format has been shown as a robust solution for next-generation
optical transmission systems. One key device enabling such
systems is the delay interferometer, converting the signal phase
information into intensity modulation to be detected by the
photodiodes. Usually, Mach-Zehnder interferometer (MZI) is
used for demodulating DPSK signals. In this paper, we
developed an MZI which is based on all-fiber Multimode
Interference (MI) structure: a multimode fiber (MMF) located
between two single-mode fibers (SMF) without any transition
zones.

The standard MZI is not very stable since the two beams go
through two different paths before they recombine. In our
design the two arms of the MZI are in the same fiber, which will
make it less temperature-sensitive than the standard MZI.
Performance of such MZI will be analyzed from transmission
spectrum. Finally such all-fiber Ml-based MZI (MI-MZI) is
used to demodulate 10 Gbps DPSK signals. The demodulated
signals are analyzed from eye diagram and bit error rate (BER).

I. INTRODUCTION

Differential Phase Shift Keying (DPSK) is an attractive
modulation format for next-generation optical transmission
systems since it exhibits high tolerance to chromatic
dispersion (CD) and robustness to nonlinear effects. Besides
these advantages, it also offers an improved receiver
sensitivity by balanced detection. In DPSK communications,
one key device which is able to convert the differential phase
information into intensity information to be detected by the
photodiodes is a delay interferometer, such as Mach-Zehnder
interferometer (MZI). Usually, MZI is used for demodulating
DPSK signals because of its simple structure. In recent years,
all-fiber MZI is proposed to take place of the standard MZI
for improving the performance. It is not only used for
measurement of temperature, pressure, flatness of plane
optical plates, thickness of thin film, coherence length of a
laser, but also used in optical communication, such as DPSK
demodulator [1]. However, in the DPSK demodulation
scheme proposed in ref. [1], there is one problem of stability
due to the two beams go through two different paths and the
effect, which is generated from temperature and pressure, on
both arms is different. For further improving the performance
of all-fiber MZI, several schemes are proposed recently. In [2]

a photonic crystal fiber (PCF) based MZI for DPSK signal
demodulation is presented. In this scheme the device is
fabricated by mismatch splicing of a PCF with standard
single mode fibers (SMFs). In [3] a multimode fiber (MMF)
based interferometer for differential phase demodulation is
proposed.

All-fiber-based MZI is attractive since it is low-cost and
easy implementation. In this paper we will present an all-
fiber Multimode Interference-based MZI (MI-MZI) for
DPSK signals demodulation. Performance of the MI-MZI is
study deeply from transmission spectrum based on a
theoretical study and experiments. Finally, a DPSK
demodulator based MI-MZ will also be presented and
discussed from theory and simulations.

The paper is organized as the following. The theory of
MI-MZI will be presented in section 2. Experimental setup
and results will be shown and discussed in section 3. In
section 4 we will present the simulation structure for
demodulating DPSK signals and discuss the simulation
results. Finally, the conclusions will be presented in section 5.

II. THEORY

The modal interference process is a well known
phenomenon and it had been studied by several authors [3-9].
Based on this principle we can make an interferometer as a
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Fig 1 Comparison between MI-MZI structure (a) and a standard MZI (b)
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MZI. The structure of the MI-MZI is shown in Fig. 1a where
only core fibers are drawn. The structure is composed of a
multimode region located between two single-mode regions
without any transition zones. This passive device has been
made with just a multimode fiber (50/125um) spliced
between two single-mode fibers (9/125um). Moreover, a
simple connector (with a matched liquid index to avoid
reflection interfaces) can be employed to couple single-mode
and multimode fibers without any fusion. Both
configurations have been employed by us and similar results
have been obtained [5, 7].

Since the central region of a MI-MZI is multimode,
coupling between the LPy; single-mode fiber and all the other
modes of the multimode fiber is possible. However, coupling
occurs preferentially between the LPy mode and the LPg,
mode since both modes have similar azimuthal symmetry
and the phase mismatch is minimized. Since excited
fundamental (LPg;) and first order symmetry (LPp;) modes
are propagating in the multimode fiber with different phase
constant, these modes interfere with each other along the
direction of propagation. The light power coupled into the
SMF-output fiber depends on the relative phase difference at
the end of the multimode fiber (L).

Compared with the standard MZI (as shown in Fig. 1b)
which obtains a time delay through a physical path length
difference, the MI-MZI obtains a time delay from time
difference for both modes passing through the MMF
transmission path.

The number of modes that a fiber can support is related to
the V-parameter of the fiber. The V-parameter is defined as
[10]:
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where a is the core radius, A is the wavelength in vacuum,
Neore 18 the maximum refractive index of the core and ngqy
is the refractive index of the cladding. Ideally, in our scheme
we want to have only two circular-symmetric modes.

The MMF we will used has a w-type index profile shown
in Fig. 2. This refractive index dip decreases power coupling
from input mode to zero-order mode and increases coupling
to next-order symmetric modes. This effect causes w-type
index profile to have an extinction ratio higher than step
index profile. Also, with this kind of fibers we can achieve a
better LPy; - LPgy; modes beating because the non
symmetrical modes, such as modes LPy; and LPy; are less
coupling.

1.4735 |

1.4710

1.4685

1.4660

1.4635

1.4610

1.4585

Index of Refraction

1.4560

1.4535

1.4510

1.4485

L L
60 40 20 [¢] 20 40 60

Radius p(um)
Fig. 2 Refractive index profile of a w-type fiber

The transmission is periodic with respect to the frequency
and is usually represented by a comb-filtering spectrum as
depicted, i.e., in Figs. 4-6. The spacing AA between the
adjacent constructive peaks (destructive valleys) can be
written as [11]:

2
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Where ng; and ng, are the effective index of refraction for
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modes LPy; and LPg, respectively; z, =
beat length of the MMF.

From (2) we can see that it is possible to adjust the
separation between peaks by adjusting the length of the
MMF. Using these properties we can do a transmission
spectrum very similar to a standard MZI spectrum.

The propagation constant of the two beating modes can
be written as:
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The transmission spectrum of this MI-MZI can be
described as follows:
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where T; and T, are the intensity of the two modes LPy; and
LPo,, respectively; L is the length of the MMF; Af;, is the
difference between the propagation constant of the modes
LPo; and LPy,. The operation principle is based on standard
MZI with the LPy; and LPyp, modes taken as the two
interference arms.

Also, combining with the Eq. (2), the time delay between
two modes can be defined by the following function:
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Here we define another parameter which is called delay
coefficient Ad. It is corresponding to the time delay in a one-
meter MMF. It can be described as:
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We can see that the delay time of the MI-MZI is only
determined by the effective index difference An between two
modes, which is governed by the MMF structure.

III. EXPERIMENTAL RESULTS OF THE MI-MZI

The experimental setup using for the measurements is
shown in Fig 2. For testing the transmission spectrum of the
MI-MZI, a white light is used as light source because it has a
very wide spectrum from 0.4pum to 1620pm. The MMF used
in the experiment has the core and clad diameter of 50pm and
125um, respectively. The numerical aperture (NA) is 0.22.
The refraction index of core and clad is 1.4730 and 1.4567,



respectively. Finally a spectrum analyzer is used to observe
and record the transmission spectrum.

1 O O T
[ ] = O
SMF SMF
MMF
White source | E—

Spectrum analyzer

Fig. 3 Experimental setup to measure wavelength transmission

In order to observe the spacing AA between adjacent
constructive peaks (destructive valleys) changing with the
length of MMF, we use different length of MMF (12cm,
18.9cm and 24cm). The experimental results are shown in
Figs. 4-6. Fig. 4 (a) shows the transmission spectrum of the
MI-MZI with MMF length of 12¢m and the line (b) shows the
spectral respond of the white source used in the experimental
setup. As can be seen, it decreases for A > 1400nm, this
causes lower amplitude oscillation for wavelengths greater
than that.

The experimental results clearly show that when the length
of MMF increases, the spacing AA decreases. These results
are in agreement with the theory which requires that the
spectral period should be inversely proportional to the length
of the MMF. As it can be seen in Figs. 4-6, the power
oscillation has a certain modulation indicating the existence
of more than two modes. Numerical calculations have
indicated that four of the modes carrying most of the energy.
Because every pair of modes has a different propagation
constant difference, different oscillation amplitudes are
obtained.
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Fig.4 (a) Transmission spectrum of MI-MZI with MMF length of 12 cm;
(b) Transmission spectrum of white source
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Fig. 5 Transmission spectrum of MI-MZI with MMF length of 18.9 cm
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Fig. 6 Transmission spectrum of MI-MZI with MMF length of 24 cm

IV.MI-MZI FOR DPSK SIGNALS DEMODULATION

Considering the MI-MZI as a delay line interferometer
(DLI), it can be directly used for demodulating DPSK signals.
A basic diagram of MI-MZI for DPSK signals demodulation
is shown in Fig. 7a. And we follow it to build a simulation
system as shown in Fig. 7b.
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Fig. 7a Principle of MI-MZI for DPSK signals demodulation. MZM: Mach-
Zehnder modulator; BER: bit error rate
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Fig. 7b Simulation system of MI-MZI for DPSK signals demodulation

In the simulation a tunable laser is used to align the source
with the transmission peak of the interferometer. A Mach-
Zehnder modulator (MZM), which is driven by a 10Gbps
DPSK data stream, is used to modulate the light to generate a
10Gbps optical NRZ-DPSK signal. The simulated MMF has
the same parameters as the MMF used in the experiment, with
length of 28.7m to generate 100ps delay between the two
modes. Finally, a photodiode is used to receive the
demodulated signal and a bit error rate (BER) analyzer is
used to analyze the performance of the received signal.
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The simulation results are shown in Fig. 8. The eye
diagram shows a relatively open intensity eye which can
provide error-free operation. Fig. 8b shows the BER of the
received signal as a function of the received power. We can
see that the sensitivity of the MMF receiver is about -22dBm
at a BER of 10" and about -23.5dBm at a BER of 10~
Compared with the typical DLI DPSK receiver which is built
with two fiber couplers and has the sensitivity of -23.6dBm at
a BER of 107" and -24.8dBm at a BER of 10'9, there is about
1.4 + 0.2dB power penalty by using the MMF receiver. This
penalty is caused by several aspects, such as the loss in the
MMEF, and the low extinction ratio (ER) of the interference
between the two modes. The ER depends on two factors: the
first one is the coupling efficiency between the mode LPy; in
the SMF and the modes LPg; and LPy; in the MMF. From (4)
we know that only when the powers of the LPg; and LPg,
modes are the same, the transmission spectrum of the MI-
MZI would reach the highest ER. The second factor is the
non symmetrical modes excited in the MMF. Although the
MMF with w-type index profile decreases power coupling
from input mode to LPg; mode and increases coupling to LPg,
and reduce the non symmetrical modes coupling, there are
still non symmetrical modes, such as LPy; and LP,
propagating in the MMF, which would decrease ER and lead
to power penalty.

V. Conclusion

We have demonstrated a MI-MZI, which is based on a
MMF between two SMFs. In this structure the excited
fundamental (LPg;) and first order symmetry (LPg,) modes
are propagating in the multimode fiber with different phase
constants. These modes interfere with each other along the
direction of propagation and the light power coupled into the
SMF-output fiber depends on the relative phase difference at
the end of the multimode fiber (L). So we can obtain an
interferometer pattern at the exit of the second section of
SMF. The results of an experimental verification are in
agreement with the theory. Also, a simulation for using the
MI-MZI to demodulate a DPSK signal is done; the simulation
results show that MMF receiver has similar performance as
the typical DLI DPSK receiver [13] with a 1.4 + 0.2dB power
penalty.

Since the design of MI-MZI is low cost and easily
manufactured, it will be used widely in many optical
applications in the future, such as using as filters or
temperature sensors. Moreover, with the proper design it also
can be used as WDM multiplex and demultiplex.
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