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Abstract: Differential phase shift keying (DPSK) signal has been shown as a robust solution for next-generation
optical transmission systems. One key device enabling such systems is the delay interferometer, converting
a phase signal into an intensity modulated signal to be detected by a photodiode. Usually, a Mach-Zehnder
interferometer (MZI) is used for DPSK signals demodulation. In this work, we develop an alternative all-
fiber MZI, which is based on a graded-index multimode fiber (MMF) mismatch spliced between two single-
mode fibers. Interferometer performance is analyzed through both theory and experiment. Experimental
results of transmission spectrums show that interference extinction ratio as high as 18 dB is obtained.
Finally, we demonstrate, through simulation, that our proposed all-fiber MZI can be used for DPSK signals
demodulation. Receiver sensitivity of -22.5 dBm at a bit error rate of 10°"° is obtained in the simulation for
detecting a 40 Gbps DPSK signal, which is 1.3+0.2 dB penalty compared to the conventional receiver.

1 INTRODUCTION fiber MZI, which is based on a multimode fiber

(MMF) located between two single-mode fibers
Differential Phase Shift Keying (DPSK) signal, (SMFs), is proposed to take place of the
which encodes the binary data as either a 0 or w conventional MZI in recer}t years. Nowadays, all-
optical phase shift between the adjacent bits, has fiber MZIs have been studied and developed to act

been proposed for using in optical transmission as novel optical devices, e.g., a temperature sensor, a
systems, since it exhibits superior optical signal to strain sensor, a refractive index sensor, a fiber lens, a

noise ratio (OSNR) sensitivity, high tolerance to bandpass  filter, and a signal demodula'ltor
chromatic dispersion and high robustness to fiber (Mohammed, Mehta and Johl?son,' 2004; Lize,
nonlinear effects (Gnauck and Winzer, 2005; Winzer Gomma and Kashyap, 2006; Tripathi et al., 2009;
and Essiambre, 2006). Compared with the on-off Tripathi et al.,, 2010; Wang at al., 2011; Xue and
keying (OOK), the most obvious benefit of DPSK is Yang, 2012; Hofmann et al., 2012; Shao et al,
the ~ 3-dB OSNR improvement to reach a given 2014). The pr1n.01ple of all—ﬁber MMF baseq MZIs is
BER. Such advantage can be used to extend the that, the optical power is coupled into two

transmission distance, reduce optical requirements, dominated modes, LPor and LPe, excited in the
and relax component specifications. Note, however, MMEF, when light transmits from the input-SMF to

that this ~ 3-dB benefit can only be obtained using the MMF; then, .these two modgs propagate along
balanced detection. the MMF with different propagation constants, and

Usually a  conventional Mach-Zehnder interfere with each other when they transmit from
interferometer (MZI) is used as the delay the MMF to the output-SMF. Although some hlgh-

interferometer (DI) for DPSK signals demodulation, order modes are also excited and propagating in the
due to the simple structure and easy implementation. MMF, they will not seriously affect the interference

However, the conventional MZIs have one obvious occurs between modes LPo; and LPo. Therefore,

drawback: the performance is easily affected by the such  structure, SMF-MMF-SMF  (SMS),  can
environment, such as temperature, since two beams approximately work as a MZI. The main advantage
go through two different physical paths. of all-fiber MMF based MZI, compared to the

In order to improve the MZI performance, all- conventional MZI, is low-cost, easy manufacture,
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and performance improvement due to the two arms
sharing the same hardware. However, the drawback
of such MZIs is also obvious: the interference
extinction ratio (ER) is very low, since the power
coupled into mode LPy; is much higher than that
coupled into the mode LPy. In addition, the other
high-order modes exited and propagating in the
MMF will also affect the interference ER.

To improve the interference ER, some schemes,
through using a special fiber to replace the
commercial graded-index MMF in the SMS
structure, have been proposed, including: a photonic
crystal fiber (PCF) (Du et al., 2010), a double
cladding fiber (Pang et al., 2009), a thin-core fiber
(Zhu et al., 2010), and a graded-index MMF with a
central dip (Chen, Horche and Minguez, 2014). In
this work, we propose an alternative all-fiber MZI,
which is a graded-index MMF mismatch spliced
between two SMFs, as shown in Figure 1(a). With a
transverse offset, more power is coupled into the
first non-circular symmetrical mode LP;, while less
power is coupled into fundamental mode LPy,
resulting in balancing the power difference between
two beating modes, and thus improving the
interference ER. This improvement makes it
possible to use for DPSK signals demodulation.

Some previous papers have studied the
application of an all-fiber in-line MZI using as a
DPSK demodulator, which includes a birefringent
fiber based MZI (Chow and Tsang, 2005), a special
step-index MMF based MZI (Lize, Gomma and
Kashyap, 2006), a PCF based MZI (Du et al., 2010),
and an all-fiber MZI based on a graded-index MMF
with a central dip in index profile (Chen, Horche and
Minguez, 2014). In this work, we propose an
alternative DPSK receiver, which is based on our
proposed all-fiber MZI. In comparison with the
schemes mentioned above, our proposed DPSK
receiver also shows merits of low-cost, easy
manufacture and good performance.

The paper is organized as follows. The theory of
the proposed all-fiber MZI is presented in Section 2.
Experimental setup and results are presented and
discussed in Section 3. DPSK receiver based on the
proposed all-fiber MZI for 40 Gbps DPSK signals
demodulation is presented, and simulation results are
commented in Section 4. Finally, conclusions are
drawn in Section 5.

2 THEORY

Figure 1(a) shows our proposed all-fiber MZI, which
is based on a graded-index MMF mismatch spliced

14

between two SMFs. Note that only the core fibers
are drawn in this figure.

MMF

b)

Figure 1: Principle of the proposed MZI (a) compared
with the conventional MZI (b).

(b)
Figure 2: (a) Power distribution inside the graded-index
MMF in the case of incident light offset from the MMF
center (+5 pm); (b) Power distribution along the optical
axis of +5 um.

According to the theory of modal interference,
which is a well-known phenomenon and it had been
studied by many authors (Horche, Muriel and Pereda,
1989; Abe et al., 1992; Blahut and Kasprzak, 2004;
Mohammed, Mehta and Johnson, 2004; Tripathi et
al., 2009; Tripathi et al., 2010; Wang at al., 2011;
Xue and Yang, 2012; Hof mann et al., 2012; Shao et
al., 2014), the excited modes in the MMF interfere
with each other along the propagation direction, and
the power distribution along the propagation
direction can be drawn as Figure 2(a). It can be seen
that the power distributes periodically along the
MMEF, and almost all the power is coupled back to
the output-SMF. Figure 2(b) shows the
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corresponding power distribution along the
propagation axis (+ Sum). Defining the field
distribution of each excited mode LP. as ¥, and
assuming that the transverse offset between the
input-SMF and the MMF is x,. Also, assuming that
the output-SMF has the same parameters as the
input-SMF and has the same transverse offset x4, the
power coupled into the output-SMF can be written
as (Kumar et al., 2003):

2

Pout =
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where Ej, is the normalized input field and ¥ (r, L)
are the normalized eigenmode at the end of the
MMF. ¢, and B, are, respectively, the coupling
coefficient and propagation constant of each excited
mode in the MMF. The equation indicates that the
power coupled into the output-SMF depends on the
relative phase difference at the end of the MMF (L).

Although many modes are excited and
propagating in the MMF, most of the power is
coupled into modes LPy; and LP;;, due to the
transverse offset between the input-SMF and the
MMEF. Therefore, our scheme can approximately
work as a MZI. Also, since the power difference
between these two modes is reduced much,
compared to the SMS structure where the MMF is
aligned to the SMFs, interference ER of our
proposed MZI is improved. In addition, compared
with the conventional MZI built with two fiber
couplers, as shown in Figure 1(b), our proposed all-
fiber MZI performs more stably, because both arms
share the same hardware, resulting in less sensitive
to the external environment, such as temperature. It
should be noted that in the conventional MZI, the
light is first split equally into two beams by a fiber
coupler, and then they pass through two different
physical paths. Finally, they re-combine together by
another fiber coupler and interfere with each other
due to the phase difference between two beams.

Despite a little power is coupled into some high-
order modes, these modes do not seriously affect the
transmission spectrum of our proposed all-fiber MZI.
The only influence they generate is slightly changing
the interference ER, leading to the outline of
transmission spectrum periodically oscillating with
the wavelength (or frequency), which is verified in
Section 3. If we ignore the high-order modes excited
in the MMF, the transmission function (Equation (1))
of our proposed all-fiber MZI can be simply
expressed as that of a conventional MZI:

Fibers

where 7; and T represent the intensity of modes
LPo; and LPy,, respectively. ¢ is the phase difference
between these two modes, and it can be written as:

L
Q= j AB (z)dz = LAB 3)
0

where L is the MMF length, Af is the propagation
constants difference between modes LPo; and LPy;.
In combination with (2) and (3), we can see that the
power coupled into the output-SMF is only decided
by the MMF length, L.

To concentrate the power on the axis location of
the output-SMF at the end of the MMF, the phase
difference between these two dominated modes
should be equal to an integer multiple of 2x. In other
words, the MMF length should be an integer
multiple of beat length z,,, which can be written as:

21

Bor — Bl ®
where f,; and f5;; are the propagation constants of
modes LPy; and LPy;, respectively.

The transmission spacing AA between the
adjacent constructive peaks (or destructive valleys)
can be written as:

A2 2m Az,
- - = — =22 (5
[M91 —nualL [Bor — PralL L

where ng; and n;; are the effective index of modes
LPo; and LP;;, respectively. We can see that,
according to (5), the spacing AA is inversely
proportional to MMF length. In addition, the
propagation constants difference between the two
beating modes can be approximately written as
(Horche et al., 1989):

Bor — P11 =

Zp

A

—— (U3, — U? 6
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with
Uo1 = 2.405e-1/V
U11=3.83e/V

for the mode LPo:
for the mode LP::

2ma
= 1 ngore_n?lad
where a is the core radius, A is the wavelength in
vacuum, M., 1S the maximum refractive index of
the core and n;,4 is the cladding refractive index.
Combining with the (5), the time delay between
two beating modes can be defined as:

L L

_AnL 22
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It shows that the delay time only depends on the
effective index difference An and the MMF length,
L. In order to evaluate the delay efficiency of our
proposed all-fiber MZI, we also define another
parameter called delay coefficient, Ad ,
corresponding to the time delay in a one-meter
MMEF:

At An A2
Ad=T=—=7107 ®)

We can that the delay coefficient only depends
on the effective index difference An, which is
determined by the MMF refractive index profile.

3 EXPERIMENT

According to the theoretical analysis in Section 2,
we built an experimental setup, as shown in Fig. 3,
for observing the transmission spectrum of our
proposed all-fiber MZI. A white source with almost
a flat spectrum in the range from 1 pm to 1.62 um
was used as the light source. The SMFs (9 um /125
pum) were the commercial standard SMFs compliant
with ITU-T G.652, and the MMF (50 pm /125 pm)
was also a commercial graded-index MMF, with
maximum core refractive index of 1.473 and
cladding refractive index of 1.4567. In the
experiment, the MMF was spliced between two
SMFs by two micro-positioners, for accurately
adjusting the transverse offset. Note that the micro-
positioners are not shown in Figure 3. Finally, the
output-SMF was directly connected to an optical
spectrum analyzer (OSA) for observing and
recording the transmission spectrum.

The experimental results of transmission
spectrums are shown in Figure 4, with different
MMF lengths of 38.5, 46 and 76 cm. As can be seen,

interference ER as high as 18 dB is obtained in the
experiment. These results agree with the theory
presented in Section 2: most power is coupled into
modes LPo; and LP;;, and power difference between
these two modes is small. Also, comparison between
Figure 4 (a) and (c) indicates that the transmission
spacing AM is inversely proportional to the MMF
length: increasing MMF length from 38.5 to 76 cm
results in a decrease of wavelength spacing AA from
4.34 t0 2.22 nm.

Figure 4(a) also shows that a relative time delay
At of 1.85 ps, which is got through (7), is obtained
when the MMF length is 38.5 cm. According to (8),
it can be calculated that the delay coefficient Ad is
4.81 ps/m. This value is larger than that of step-
index MMF based MZI (Lize, Gomma and Kashyap,
2006) and birefringent fiber based loop mirror
(Chow and Tsang, 2005), which possesses delay
coefficients of 3.48 and 0.91 ps/m, respectively. It
implies that the required MMF length for generating
a certain time delay is much shorter. However, the
delay coefficient of our proposed all-fiber MZI
device is much smaller than that of all-fiber MZIs
proposed by Chen (Chen, Horche and Minguez,
2014) and Du (Du et al.,, 2010), which possesses
delay coefficients of 8.7 and 30.4 ps/m, respectively.

The transmission spectrums in Figures 4(b) and
(c) reveal the periodic nature on the change of the
interference ER. This phenomenon agrees with the
theoretical analysis mentioned in Section 2: some
high-order modes, such as modes LPy, and LP»;, are
excited and propagating in the MMF. Note,
however, that the transmission spectrum is mainly
determined by the phase difference between modes
LPo; and LP;; at the end of MMF. At a certain
wavelength, the output power reaches the minimum
due to the destructive interference, when the phase

*/?

White source

OSA

Figure 3: Experimental setup. LED: light emitting diodes; MMF: multimode fiber; SMF: single-mode fiber; OSA: optical

spectrum analyzer.
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Figure 4: Transmission spectrum of the all-fiber MZI
device with different MMF lengths of 38.5 cm (a), 46 cm
(b), and 76 cm (c).

difference is equal to even times of 7. In theory, the
spectral period should be inversely proportional to
MMF length, which agrees with the experimental

Fibers

results: increasing MMF length from 46 cm to 76 cm
leads to a decrease of spectral period from 78 nm to
49 nm.

4 PROPOSED MZI FOR DPSK
SIGNALS DEMODULATION

As mentioned in Section 1, interference ER is a very
important parameter for demodulating DPSK
signals, when an all-fiber MZI is used as a DPSK
demodulator. The high interference ER obtained in
the experiment make our proposed all-fiber MZI
device possible for using as a DPSK demodulator. In
this section, we verify, through simulation, that our
proposed all-fiber MZI can be used for DPSK
signals demodulation.

The MMF model used in the simulation is almost
the same as the graded-index MMF used in the
experiment. It can be theoretically calculated that the
delay coefficient is 4.93 ps/m, which is very close to
the results obtained in the experiment. The required
MMF length, thus, is 5.068m for demodulating a
40Gbps DPSK signal. Figure 5 shows the
transmission spectrum of the proposed all-fiber MZI
with MMF length of 5.068 m. It can be seen that
high interference ER is obtained in the simulation.

Simulation design of a back-to-back 40 Gbps
DPSK system, including a conventional transmitter
and a receiver based on our proposed all-fiber MZI,
is depicted in Figure 6. A the transmitter, a 1550 nm
continuous-wave source was modulated by a
LiNbO; Mzch-Zehnder modulator (MZM), driven
by a 40 Gbps precoded data stream, which is a
pseudo randam bit sequence of length 2'5-1, to
generate a 40 Gbps DPSK signal. At the receiver,
the signal was first amplified by an erbium-doped
fiber amplifier (EDFA), and then the noise-loaded
signal was filtered by a bandpass filter with an 85-
GHz 3-dB bandwidth. After that, the signal was
demodulated by our proposed all-fiber MZI,
followed by a photodetector. Finally, a bit error rate
(BER) analyzer was used to analyze the quality of
the received signal. Note that the simulations were
carried out through OptiSystem.

The simulation results of back-to-back sensitivity
are shown in Figure 7. The sensitivity of our
proposed receiver is about -22.5 dBm at a BER of
10-15 and about -23.9 dBm at a BER of 10-9.
Compared  with  the  conventional  delay
interferometer based DPSK receiver built with two
fiber couplers (Gnauck and Winzer, 2005), our
proposed receiver has 1.3 £ 0.2 dB sensitivity
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Figure 5: Transmission spectrum of the proposed all-fiber
MZI with MMF length of 5.068m.
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Figure 7: BER as a function of received power.

penalty. This penalty is mainly caused by the
imbalanced detection, since the output-SMF only
provides one output port. This problem can be
solved by splicing a dual-core fiber at the output end
of the proposed MZI, thus, detecting the
demodulated signals in the two cores. However, it

BSG Precoder PG

0101 UL

should be noted this design is at the expense of
increasing the complexity of the receiver. In
addition, the MMF induced signal impairment can
also lead to sensitivity penalty. The relatively open
intensity eye shown in the inset demonstrates that
the proposed receiver can provide error-free
operation.

5 CONCLUSIONS

We have demonstrated, through theory and
experiment, an all-fiber MZI device, which is based
on a commercial graded-index MMF mismatch
spliced between two SMFs. In this structure, most of
the input power is coupled into modes LPy; and LPy;
excited in the MMF. These two modes interfere with
each other along the propagation direction, and the
light power coupled into the output-SMF only
depends on the relative phase difference at the end
of the MMF. Thus, interference pattern can be
obtained at the exit of the output-SMF. Interference
ER, as high as 18 dB, is obtained in the experiment,
and a delay coefficient of 4.81ps/m is obtained also.
Finally, simulations of using the proposed all-fiber
MZI to demodulate a 40 Gbps DPSK signal are done.
Simulation results show that the proposed DPSK
receiver has similar performance as the conventional
receiver built with two couplers, but with 1.3 = 0.2
dB sensitivity penalty.

Since the design of our proposed all-fiber MZI is
low-cost and easy manufactured, it will be used
widely in many optical applications in the future,
such as filters or temperature sensors. Moreover,
with the proper design, it can also be used as WDM
multiplexer and demultiplexer.

DPSK Transmitter

OA

BPF oD BER Analyzer

DPSK receiver

Figure 6: Simulation setup. CW: continuous wave; BSG: bit sequence generator; PG: pattern generator; MZM: Mach-
Zehnder modulator; OA: optical amplifier; BPF: bandpass filter; BER: bit error rate; PD: photodetector.
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