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Characteristic analysis on an interleaver 
with a fiber loop resonator by using 
a signal flow graph method
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We propose an interleaver based on the Mach–Zehnder interferometer with a resonator
incorporated in one arm. By using the method of signal flow graph, we get the simple closed-form
expressions for transmission of this interleaver. The result indicates that the widths of 0.5 dB
passband and 25 dB stopband of the interleaver are improved remarkably, which are much wider
than that of the conventional Mach–Zehnder interferometer. The interleaver proposed has an ideal
rectangular spectral response. Finally, we have analyzed the influence exerted by the parameters
on its transimission characteristics and found that the transmission spectrum of this device depends
highly on the intensity coupling coefficient of the coupler and fiber loop length.
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1. Introduction

The dense wavelength division multiplexing (DWDM) is an effective method to increase
the transmission capacity for optical communications. If one wishes to decrease
the channel spacing in order to enlarge the transmission capacity, a so-called
interleaver can be used to separate the input DWDM wavelengths into two interleaved
sequences, and consequently, the channel spacing for each sequence is doubled as
compared to the original DWDM channel spacing. This is a more cost-effective way
to realize the DWDM technology with a narrow channel spacing [1, 2]. Because of
this, it receives much attention in optical communication community. As regard
the interleavers developed so far, most designs focus on Gires–Tournois based
(GT-based) Michelson interferometer [1, 3], arrayed-waveguide router (AWG) [4, 5],
ring resonator type filters [6], Mach–Zehnder interferometer (MZI) filters made with
planar waveguides or fused fiber [7–9], and lattice filter employing birefringent
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crystals [10], etc. Among those filters, the MZI filters are potential candidates, since
they are inherently low loss, spectrally extremely selective, and potentially low cost.
Furthermore, the MZIs have other important applications in optical nonlinearity
measurement [11] and optical fiber sensing field [12]. So, the MZIs have attracted
considerable interest.

In applications, the filters should have an ideal rectangular spectral response,
i.e., large passband width with a flat top spectrum, and steep slope to achieve high
isolation between adjacent channels over a large stopband region, which can relax
the requirements on wavelength control for lasers. However, the spectral response of
a conventional MZI is sinusoid, due to which the interleaver is limited in the bandwidth
of passband/stopband. So, the conventional MZI is not appropriate for use. In order
to obtain a flat-top passband, an interleaver based on cascaded MZIs is used [13].
A similar flat passband filter with 2×2 and 3×3 couplers has also been reported [14].
In this paper, we design a new modified project. An interleaver based on MZI with
a fiber loop resonator in one arm is presented. The result indicates that the interleaver
in this paper can simultaneously improve the widths of 0.5 dB passband and 25 dB
stopband, which are much wider than those of the conventional Mach–Zehnder
interferometer. The filtering performance of this novel interleaver, which achieves
a nearly square spectrum response, is much better than that of the conventional MZI.

2. Theory and simulation analysis

Figure 1 shows a configuration of the interleaver proposed. It consists of an MZI
with a ring resonator in one arm. The difference between this device and conventional
MZI lies in a ring resonator used in one of the MZI arms. This can cause a multi-light
beam interference effect, which results in the new change of phase between the two
arms of MZI.

 Various techniques have been used for the analysis of fiber optic and filter [15].
There are two main classes of such techniques. The first class comprises a set of
analytical methods including the scattering matrix method, the transfer matrix/chain
matrix algebraic method, and the method of solving the field equations. In the second
class, use is made of a graphical approach; it is called the signal flow graph (SFG)
method as proposed by MASON [16]. This method has originally been used in the
electrical circuits, which is not a common practice in the analysis of optical circuits.
The advantage of this method is that relations between unknown variables could be
displayed explicitly and it provides better insight into the interaction of the system
components. In addition, a set of equations corresponding to the graph can be easily
derived by the association rule. This paper thus aims to employ this approach in
the analytical derivation for the optical transfer functions of the structure proposed.

The SFG of the device is shown in Fig. 2. To determine the transmittance from
node 1 to node 10, we examined all the paths going from node 1 to node 10 in the SFG.



Characteristic analysis on an interleaver ... 505

By inspection, there are three forward paths: P1, 1 2 4 7 8 10; P2, 1 2 4 5 f4 6 7 8 10;
P3, 1 3 9 10. Because these paths are the product of their directed branches,
respectively, P1, P2 and P3 can be written as:

(1)

where xi = (1 – ki)1/2, yi = j (ki)1/2 (i = 1, 2, 3), ki is the intensity coupling coefficient of
the corresponding coupler; and fi = exp(iβLi), Li is the length of the fiber shown in
Fig. 1, f4 = exp(iβL), L is the fiber length of the fiber loop. In addition, we examined
the SFG, with only one feedback loop, which is presented by nodes: 5 f4 6 5. Its
value is y2 f4. Also, we can see that only P2 touches this feedback loop from the SFG.
So, the Δi can be separately written as:
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Fig. 1. Configuration of the MZI with a fiber loop resonator.

Fig. 2. SFG of the MZI with a ring resonator.
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Using the Mason rule, the transmission of the node 1 to 10 can be written as:

(3)

with Δ = Δ1. Using the above formulas, we obtain

(4)

We assume 3 dB couplers are used in MZI. The optical fiber and coupler losses
are neglected. The coefficient k is the intensity coupling coefficient of the coupler in
the fiber loop resonator. ΔL = L3 – L1 – L2 is the pathlength difference of the two
arms of MZI. Having satisfied the resonating condition, ΔL, Δλ and L should satisfy
the following relationships [8]: 

(5)

with λ0, neff and Δλ standing for the center wavelength, the fiber effective index and
the channel spacing, respectively.

Figure 3 shows the transmission spectra of MZI with a ring resonator as a function
of frequency, where ΔL is set so as to obtain channel spacing of approximately 0.8 nm
at center frequency f0 ≈ 193.4 THz (corresponding center wavelength λ0 = 1550 nm).
The intensity coupling coefficient k is 0.25 and neff is 1.47. It can be seen from Fig. 3
that the transmission spectrum of T is characterized by a series of equally spaced
transmission peaks in the frequency domain, and the transfer function of rectangular-
-shaped frequency is accomplished.

For better understanding the filter characteristics of this device, the simulation
results of a 25 dB stopband in 50 GHz channel spacing application are shown in Fig. 4.
To have a closer look at the top portion of the spectra, Fig. 4a is enlarged and its top
portion is shown in Fig. 4b. In these figures, the spectral response of the interleaver
proposed is marked with solid line, and the dashed line represents a conventional MZI.
It is clear that the flat-top ripple is less than 1.3×10–2 dB and the 0.5 dB passband width
is about 42 GHz, which is near 84% of 50 GHz channel spacing. The 25 dB stopband
width is found to be about 34 GHz (being nearly 68% of 50 GHz channel spacing).
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The channel isolation is, at least, to be better than 25 dB between the adjacent channels.
The conventional MZI’s 0.5 dB passband and 25 dB stopband widths are 21.4 GHz,
3.6 GHz, respectively. They correspondingly account for the 50 GHz channel spacing
42.8% and 7.2%. From Fig. 4, one can see that the interleaver proposed provides
the 25 dB stopband and 0.5 dB passband widths, which are larger than those of
conventional MZI. It is clear from the figures that the proposed interleaver is attractive
in flat passbands. In addition, the 0.5 dB passband widths of the interleaver reported
in [13, 14] are about 26 GHz and 33 GHz, and the 25 dB stopband widths are 24 GHz,
31 GHz, respectively. From this comparison, we can see that the interleaver proposed
in this paper offers better filter effect.

From Eq. (4), we can see two new parameters, k and L, introduced in the device
proposed. It is necessary to study the influence of these parameters on transimission
characteristics of the interleaver proposed.

In Figure 5, transmission spectra of T versus frequency, with different k, are
presented. The B, C, D, E, F correspond to the values of intensity coupling coefficient
k for 1/4, 1/2, 3/4, 7/8 and 1. It is clear from the figure that all the curves intersect at

Fig. 3. Plot of transmission T  versus frequency.
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Fig. 4. Simulantion results of a 25 dB stopband (a) and a 0.5 dB passband (b) of the interleaver in 50 GHz
channel spacing. Solid line: the interleaver proposed; dashed line: conventional MZI interleaver.
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half maximum intensity 1/2, and the intensity in the passband and that in the stopband
of the interleaver are complementary. Note that the curve with k = 1 restores to that of
conventional MZI. In addition to this, when k = 0, the transmission spectra are also
those of the conventional MZI. This is because the multilight beam interference
has not been produced in the fiber loop resonator, and thus the proposed interleaver
is equivalent to the conventional MZI. From the figure, it can also be seen that as
the value of k increases, one peak and one trough symmetrically appear on either side
of the center frequency; these extreme points move outwards and the trough gets
deeper, resulting in a wider bandwidth but with a large ripple. Besides, with an increase
of k, the side lobe is enhanced, which results in the channel isolation reduction. So, in
the real-world application, k should take a small value to satisfy a given isolation
requirement.

Fig. 5. Transmission spectrum T  versus frequency with different k; B, C, D, E, F correspond to the values
of k for 1/4, 1/2, 3/4, 7/8 and 1.

Fig. 6. The transmission spectra of interleaver with different L; B, C, D, E correspond to the change of L,
which are 0, 100, 200, 300 nm, respectively.



Characteristic analysis on an interleaver ... 509

Because the transmission spectrum of interleaver is sensitive to the length of fiber
loop, the system has strict request for the optical fiber loop length. In order to show
how big this kind of influence is, we have drawn transmission spectra of the interleaver
proposed with different L in Fig. 6. The parameters in the figure are: ΔL ≈ 2.05 mm,
L ≈ 4.1 mm, λ0 = 1550 nm, k = 0.25 and Δλ = 0.8 nm; B denotes the curve when L is
4.1 mm; C, D, E are the curves when the length changes are 100 nm, 200 nm and
300 nm, respectively. One can see in the figure one trough appearing on the right-hand
side of the center wavelength with L increasing. This causes the ripple to increase.
It can also be seen that as the value of L increases, the side lobe is enhanced, which
results in the channel isolation reduction. Furthermore, the center wavelength shows
the drifting along the long wave direction. The cause of these phenomena is that
matching condition, L = 2ΔL –λ0/(4neff), has been destroyed with the change of L. In
brief, when L changes, the shape of the curve is distorted. In order to achieve the best
system performance, the L drifting should be smaller than 100 nm by our calculation.

3. Conclusions

In this paper, we have proposed a novel interleaver based on MZI with a fiber loop
resonator in one arm. The interleaver can have the widths of 0.5 dB passband and 25 dB
stopband simultaneously improved, which are much wider than those of conventional
Mach–Zehnder interferometer. The interleaver proposed has an ideal rectangular
spectral response, i.e., large passband bandwidth with a flat top spectrum, steep slope
and high isolation. This performance can relax the requirements on wavelength
control for lasers in a DWDM system. Finally, we have analyzed the influence exerted
by the parameters on its transimission characteristics and found that the transmission
spectrum of this device depends highly on the intensity coupling coefficient of
the coupler and fiber loop length. The calculation and analysis in this paper aim at
the optical fiber, and the interleaver may be realized by using the plane waveguide
technology.
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