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Abstract—We present the design and experimental demonstration of a compact tunable silicon photonic interleaver with a wide
spectral range. The interleaver consists of an interfering loop containing a Fabry–Perot cavity formed by two Sagnac loops. The
transmission coefficients of the directional couplers are calculated
based on the maximally flat criterion. The impacts of the transmission coefficient variations on the extinction ratio and filter
sharpness are investigated. The wavelength dependences of the
directional couplers are analyzed to increase the spectral range of
the interleaver. The device was fabricated on a silicon-on-insulator
platform. The spectral ranges of the measured transmission and reflection spectra are increased to 60 nm. By thermal tuning the waveguide connecting the two Sagnac loops, the central wavelength can
be shifted over one free spectral range with a wavelength-tuning
efficiency of ∼0.08 nm/mW.
Index Terms—Fabry–Perot, optical filters, sagnac interferometers, silicon photonics.

I. INTRODUCTION
N INTERLEAVER is a periodic optical filter that combines or separates dense wavelength division multiplexed
(DWDM) signals [1]–[7]. Silicon photonic interleavers offer competitive advantages including compact footprint, low
power consumption, and CMOS compatible fabrication [8], [9].
Various schemes have been proposed to realize silicon photonic interleavers [3], [9]–[12]. To obtain boxlike spectral responses, ring-assisted Mach-Zehnder interferometer (RA-MZI)
structures [3], [10], [11] have been employed to improve the
roll-off at the passband edges. However, the long cavity lengths
of ring resonators are needed to achieve narrow channel spacing.
In addition, the length difference of the two MZI arms should
be half the ring circumference, which requires multiple phase
shifters to tune the central wavelength. A ring-resonator MZI
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(RR-MZI) interleaver [9], [12] comprising a ring resonator and
a directional coupler eliminates the length difference of the two
arms. However, it still has a long cavity length to obtain narrow channel spacing. A silicon photonic interleaver using loopmirror-based Michelson-Gires-Tournois interferometer (MGTI)
was proposed in [13]. It takes advantage of the reflective optical
paths to reduce the cavity length, but a precise control of length
difference between the two arms is required [14], [15]. In our
previous work [16], we proposed and experimentally demonstrated a compact silicon photonic interleaver using an interfering loop containing a Fabry-Perot (FP) cavity formed by two
Sagnac loops to remove the length difference. Boxlike transmission spectrum in a ∼20-nm spectral range was measured
at one output port. The reflection spectrum complementary to
the transmission spectrum was not measured due to the high
reflection power from the grating coupler to the input fiber.
In this paper, we perform a detailed study of design, fabrication, and characterization of the interleaver. To obtain flattop
passbands, the transmission coefficients are calculated based on
the maximally-flat criterion. Analysis reveals that the odd-order
derivatives of the intensity transfer function vanish while the
second-order derivative is dependent on the transmission coefficients. Therefore, by setting the second-order derivative to zero,
the transmission coefficients can be obtained in a maximally-flat
sense. The impacts of the transmission coefficient variations on
the extinction ratio (ER) and filter sharpness are investigated.
Then the wavelength dependences of the directional couplers are
taken into consideration. By properly designing the directional
couplers, high ERs can be obtained in the desired wavelengths,
thus increasing the spectral range of the interleaver. In this paper,
the spectral ranges of the measured transmission and reflection
spectra are increased to 60 nm. The reflection spectrum is measured by inserting a directional coupler before the input of the
interfering loop. The free spectral range (FSR) of the interleaver
is ∼1.96 nm. By thermally tuning the waveguide connecting the
two Sagnac loops, the central wavelength of the interleaver can
be shifted over one FSR with a wavelength-tuning efficiency of
∼0.08 nm/mW.
The paper is organized as follows. Section II describes the
device configuration and operation principle. The transmission
coefficients of the directional couplers are calculated to realize
flattop passbands. In Section III, the impacts of the transmission coefficient variations on the ER and filter sharpness are
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Fig. 1. (a) Schematic of the interleaver. (b) An equivalent structure. FP:
Fabry-Perot.

investigated, and the wavelength dependences of the directional
couplers are analyzed to increase the spectral range of the interleaver. Section IV presents the fabrication processes and experimental results of the device including measured transmission
and reflection spectra, and central wavelength tuning. Finally,
Section V provides the conclusion.
II. DEVICE CONFIGURATION AND OPERATION PRINCIPLE

2

−4t1 k1 t2 k2 + (t21 − k12 )(t22 − k22 ) z −1 − 4t1 k1 t2 k2 z −2
, (5)
1 + 4t22 k22 z −2
2

The schematic of the interleaver is shown in Fig. 1(a). The
device consists of a directional coupler and a FP cavity formed
by two Sagnac loops. It is equivalent to the structure shown in
Fig. 1(b). The light launched into the input port is split by the
directional coupler. After passing and reflecting by the FP cavity,
the lights are recombined and output through the directional
coupler.
The transmission and reflection functions tT and tR of the
interleaver can be written as:
tT = a21 ((t21 − k12 )tFP + 2t1 k1 jrFP ),

(1)

tR = a21 ((t21 − k12 )rFP + 2t1 k1 jtFP ),

(2)

tFP = (t22 − k22 )2 a22 a3 /(1+4t22 k22 a22 a23 ),

(3)

rFP = 2jt2 k2 (a2 +

HT (z) = a21 a2 ×

HR (z) = 2ja21 a2

A. Device Configuration and Transmission Functions

a32 a23 )/(1+4t22 k22 a22 a23 ),

The derivatives of the intensity transfer function for our device
are calculated to realize a maximally-flat response [20]. Since
the intensity transfer function is an even function of the phase
shift φ ( = βL), the odd-order derivatives at φ = 0 are zero.
Therefore, by setting the second-order derivative to zero, the
transmission coefficients can be obtained in a maximally-flat
sense. In the following discussion, a lossless device (α = 0)
is considered. The group index ng is 4.352 according to the
fitting value from our previously fabricated devices. To achieve
a FSR of ∼2 nm, the lengths of the waveguides are chosen as
l1 = 41.89 μm, l2 = 64.83 μm, and l3 = 207.55 μm.
According to (1) and (2), the transmission and reflection functions tT and tR in z-domain can be expressed as:

×

(t21 − k12 )t2 k2 + t1 k1 (t22 − k22 ) z −1 + (t21 − k12 )t2 k2 z −2
.
1 + 4t22 k22 z −2
(6)

Here z −1 = exp(−jφ) = exp(−jβL) is half the round-trip
delay of the FP cavity, φ is half the round-trip phase shift, and L is
the cavity length. To obtain the same amplitudes in the passbands
of |HT (z)| and |HR (z)|, the condition |HT (z)| = |HR (−z)|
should be satisfied. As a result, t21 − k12 = ±2t1 k1 , t1 = 0.924
or 0.383. Since the spectra of |HT (z)|2 and |HR (z)|2 are complementary, only HT (z) needs to be studied. For simplicity,
HT (z) can be expressed as:
HT (z) = a21 a2

a = −4t1 k1 t2 k2 ,

(4)

where tFP and rFP are the transmission and reflection functions of the FP cavity, respectively. ti and ki (t2i + ki2 = 1, i =
1, 2) are the transmission and coupling coefficients of the directional couplers, respectively. ai = exp( −αli − jβli ) (i =
1, 2, 3) are the transmission factors of the waveguides, with
li (i = 1, 2, 3) denoting the lengths of the waveguides. α is the
loss factor and β = 2πng /λ is the propagation constant of the
silicon waveguides. ng is the group index. The cavity length of
the FP cavity L = l2 + l3 determines the FSR ( = λ2 /(ng L)),
where l2 and l3 represent the lengths of a Sagnac loop and the
waveguide connecting two Sagnac loops, respectively.
B. Theoretical Calculation of Transmission Coefficients
In the maximally-flat criterion, the derivatives of the intensity
transfer function are used to describe the flatness of a filter [17].
Butterworth filters based on the maximally-flat criterion can
be used to approximate the desired frequency responses [18].
Synthesis algorithms of Butterworth filters have been studied
for various filter architectures such as rings, MZIs, and Bragg
gratings [18], [19].

a + bz −1 + az −2
,
1 + dz −2

b = (t21 − k12 )(t22 − k22 )2 ,
d = 4t22 k22 .

(7)

(a + bz −1 + az −2 )(a + bz + az 2 )
.
(1 + dz −2 )(1 + dz 2 )

(8)

Then |HT (z)|2 is
|HT (z)|2 =

At the center of the passbands, φ equals π and 0 for t1 =
0.924 and 0.383, respectively. According to (5), the spectra of
|HT (z)|2 are complementary for t1 = 0.924 and 0.383, thus
it is sufficient to study the second-order derivative with t1 =
0.924. The calculated d2 (|HT (z)|2 )/dφ2 at φ = π is


8d(2a − b)2
4ab − 8a2
2
2
2
=
d (|HT (z)| )/dφ 
+
.
4
φ=π
(d + 1)
(d + 1)2
(9)
Fig. 2(a) shows the absolute value of d2 (|HT (z)|2 )/dφ2 at
φ = π as a function of t2 . The second-order derivatives are zero
for t2 = 0.212, 0.707, and 0.977. If t2 = 0.707, the Sagnac
loops act as total reflection mirrors, and the interleaver becomes a Michelson interferometer, thus it will not be used in the

JIANG et al.: DESIGN AND EXPERIMENTAL DEMONSTRATION OF A COMPACT SILICON PHOTONIC INTERLEAVER

Fig. 2. (a) Absolute value of d 2 (|H T (z)|2 )/dφ 2 at φ = π as a function of
t2 . (b) Transmission and reflection spectra of the FP cavity for t1 = 0.924 and
t2 = 0.977.
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Fig. 4. (a) Transmission spectra at port T with different round-trip losses of
the FP cavity. (b) Normalized group delay at port T for a round-trip loss of
1 dB.

Fig. 5. (a) Tunable interleaver with one phase shifter. (b) Simulated wavelength tuning of the reflection spectrum.

bandwidth is 0.198 FSR. As a figure of merit of the roll-off
sharpness [22], the shape factor is defined as the ratio of the
20-dB bandwidth to the 3-dB bandwidth [23]. The 3-dB and
the 20-dB bandwidths are ∼1 nm and ∼1.6 nm, respectively,
corresponding to a shape factor of ∼1.6.
Fig. 3. Simulated transmission and reflection spectra with the four groups of
(t1 , t2 ): (a) (0.924, 0.977), (b) (0.924, 0.212), (c) (0.383, 0.977), and (d) (0.383,
0.212). BW: bandwidth. ER: extinction ratio.

following discussion. Since the derivatives are calculated in a
small FSR of ∼2 nm, the wavelength dependences of the directional couplers are not considered.
In the above analysis and calculations, four groups of (t1 , t2 )
are obtained: (0.924, 0.977), (0.924, 0.212), (0.383, 0.977), and
(0.383, 0.212). Fig. 3 shows the simulated transmission and
reflection spectra with the four groups of transmission coefficients. As shown in Fig. 3(a) and (c), the transmission spectra for
t1 = 0.924 and 0.383 are complementary. The different ERs of
the four groups are attributed to the finite precisions of the transmission coefficients in the simulations.
For a certain coupling gap, the transmission coefficient of a
directional coupler decreases with the increase of the coupling
length. To obtain a shorter coupling length with lower wavelength dependence, higher transmission coefficient is preferred
[21]. Therefore, t1 = 0.924 and t2 = 0.977 will be used in
the following discussion. The corresponding spectra of the FP
cavity and the interleaver are shown in Figs. 2(b) and 3(a), respectively. Fig. 3(a) shows the rejection bandwidth corresponding to a certain ER [9]. The filter bandwidth can be defined
as the smaller value of the 20-dB rejection bandwidth and the
1-dB passband width [18]. In Fig. 3(a), the FSR is ∼2 nm. The
20-dB rejection bandwidth and the 1-dB passband width
are 0.198 FSR and 0.395 FSR, respectively. Then the filter

C. Impact of Waveguide Loss
Waveguide loss degrades the filter performance of the interleaver. Fig. 4(a) depicts the filter response as a function of the
round-trip loss of the FP cavity. With increased waveguide loss,
the filter sharpness decreases and the insertion loss increases.
D. Group Delay
Group delay is defined as [24], [25]:
∂Φ
∂Φ
=−
T = τn T,
(10)
∂ω
∂θ
where Φ is the phase of the transmission function. ω is the
angular frequency. θ = 2Lng × 2π/λ = 2Lng ω/c is the total
phase shift for the light that runs one round in the FP cavity. c
is the speed of light in vacuum. T = 2Lng /c is the unit delay
of the FP cavity. τn is the normalized group delay. Fig. 4(b)
presents the normalized group delays at port T for a round-trip
loss of 1 dB. The maximum group delay is achieved at the
resonance wavelengths of the FP cavity.
τ =−

E. Simulation of Central Wavelength Tuning
The central wavelength of the interleaver can be shifted by
tuning the phase shifter on the waveguide with a length of l3 ,
as shown in Fig. 5(a). The FSR of the FP cavity is half that of
the interleaver. To obtain the same FSR = λ2 /(2Lng ) as the FP
cavity, the cavity length of a ring resonator should be 2L. The resonance wavelengths of the FP cavity and the ring resonator are
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Fig. 7. (a)(b) The shape factors at ports (a) T and (b) R, respectively. (c)(d)
The ratios of the filter bandwidths (BWs) to the FSR at ports (c) T and (d) R,
respectively. The coordinate of the symbol ‘+’ is (0.924, 0.977).
Fig. 6. Simulated transmission and reflection spectra for (a) various t1 when
t2 = 0.977 and (b) various t2 when t1 = 0.924.

both 2Lng /N (N is an integer). With the same tuning power, the
group index changes of the FP cavity and the ring resonator can
be denoted as Δng and Δng /2, respectively. The corresponding
resonance wavelength shifts are λΔng /ng and λΔng /(2ng ),
respectively. Therefore, the wavelength-tuning efficiency of the
FP cavity is twice that of the ring resonator with the same FSR.
To tune the central wavelength, the phase shift l3 ng of the
waveguide is changed by increasing the group index ng . For
simplicity, the increase of ng is equivalent to the increase of l3
in the simulation. The central wavelength shift can be expressed
as Δλ = λΔl3 /L, where Δl3 is the increase of l3 , and L =
l2 + l3 is the cavity length of the FP cavity. The ratio of the
central wavelength shift to the FSR change of the interleaver is
Δλ / ΔFSR = ng (L + Δl3 )/λ. For L = 272.38 μm in our
device, the central wavelength changes much more significantly
than the FSR.
Fig. 5(b) presents the reflection spectra of wavelength tuning.
The central wavelength tuning of the reflection spectrum is simulated by increasing l3 to l3 + Δl3 . The central wavelength is
red-shifted by ∼0.905 nm with Δl3 changing from 0.00 μm to
0.16 μm.
III. IMPACTS OF TRANSMISSION COEFFICIENT VARIATIONS
To study the impacts of the transmission coefficient variations
on the filter performance, the transmission and reflection spectra
for different t1 and t2 are simulated. Assuming a lossless device,
Fig. 6(a) shows the spectra with various t1 when t2 = 0.977.
If t1 is not 0.924, the ERs at ports T and R are not equal. When
t1 increases, the ERs first increase and then decrease at ports T
and R. Meanwhile, the filter sharpness decreases at port T and
increases at port R. Fig. 6(b) shows the spectra with various t2
when t1 = 0.924. For all t2 values, the ERs at ports T and R

are the same. With the increase of t2 , the ERs first increase and
then decrease, and the filter sharpness decreases.
To further investigate the dependences of the filter sharpness on the transmission coefficients, the contour plots of the
shape factors are provided in Fig. 7(a) and (b). The impacts of
the transmission coefficient variations on the filter sharpness in
Fig. 7(a) and (b) are consistent with that in Fig. 6. Fig. 7(c) and
(d) show the contour plots of the ratios of the filter bandwidths
to the FSR. The optimal transmission coefficients (t1 = 0.924
and t2 = 0.977) calculated in Section II(B) are indicated by
the symbol ‘+’ in the contour plots. The corresponding filter
bandwidth is ∼0.2 FSR and the shape factor is ∼1.6 at ports T
and R.
To achieve a wide spectral range, the wavelength dependences
of the directional couplers need to be considered, which might
degrade the filter performance at certain wavelengths. To obtain a filter response with high ERs in a wide spectral range,
the optimal transmission coefficients should be designed at the
central wavelength of the spectral range, thus the transmission
coefficients in the spectral range do not deviate far from the
optimal values.
IV. EXPERIMENTAL RESULTS
Fig. 8 illustrates the device layout of the interleaver. Grating
couplers for TE polarization are employed to couple light with
single-mode fibers. Since there is a high reflection power from
the grating coupler to the input fiber, it is difficult to measure the
reflection spectrum of the interleaver using an optical circulator.
We thus inserted a directional coupler before the input port of
the interfering loop, and then the reflection spectrum can be
measured at port R. The inset of Fig. 8 is a zoom-in view of the
interfering loop with three microheaters. The microheater on the
waveguide with a length of l3 is used for wavelength tuning, and
the microheaters on the waveguides connecting the directional
coupler and the Sagnac loops are used to compensate the phase
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Fig. 8. Device layout of the interleaver. The zoom-in view shows the
interfering loop with three microheaters. DC: directional coupler.

Fig. 10. Measured transmission and reflection spectra in a spectral range of
60 nm. The zoom-in view shows the spectra in a 10-nm spectral range.

Fig. 9.

Micrograph of the fabricated interleaver after wire-bonding.

difference between the two waveguides arising from fabrication
errors.
The designed device was fabricated on a silicon-on-insulator
(SOI) platform with a 220-nm-thick top silicon layer and a
3-μm-thick buried oxide layer. The cross-sections of the waveguides are 450 nm × 220 nm. E-beam lithography (EBL) was
used to define the device pattern. The top silicon layer was then
etched by an inductively coupled plasma (ICP) etching process.
A 1-μm-thick silica layer was deposited over the whole device
as upper cladding by plasma enhanced chemical vapor deposition (PECVD). 100-nm-thick Ti microheaters and 1-μm-thick
Al pads were fabricated using lift-off processes.
Fig. 9 shows the micrograph of the device after wire bonding. The footprint of the interfering loop is 120 μm × 60 μm.
The cavity length of the proposed interleaver is shorter than
the circumference of a ring resonator. However, the footprint
of the proposed interleaver is similar to that of a well-designed
racetrack ring resonator since there are two Sagnac loops in
the interleaver. A MZI structure as in [26] can eliminate the
need for an off-chip circulator, at the cost of doubled footprint. The coupling lengths of the directional couplers for t1
and t2 , and the inserted directional coupler are 4 μm, 2 μm, and

13 μm, respectively. The coupling gap is 200 nm for all couplers. Due to fabrication variations, directional couplers with
the same coupling length may have different transmission coefficients, thus multiple devices were fabricated.
A continuous-wave tunable laser was used to scan the fabricated device with a step of 5 pm. The fiber-to-fiber coupling
loss of the coupling system is ∼13 dB. The insertion loss of
the interfering loop is ∼0.5 dB. The insertion losses in the
two arms of the inserted directional coupler are ∼5.3 dB and
∼1.5 dB, respectively. Therefore, ∼5.3 dB and ∼6.8 dB additional insertion losses are introduced to the transmission and reflection spectra by the inserted directional coupler, respectively.
The additional insertion losses can be avoided by using a MZI
structure [26] in practical implementation. Fig. 10 shows the
measured transmission and reflection spectra in a 60-nm spectral
range. The maximum intensities of the measured transmission
and reflection spectra are normalized to 0 dB. The ripples in
the stopbands can be attributed to the fabrication-induced phase
errors and wavelength dependences of the directional couplers,
as discussed in Section III. The inset of Fig. 10 is a zoomin view of the spectra in a 10-nm spectral range. The FSR is
∼1.96 nm, which can be changed by varying l3 to fit the
International Telecommunications Union (ITU) grids. The
20-dB rejection bandwidth is ∼0.2 FSR. The in-band ripple
is ∼1 dB and the 1-dB passband width is ∼0.4 FSR. The 3-dB
and the 20-dB bandwidths of the passband are ∼1.110 nm and
∼1.575 nm, respectively, corresponding to a shape factor of
1.42.
The central wavelength shift is demonstrated by tuning the
microheater on the waveguide with a length of l3 . Fig. 11(a)
shows the measured reflection spectra of the interleaver by
applying different heating powers. The central wavelength is
red-shifted by 0.575 nm with a heating power of 7.14 mW.
The wavelength shifts under various heating powers are shown
in Fig. 11(b). It was tuned 2.39 nm with a heating power of
28.57 mW, corresponding to a wavelength-tuning efficiency of
∼0.08 nm/mW.
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Fig. 11. (a) Wavelength tuning by applying different heating powers.
(b) Wavelength shift versus heating power.

V. CONCLUSION
In this paper, we have presented an extended theoretical analysis and experimental demonstration of a compact silicon photonic interleaver using an interfering loop containing two Sagnac
loops. Using the second-order derivative of the intensity transfer function, the transmission coefficients for flattop passbands
are calculated. The wavelength dependences of the directional
couplers are analyzed to increase the spectral range of the interleaver. The spectral ranges of the measured transmission and
reflection spectra of the interleaver are increased to 60 nm with
a FSR of ∼1.96 nm. In the wavelength range from 1530 nm
to 1540 nm, the 20-dB rejection bandwidth is ∼0.2 FSR and
the 1-dB passband width is ∼0.4 FSR. The 3-dB and the 20-dB
bandwidths of the passband are ∼1.110 nm and ∼1.575 nm,
respectively, corresponding to a shape factor of 1.42. By thermal tuning only one waveguide, the central wavelength can be
shifted by more than one FSR with a wavelength-tuning efficiency of ∼0.08 nm/mW.
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