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Abstract: We proposed and fabricated an optical spectrum control
circuit using an arrayed-waveguide grating (AWG) and an array of
channel waveguides with tunable phase shifters. We found that the
spectral phase and amplitude of a modulated optical signal could be
arbitrarily controlled if the number of channel waveguides was set to
be more than twice the number of waveguides in the AWG. As a first
demonstration, we successfully obtained a flat band-pass filter function
with the fabricated device by controlling the tunable phase shifters to
control the interference between the light propagating through them.
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1 Introduction

Optical signal processing based on time-space conversion can be applied
to optical pulse waveform shaping[1, 2|, optical pulse train generation [3,
4], dispersion compensation [5, 6], optical code division multiplexing [1, 7],
and so on. An arrayed-waveguide grating (AWG) is a wavelength multi-
plexer /demultiplexer fabricated as a planar lightwave circuit. Silica-based
AWGs have many advantages: low propagation loss, reliability, and good
connectivity with optical fibers[8]. In this paper, we design and fabricate
an optical spectrum control circuit that consists of an AWG and an array
of channel waveguides with only tunable phase shifters[9]. We discuss the
design condition that the spectral phase and amplitude of the modulated
optical signals be arbitrarily controlled. In order to confirm the feasibility of
the fabricated device, we demonstrated first that it could be operated as a
flat band-pass filter (BPF), and good results were obtained.

2 Design of the optical spectrum control circuit

The proposed optical spectrum control circuit consists of an AWG, a tunable
phase shifter placed on each channel waveguide and a reflector, as shown in
Fig. 1(a). Optical signals from the input/output (I/O) waveguide are de-
multiplexed by the AWG and each spectral component of the optical signal
is output to the corresponding channel waveguide. The phase of each spec-
tral component is controlled by the tunable phase shifters. The controlled
spectral components are reflected at the reflector and are again multiplexed
by the AWG, and are output to the I/O waveguide. In order to arbitrarily
control the spectral phase and amplitude of the modulated optical signals,
the transmission spectrum needs to be flat before driving the tunable phase
shifters. Therefore, it is proposed that the pitch of the channel waveguides
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Fig. 1. (a) Schematic of the optical spectrum control cir-
cuit. (b) Principle of spectral amplitude control.
(c) Calculation results of transmission character-
istics with various N.. (d) Calculation results
of transmission characteristics with various phase
shift settings of the 45th channel.

(D) should be much smaller than the spatial resolution at the input of the
channel waveguides (dyx). When this condition is satisfied, the spectral com-
ponents corresponding to the middle of the channel waveguides are coupled
to both sides of the channel waveguides as shown in Fig. 1 (a). This condition
is described as follows:

AoLo
= %2 S op, 1
d nsNaDy — ( )

where Ag is the center wavelength of the AWG, Ls is the length of the second
slab waveguide, ng is the effective refractive index in the slab region, and N,
is the number and D, is the pitch of the waveguides in the AWG. Ls can be
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described as follows:
L, — nSN(;\DaDC @)
0
where N, is the number of channel waveguides. Using Eq. (1) and Eq. (2),
the design condition that the spectral phase and amplitude of the modulated

optical signal be arbitrarily controlled is given by
N¢ > 2N,. (3)

The same spectral component is output to several channels as shown in
Fig. 1(b), and the high-order diffraction components of the reflected light
increase when the phase shift difference of adjacent channel is large. This
diffracted light arrives at outsides of the waveguides in the AWG. Therefore,
the spectral amplitude is changed without changing amplitude of demul-
tiplexed spectral component. Table I shows the design parameters of the
fabricated optical spectrum control circuit using the design conditions from
Eq. (1) to Eq. (3). The number of channel waveguides is 90 and is twice
as many as the number of waveguides in the AWG. The free spectral range
(FSR) is 150 GHz and the number of tunable phase shifters is 64 in order that
the control frequency range is the central 100 GHz of the FSR. The length
of the first slab waveguide is determined such that most of the input light
should be coupled to the waveguides in the AWG. Figure 1 (c) shows the re-
sults of a calculation of the transmission characteristics with various N.. The
transmission spectrum is almost flat when N, is 90, but is comb-like when
N is 20. Figure 1(d) shows the results of a calculation of the transmission
characteristics with various phase shift settings of the 45th channel. This re-
sults show the spectral amplitude can be controlled using only tunable phase
shifters. On the other hand, the spectral phase can be controlled with slight
change in amplitude when the phase shift difference of adjacent channel is
small. The spectrum within a 100-GHz bandwidth can be controlled with a
1.67-GHz resolution.

Table I. Design parameters of the optical spectrum control

circuit.
Parameter [Unit] Value
Relative refractive index difference [%] 1.5
Free spectral range [GHz] 150
Center frequency [THz] 193.35
Number of waveguides in the AWG 45
Number of channel waveguides 90
Pitch of the waveguides in the AWG [um] | 15.5
Pitch of the channel waveguides [um] 7.5

Length of the first slab waveguide [pum] 3830
Length of the second slab waveguide [um] | 9832

Path length difference [um] 1374

Diffraction order 1289
Number of tunable phase shifters 64
Control frequency range [GHz] 100
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Fig. 2. Transmission spectrum of the fabricated device;
(a) none of the tunable phase shifters was driven,
(b) a flat BPF performance.

3 Experimental results

Figure 2 (a) shows a transmission spectrum of the fabricated device before
driving the tunable phase shifters. The large ripple is due to phase errors in
the channel waveguides. In order to confirm the feasibility of the fabricated
device, we demonstrated that it can be operated as a flat BPF. The initial
phase shift settings for each channel to give a flat BPF performance were
obtained so that the transmission spectrum became flat. The steps to obtain
the initial phase shift settings were as follows: (i) the spectral component
corresponding to the first channel was input and the phase shift setting of
the first channel (¢;) was determined so that the transmittance was maxi-
mum, (ii) after the first channel phase shift was set to be ¢;, the spectral
component corresponding to the second channel was input and the phase
shift setting of the second channel was determined so that the transmittance
should be maximum, (iii) this procedure was repeated until the 64th channel
phase shift setting was obtained. The initial phase shift settings were de-
termined by repeating this step five times. Figure 2 (b) shows the result of
the demonstration of flat BPF performance. The transmission spectrum is
nearly flat, but a small ripple remains because some phase errors exist in the
channel waveguides. The loss was about 15dB, including the coupling loss
of the optical fiber to the fabricated device and the insertion loss of the cir-
culator. It was confirmed by simulation that the phase response was nearly
flat when the fabricated device operated as a BPF [9]. This result shows the
amplitude of each spectral component can be arbitrarily controlled by the
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tunable phase shifters, although there is interference between light propagat-
ing through the channel waveguides. Although some loss is caused, the phase
of each spectral component can be arbitrarily controlled within the allowable
loss. With the proposed device the spectral phase and amplitude of optical
signals can be controlled by tunable phase shifters only, and it is expected
that the device can be used in future optical signal processing applications.

4 Conclusion

We have designed and fabricated an optical spectrum control circuit using
an AWG and an array of channel waveguides with tunable phase shifters. In
order to arbitrarily control the spectral phase and amplitude of the modulated
optical signal, it was found that the number of channel waveguides needs
to be more than twice the number of waveguides in the AWG. As a first
demonstration, it was shown that the fabricated device could operate as a
flat BPF. This demonstration shows that the phase and amplitude of each
spectral component of the optical signal can be arbitrarily controlled using
only tunable phase shifters.

396



