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Abstract: Integrated silicon photonics provides an attractive platform for on-chip radio-
frequency (RF) signal processing. We demonstrate an integrated silicon optical delay line
based on a loopback arrayed waveguide grating (AWG). The optical delay varies discretely
by changing the carrier wavelength of the input optical signal. The device can be used as
a multi-tap finite-impulse-response (FIR) radio-frequency filter, where each delay channel
provides a feedforward replica of the RF signal. By changing the number of delay channels
and the time interval between the channels, the bandwidth and center frequency of the
RF filter can be tuned, respectively. The loopback AWG performs spectrum slicing and
wavelength-selective delay, which greatly simplifies the light source requirement in FIR filter.

Index Terms: Waveguide devices, arrayed waveguide gratings, optical delay line, mi-
crowave photonics signal processing.

1. Introduction
Microwave photonics (MWP), which combines the radio-frequency (RF) engineering and the opto-
electronics, has become a hot research field in recent years [1]–[4]. RF signals can be generated,
transmitted and processed in the optical domain. A bunch of RF functions can be realized with the
assistance of optical components to provide filtering, frequency multiplication/conversion [5], [6],
arbitrary waveform generation [7], phase shifting, pulse shaping [8], and phased array beamforming
[9], [10]. The ability of photonics in terms of wide bandwidth, parallelism, and adaptability has been
well recognized.

The microwave photonic systems are becoming more complex in order to offer sophisticated
functions. The systems composed of bulky components can no longer meet the requirements
for light weight, small size, low power consumption, and long-term stability in practical usage.
Integrated photonics provides a good solution. An integrated chip may contain multiple optical
devices with high speed and a broad bandwidth [11]. A variety of photonic integration platforms are
available for RF signal processing, including III-V semiconductors, silicon photonics, SiN/SiO2 pho-
tonic integration, and hybrid integration of multiple materials. Due to the relatively large refractive
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indices of silicon, silicon photonic integration features high compactness and small chip footprints.
Moreover, electrical and optical components can be monolithically integrated into one chip using
CMOS-compatible processes. It provides potential low-cost and mass production capabilities,
which offers a key solution to reducing the cost of microwave photonic subsystems.

One of the enabling devices in microwave photonics is the optical delay line. It can be used
for wideband signal processing, such as tunable high-resolution microwave filtering [12]–[16],
beamforming in phased array antennas [17]–[21], and optical coherence tomography [22], [23].
Resonant devices including ring resonators [24]–[26], photonic crystal waveguides [27], [28], and
Bragg gratings [29]–[31] can offer continuous delays. However, the performance is ultimately limited
by the delay-bandwidth product, inherent to these resonant delay lines. Changing the physical
length of the waveguide is another commonly used scheme to obtain a long delay. It is more
straightforward and the achievable delay is proportional to the length of the waveguide [32]–[35]. In
practice, the maximum achievable delay is only limited by the waveguide loss and the device size.
The resolution of delay tuning is determined by the length difference of the waveguides. When an
arrayed waveguide grating (AWG) is integrated with feedback waveguides with different lengths,
the delay can be tuned by changing the carrier wavelength [36], [37].

Among the multiple MWP devices, a photonics-assisted RF filter is a basic component, which
uses photonic devices to process RF signals [38]–[40]. RF photonic filters can be generally divided
into three categories according to their implementation methods: RF-interference-based MWP
filters [41]–[43], mapping the optical filter directly into the RF domain [44]–[46], and synthesis
with multi-tap delay lines [47]–[49]. For the frequency mapping scheme, the filtering response
is transferred from the optical domain to the RF domain and thus the filtering performance is
basically limited by the optical filter. The implementation configuration is relatively simple. The RF-
interference-based MWP filters rely on more complicated structures to get improved performances.
Polarization-division-multiplexing Mach-Zehnder modulators and stimulated Brillouin scattering
effects in optical fibers can be used to produce tunable RF filters with complementary bandpass
and bandstop responses [50]. With the assist of two cascaded tunable Mach-Zehnder interferom-
eters, the employment of under-coupled micro-ring resonators allows microwave photonic filters to
possess narrow-band and ultra-high peak suppression capabilities [51]. Compared with these im-
plementation methods, multi-tap RF filters are more flexible, in which the modulated optical signal is
first replicated, then delayed with tailored amplitude, and finally summed together before detection
by a photodetector to produce the RF output. It is essentially a finite-impulse-response (FIR)-type
filter. Low-loss delay lines with large bandwidth are attractive for processing high-frequency RF
signals. The high degree of flexibility in optical signal processing allows RF photonic filters to have
several advantages over electronic counterparts, such as a highly programmable spectral shape
and a fast-reconfigurable response. A single broadband light source (such as mode-locked laser
[48] or c.w. incoherent light [52]) can be used in combination with a single dispersive element to
implement a filter with multiple taps. RF filtering based on multi-tap delay lines is often implemented
using optical fibers [49], [53]–[55].

Here, we present a multi-tap FIR RF filter based on a loopback AWG optical delay line on the
silicon-on-insulator (SOI) platform. The key novelty of our scheme lies in the employment of an
integrated loopback AWG both as a multi-wavelength filter and a dispersive element. Compared
with other resonant dispersive devices, such as ring resonators, Bragg gratings, or photonic
crystals, the loopback AWG gives a much larger dispersion and lower loss with a compact device
footprint. Besides, owing to the spectrum slicing capability of the loopback AWG, our scheme only
needs a broadband incoherent light source rather than a multi-wavelength laser array to obtain the
filter taps. It thus greatly reduces the system complexity and cost.

The paper is organized as follows. Section 1 introduces the research background. In part 2.1
of section 2, we describe the structure and working principle of the loopback AWG. In part 2.2,
we show the simulated performance of the device in response to a broadband input pulse in both
time and frequency domains. In part 2.3, we characterize a single regular AWG. In part 2.4, we
characterize a loopback AWG with the incremental delay being 10 ps. Section 3 demonstrates the
multi-tap FIR RF filter based on the loopback AWG. Finally, Section 4 summarizes our work.
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Fig. 1. Schematic structure of the loopback AWG.

2. Integrated Loopback AWG Optical Delay Line
2.1 Structure and Working Principle

Fig. 1(a) shows the structure of a 10 × 10 integrated loopback AWG. It has one open input-output
pair and the other nine input-output pairs are connected by feedback waveguides. The incremental
length of these feedback waveguides is constant, corresponding to a time step of T. This loopback
AWG is topologically equivalent to two AWGs connected in series with delay waveguides in the
middle. By reusing the same AWG as the wavelength multiplexer and de-multiplexer, the device
footprint can be reduced by approximately a half. The channel wavelengths of the multiplexer and
de-multiplexer are strictly aligned since they are from the same AWG.

Assuming a broadband optical pulse is launched into the input port of the loopback AWG, it
is then sliced into 10 channels (λ1 to λ10) and spatially separated. The first wavelength λ1 goes
through to the output port, while the other nine wavelengths λ2 to λ10 return to the input end of the
AWG through the feedback waveguides. Due to the symmetry of the AWG, they recombine after
certain delays with the first transmitted wavelength λ1 at the output port. Since the length of the
feedback waveguides increases linearly, the nine output pulses (λ2 to λ10) are evenly sequenced in
the time domain. Therefore, the device can be used as a tunable optical delay line, with the delay
amount dependent on its carrier wavelength. The delay can be tuned step by step by changing the
carrier wavelength. The number of delays and resolution are decided by the port count of the AWG
and the incremental length of the feedback waveguides, respectively. The envelope of the pulse
sequence can be manipulated by varying the transmittivity of the feedback waveguides. In fact,
by precisely controlling the amplitude and phase of each frequency component with a progressive
Fourier synthesis method [36], [56], [57], optical arbitrary waveforms can be generated.

2.2 Device Simulation

Fig. 2 shows the simulation results of the loopback AWG by using Optisystem. The input is a
Gaussian pulse (black line) generated by the optical Gaussian pulse generator with a width of
0.16 ps and a carrier wavelength of 1550 nm. The channel spacing is 200 GHz. An AWG with
a smaller channel spacing leads to a larger footprint and deteriorated performance due to the
increased inter-channel crosstalk. The channel bandwidth is 130 GHz. Nine pairs of input and
output ports of the 10 × 10 AWG are connected with a gradually increasing delay of 10 ps as
shown in Fig. 1. Optical spectrum analyzers and optical time-domain visualizers are used to detect
the spectrum and time domain waveforms, respectively. After the input pulse passes the loopback
AWG, multiple peaks appear on the spectrum (red line), as shown in Fig. 2(a). The wavelength
channel (λ1) passing the AWG once has a larger bandwidth than the other wavelength channels
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Fig. 2. (a) Simulated input (black) and output (red) optical spectra. (b) Waveform of the output pulse
sequence. The inset shows the input single pulse. (c) Output optical spectrum after bandpass filtering.
(d) Waveform of the filtered output pulse sequence.

(λ2 to λ10) that pass twice. The waveguide propagation loss is assumed to be 3 dB/cm, which is
consistent with our practical device. Channels with relatively larger delays suffer higher losses.

The FSR of the AWG is determined by the incremental length �L of the arrayed waveguides in
the AWG and expressed as λ2/(ng·�L), where ng is the group refractive index of the waveguide and
λ is the free-space operation wavelength. If the bandwidth of the input pulse covers multiple FSRs
of the AWG, then due to the recycling property of AWG, several wavelengths may reach the same
destination port, such as λ1 and λ1’ in Fig. 2(a).

The output pulse sequence has one strong leading pulse followed by nine low-amplitude pulses
as shown in Fig. 2(b). The time interval of the latter nine pulses is 10 ps, governed by the delay
step of the feedback waveguides. The pulse sequence can be further compressed (stretched) by
transmission through a waveguide with negative (positive) dispersion. If the input pulse covers
several FSRs of AWG, each output pulse would contain multiple carriers. We use an optical
bandpass filter to eliminate the first pulse and limit the wavelength range within one FSR to
avoid undesired interference of multiple carrier wavelengths. Figs. 2(c) and 2(d) show the filtered
spectrum and the corresponding pulse sequence waveform, respectively. The filter has a 3-dB
passband from 1552.71 nm to 1566.75 nm so that only 9 wavelengths (λ2 to λ10) are allowed to
pass through.

2.3 Characterization of a Regular AWG

The AWG was fabricated on an SOI wafer with a top silicon layer thickness of 220 nm. In order
to reduce the loss at the interface between the waveguides and the free propagation region
(FPR), we used a three-layer taper to adiabatically expand the optical mode field. The width of
the curved section of the waveguide is set to 450 nm to avoid excitation of higher-order modes.
Straight waveguides are used for long-distance transmission and the width is widened to 800 nm
to reduce light propagation loss. The narrow and wide waveguides are connected by a linear taper
with a length of 20 μm. Fig. 3(a) shows the mask layout of the AWG. The length of the free
propagation region (FPR) is 120 μm. The number of arrayed waveguides is 39 and the diffraction
order is 80. The pitches of the input/output waveguides and the arrayed waveguides at the interface
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Fig. 3. (a) Mask layout of the single AWG. (b) Photograph of the fabricated device. (c) Measured
transmission spectra of the single AWG normalized to a straight reference waveguide.

of the FPR are 3 μm and 2.42 μm, respectively. The device was simulated and optimized by
using Lumerical finite-difference time-domain (FDTD) software. The arrayed waveguides have an
incremental length difference of 45.16 μm, corresponding to an FSR of 14.4 nm. The FSR can
incorporate 9 wavelength channels with a channel spacing of 200 GHz. Fig. 3(b) depicts the
microscope image of the fabricated device. The device footprint is 1.14 mm × 0.87 mm. Fig. 3(c)
presents the measured AWG spectrum by the loss and dispersion analyzer (Agilent, 86038B).
Only the central nine output ports are selected in order to avoid spectral aliasing. The inter-channel
crosstalk is lower than −15 dB. The crosstalk is mainly due to the phase errors in the arrayed
waveguides. With better phase control in the arrayed waveguides by active (e.g., thermo-optic
phase shifter) or passive (post-fabrication trimming) methods, the crosstalk can be suppressed
and power transmission uniformity among channels can also be improved. The measured FSR is
about 14.6 nm, slightly larger than the design. The channel spacing is around 200 GHz.

2.4 Characterization of a Loopback AWG

Figs. 4(a) and 4(b) show the mask layout and microscope image of the loopback AWG, respectively.
The AWG design is the same as the previous regular AWG. Ten input/output ports in the center
of the FPR are used. Fig. 4(c) illustrates the output spectrum of the loopback AWG. Similar to the
single AWG, about 9 peaks are observed within one FSR of about 14.9 nm. Here the wavelength
λ10 is obscured because the FSR is smaller than 10�λ. The total insertion loss of the device is
approximately 16 dB, including 12 dB coupling loss owing to the unoptimized grating couplers. It is
worth noting that the dense interference fringes inside the peaks come from the crosstalk between
the AWG channels.

We used the first wavelength λ1 as a reference to measure the amount of delay for the
other wavelength channels. The first wavelength λ1 passes the AWG only once, while the other
wavelengths (λ2 to λ9) pass the AWG twice plus the feedback waveguides. Fig. 5 shows the delay
of the nine channels, obtained by measuring the relative temporal position of the corresponding
output optical pulses. In the measurement, an optical pulse obtained by modulating the laser light
was used as input to the AWG. The relative delay of the output pulse when the laser wavelength
was adjusted from λ1 to λ9 was recorded. The channels λ2 to λ9 have a 10-ps delay interval with a
delay variance of 0.89 ps.
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Fig. 4. (a) Mask layout of the loopback AWG. (b) Photograph of the fabricated device. (c) Measured
transmission spectrum of the loopback AWG normalized to a straight reference waveguide.

Fig. 5. Measured relative time delays from nice wavelength channels of the loopback AWG.

3. RF Filtering Based on the Loopback AWG
Low-loss broadband optical delay lines are attractive for processing high-frequency RF signals.
In this section, we demonstrate that our loopback AWG-based delay line can be used to build an
RF filter. Fig. 6 shows the working principle and the experimental setup. Light from a broadband
supercontinuum source (YSL Photonics, sc-5-FC) is first intensity-modulated by the RF signal. The
wavelength channels of the loopback AWG represent the taps of the FIR filter. Light going through
the loopback AWG generates a group of weighted and delayed copies of the modulated optical
signals. The number of delay channels is selected by the optical bandpass filter after the chip.

For our current device, the pulse delay interval is small (10 ps), mainly limited by the waveguide
loss. This results in a large FSR in the RF spectrum. To reduce the FSR and set the center
frequency of the RF filter to the measurable range of our equipment, we use a single-mode fiber
as an additional dispersive element to increase the delay interval. It should be noted that the fiber
is unnecessary if the loopback AWG were designed to have a larger delay interval of >100 ps. The
employment of low-loss ultra-thin silicon waveguides [58] can greatly reduce the transmission loss
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Fig. 6. Experimental setup for RF filter implementation using the loopback AWG.

Fig. 7. Measured RF transfer functions when the time interval of the FIR filter is set to be (a) 133 ps,
(b) 267 ps, and (c) 400 ps. In each plot, the filter tap Ntap varies from 4 to 6.
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TABLE 1

Performance Comparison of Various Integrated RF Photonic Filters

of the waveguide. The transfer function of the system can then be expressed as:

y(t ) =
Ntap∑

i=0

a′
i x (t − iT ′) (1)

where x (t ) and y(t ) are the input and output RF signals in the time domain, respectively, Ntap is the
number of taps, a’i is the weight of each tap, and T’ is the time delay between successive copies of
modulated signals. The time delay is given by:

T ′ = D · �λ · L + T (2)

where D is the dispersion coefficient of the fiber, �λ is the channel spacing, L is the fiber length,
and T is the delay interval of the loopback AWG. In our device, we have D = 15.4 ps/(nm.km), �λ

= 1.6 nm, and T = 10 ps.
Fig. 7(a) shows the electrical spectrum of the RF filter when L is chosen as 5 km. The time

delay T ′ is about 133 ps and the corresponding center frequency of the RF passband is 7.5 GHz.
Figs. 7(b) and 7(c) show the electrical spectra when the fiber is lengthened to give a longer time
delay of 267 ps and 400 ps, respectively. As a result, the center frequency of the RF filter shifts
to 3.75 GHz and 2.5 GHz. It should be noted that the RF spectrum has only one single passband
except for the DC baseband. This is resulted from the sinusoidal and continuous optical tap weight
distribution, as also observed and analyzed in other works [59], [60]. A DC block can be used after
the filter to remove the baseband. It should be noted that a FIR filter designed with bipolar (both
positive and negative) tap coefficients can suppress the baseband [54], [61]. The RF filter center
frequency tuning range is 2.5–7.5 GHz, larger than all-electronic filters [62], [63]. It can be further
expanded by adjusting the length of the fiber. Besides the center frequency, we can also control the
bandwidth of the RF passband. In Fig. 7(a), when four wavelength channels (λ4 to λ7) are selected
(Ntap = 4) by the optical bandpass filter, the 3-dB bandwidth (BW) of the RF passband is 0.98 GHz.
When the channel number is increased to Ntap = 5 and 6, the RF bandwidth is reduced to 0.81 GHz
and 0.67 GHz, respectively. In fact, amplitude and phase tuners can be integrated in the feedback
waveguides as schematically shown in Fig. 1, and in this way it can offer a greater flexibility as
each tap coefficient can be independently tuned. The RF bandwidth and the number of taps are
roughly inversely proportional. Compared to other integrated RF photonic filters [51], [64]–[66], our
RF filter can achieve a narrower bandwidth, as shown in Table 1. The smallest bandwidth of the
6-tap filter in Fig. 7(c) is about 220 MHz. For multi-tap delay lines, our solution only requires a
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broadband incoherent light source instead of expensive multi-wavelength laser arrays [14], [67],
[68] or frequency combs [69].

4. Conclusion
We have demonstrated a compact integrated silicon optical delay line based on a spectrally-cyclic
loopback AWG. The delay of the output signal can be tuned by changing the signal carrier
wavelength. The delay tuning resolution is 10 ps and 9 delay tuning steps are obtained. As a
proof-of-principle application of the device, we implemented a multi-tap FIR RF filter based on
the loopback AWG. The RF filter is tunable in both the center frequency and the bandwidth. The
center frequency can be changed by varying the dispersive fiber length after the device. The
filter bandwidth can be changed by selecting the number of delay channels. Thanks to the high
integration capability of silicon photonics, all discrete components (like modulator, filter, PD, etc.)
can potentially be integrated with the loopback AWG on a single chip, making it possible to realize
a monolithically integrated RF filter.
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