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We report a chip-based true-time-delay unit based on
stimulated Brillouin scattering that uses an on–off
Brillouin gain of 52 dB to enable 4 ns delay over a bandwidth of 100 MHz and a phase shift of ∼200°. To verify
these operations, we use a two-tap microwave filter configuration and observed changes in the free spectral range of the
filter and shift in the spectrum of the filter. The realization
of these functionalities on chip-scale devices is critical for
phased-array antennas, multibeam satellites, delay lines,
arbitrary waveform generation, and reconfigurable microwave photonic filters. © 2017 Optical Society of America
OCIS codes: (190.0190) Nonlinear optics; (290.5900) Scattering,
stimulated Brillouin; (060.5625) Radio frequency photonics;
(350.4010) Microwaves.
https://doi.org/10.1364/OL.42.001313

Tunable optical phase shifters and reconfigurable delay lines
have been extensively used in microwave photonic (MWP)
signal processing applications such as arbitrary waveform generation [1], filters [2,3], multibeam satellites [4], and wideband
phased-array antennas [5,6] to create the desired path difference between different antenna elements that define the phase
front. Recent advances in on-chip radio frequency (RF) photonic processing has resulted in numerous techniques that combine the best of electronic and photonic technologies, leading
to reductions in size and improved resolution, broad tuning
range, and exceptional selectivity [1,7–9]. Among these techniques, unique processing resolution has been demonstrated
using on-chip stimulated Brillouin scattering (SBS) as the basis
of broadband, high-resolution, and reconfigurable MWP processors [9,10]. SBS, a strong third-order optical nonlinear response [11], has been used for several applications, notably in
slow- and fast-light [12], ultra narrow-bandwidth lasers [13],
non-reciprocal light propagation [14], and microwave signal
processing [15–17].
0146-9592/17/071313-04 Journal © 2017 Optical Society of America

Recently, we demonstrated that optimizing the opto-acoustic
confinement of chalcogenide rib waveguides significantly increases the SBS gain and achieved an on–off SBS gain of
52 dB in an optical chip [18]. Considering the propagation loss
of 0.5 dB/cm in the waveguide, the net gain was calculated to be
40 dB [18]. Such a high gain can be distributed over wide
frequencies for reconfigurable bandpass [19], bandstop [20],
and multi-band filters [18]. This can also be harnessed for tailoring the phase profile to achieve wideband time delay together
with separate carrier phase tuning (SCT) [21] over a microwave
bandwidth of tens of GHz. SCT is a technique to design truetime-delay (TTD) elements by separately controlling the phase
on the optical carrier and introducing a time delay on the sideband. A carrier modulation scheme based on a single sideband
has been used for most MWP signal processing applications to
minimize the delay bandwidth of the TTD [7]. Using a TTD
element to cover the entire frequency range between the optical
carrier and the highest frequency component of the RF sideband
exceeds the delay-bandwidth available in most integrated
photonic devices [22]. To achieve TTD using SCT, several approaches have been reported, including using silicon nitride ring
resonators [7,23] and SBS [24–26] in km-long optical fibers.
Using SBS for carrier processing leads to distinct advantages, including a higher spectral resolution, meaning that lower frequencies can be processed compared to other means for example
processing using ring resonators [7]. TTD using ring resonators
has demonstrated operation of a wider RF bandwidth up to
1 GHz and a delay of about 0.4 ns [7], with a delay-bandwidth
product of 0.4; this is lower than previously achieved using SBS
in 21 km of fiber [24], which achieved a delay-bandwidth product of 1.0. SBS has the advantage of being an amplification process, which increases the signal strength and also allows access to
lower frequencies due to the higher resolution (∼30 MHz) carrier processing when compared to rings that have typical bandwidths of ∼1 GHz [7].
In this Letter, we present the first demonstration of a combined broadband TTD and phase shifter for high-resolution
RF processing on a photonic chip based on SBS. Our approach
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is based on the unique properties of an on–off on-chip SBS gain
of 52 dB achieved due to a breakthrough in the design and
fabrication of the waveguides resulting in propagation losses
of 0.2 dB/cm leading to a reduced insertion loss, which allows
the demonstration of a 4 ns delay over a 100 MHz bandwidth
and a phase shift of 200° by phase-controlling the optical carrier. The performance of the TTD unit was validated by forming a two-tap filter. Thus far, such a delay characteristic,
namely, a combination of long delay and wide bandwidth,
has been achieved with SBS only in km-long optical fibers
[24]. Hence, our results signify an advancement of what is possible in the on-chip control of phase and delay using SBS.
Figure 1 shows the principle of operation of an optical TTD
component with separate carrier tuning, achieved by combining
broadband delay and phase-shifter units on the same chip. Our
approach involves tailoring of the Brillouin pumps to achieve
linear phase response (broadband delay) over the RF sideband
at the Brillouin frequency shift (ΩB ) away from the pump. A
separate Brillouin pump generates a narrow-band resonance
in the vicinity of the optical carrier frequency serving as the
phase-shifter building block. Separate carrier tuning is required
only on the carrier to tune its required phase shift. This follows
the extrapolated phase slope of the broadband delay unit. TTD is
achieved by combining these two distinct Brillouin slow-light
systems and applied onto the optical signal modulated in the
form of a single sideband with carrier (SSB+C).
Figure 2 shows normalized simulation results for a 52 dB
gain SBS chip with distributed gain profile over 100 MHz
bandwidth with corresponding phase and time delay responses.
With a fixed power budget, a single pump was applied to create
a 52 dB SBS gain profile, shown in Fig. 2(a), leading to 170°
phase responses and 56 ns time delay depicted in Figs. 2(b)
and 2(c), respectively. To distribute the SBS gain over a
100 MHz bandwidth, 6 electrical pumps with frequency spacing
of 15 MHz were used. Figure 2(d) shows the individual Brillouin
responses of each pump and the resultant wide SBS profile. The
corresponding phase response of the broadened SBS profile is
shown in Fig. 2(e) with 106° and a corresponding wideband

Fig. 1. Principle of operation of an optical TTD with separate carrier tuning consisting of broadband delay and phase-shifter units. The
broadband delay unit involves tailoring Brillouin pumps to achieve a
linear phase response over the RF sideband. The broadband linear
phase response is applied on a signal modulated in the form of a single
sideband with carrier. In the phase-shifter unit, the phase of the optical
carrier is fine-tuned by narrow-band SBS resonance in the vicinity of
the optical carrier frequency.
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Fig. 2. Simulated results of a SBS profile with (a) 52 dB gain,
(b) 170° phase responses, and (c) 56 ns time delay.
(d) Distributed SBS gain over a 100 MHz bandwidth using 6 electrical
pumps with frequency spacing of ∼15 MHz, (e) corresponding phase
profile, and (f ) broadband time delay.

delay of 7 ns [Fig. 2(f)]. The time delay is the derivative of
the phase response, and, therefore, small ripples in the phase response give large ripples in the time delay, as seen in Fig. 2(f).
Therefore, tailoring the Brillouin phase to get the constant
time delay is essential to minimize the ripples. To achieve a phase
shift for the optical carrier, a single Brillouin phase profile can be
used to fine-tune the carrier, in order to meet the extrapolated
phase slope of the broadened SBS phase profile. Therefore, TTD
is achieved by combining the broadband delay and phaseshifter units.
A schematic diagram of the experimental setup is depicted in
Fig. 3. The upper arm was used to generate the tailored SBS
pump using an arbitrary waveform generator (AWG), and the
lower arm was used to generate the signal. The pump beam
generated from a tunable distributed feedback (DFB1) laser
was modulated by a dual-parallel Mach–Zehnder modulator
(DPMZM) to form a single sideband-suppressed carrier

Fig. 3. Schematic diagram of the SBS-based broadband time delay
consisting of upper (pump) and lower (signal) arms where the lights
are counter-propagated. DFB: distributed feedback laser; PC: polarization controller; DPMZM: dual-parallel Mach–Zehnder modulator;
EDFA: erbium doped fiber amplifier; PM: phase modulator; AWG:
arbitrary waveform generator; ChG: chalcogenide; PD: photo detector; VNA: vector network analyzer.
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(SSB-SC) SBS pump. The pump is amplified using an erbium
doped fiber amplifier (EDFA1) before being launched into the
waveguide via a circulator. The signal beam, which was
counter-propagated to the pump, generated from the DFB2
laser, was modulated by a phase modulator driven by a vector
network analyzer (VNA), resulting in upper and lower sidebands with equal amplitudes that are out of phase by π.
The polarization of the signal and the pump were adjusted using PCs 1–4 to maximize the SBS gain. The wavelength of
the pump laser was tuned such that the signal on the lower
sideband of the phase modulator experiences SBS gain. The
transmitted signal through port 3 of the circulator was sent
to an optical filter to remove the lower sideband of the phase
modulator and the back reflection of the pump due to the reflections at the lensed fiber and chip interface. The mixing
products of the remaining sideband and corresponding carrier
at the photo detector were analyzed by a VNA (Agilent
PNA 5224A).
Figure 4 shows the measured Brillouin gain responses, corresponding phase profiles, and time delays from a chalcogenide
waveguide with a cross section of 2.4 μm × 930 nm with an
upper cladding and lower cladding of silica. The total propagation length was 24 cm with measured propagation loss of
0.2 dB/cm resulting in a total propagation loss of 4.8 dB
and a gain of 52 dB. This reduction in the propagation loss
from 0.5 dB/cm [18] to 0.2 dB/cm resulted in a dramatic reduction in the insertion losses. Demonstrated results are normalized to the corresponding spectrum with no pump power
applied. Figure 4(a) illustrates the 52 dB on–off SBS gain profile corresponding to a single electrical pump generated by
AWG. The pump laser was amplified up to 500 mW leading
to 160° phase shift and 30 ns time delay, shown in Figs. 4(b)
and 4(c), respectively. The measured gain and phase profiles are
close to the simulated results illustrated in Figs. 2(a) and 2(b). A
derivative of the phase was taken to give the delay shown in
Fig. 4(c), which introduces an error in estimation of the peak

Fig. 4. (a) Normalized 52 dB on–off SBS gain resonance, (b) associated phase response with 160° phase changes, and (c) 30 ns of time
delay. (d) 100 MHz wide SBS gain profiles with (e) relative linear
phase responses, and (f) measured broadband time delay.
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Fig. 5. Schematic setup of a two-tap microwave photonic filter.

delay due to low resolution of the phase response. This level of
gain enables the broadening of the on-chip SBS profile to form
a wide TTD. This can be achieved using an electro-optic
modulator driven by multiple electrical lines generated from
an AWG [17,19].
Figure 4(d) shows the measured wideband SBS gain profiles
over 100 MHz. The AWG used in our experiment operates at
frequencies lower than the hybrid coupler (1.7 –36 GHz).
Therefore, the electrical pumps were mixed by a highfrequency tone leading to the generation of higher order harmonics, which also act as SBS pumps. The slight discrepancy
between the simulated results shown in Figs. 2(d) and 4(d) is
due to the resulting harmonics removing power from the desired tailored SBS response. The relative linear phase responses
are shown in Fig. 4(e) with the measured wideband time delays
shown in Fig. 4(f ). The wideband time delay is applied to a
two-tap filter configuration illustrated in Fig. 5 to validate performance of the TTD unit. In such a filter, two lasers operating
at different frequencies are combined at the photodetector. The
two branches of the two-tap filter have a delay imbalance of
about 33 ns delay, corresponding to a FSR of 30 MHz, which
is inverse to the delay difference. The path-length imbalance in
the two-tap filters leads to a different free spectral range (FSR)
[24,27]. The DFB3 laser is externally modulated by an intensity modulator, driven by the RF signal to be delayed. The SBSbased delay line controls the microwave subcarrier by changing
the SBS pump power. When a 250 mW pump power is applied
to the SBS-based delay system, SBS generates a delay of about
4 ns with 100 MHz bandwidth shown in Fig. 4(f ). The applied
delay leads to a different FSR of the MPF since the time delay is
changed. Figure 6 confirms that the FSR of the filter changes
when the SBS pump is applied to one branch of the two-tap
filter. The corresponding applied time delay leads to 3 MHz
changes in FSR of the filter. The FSR variation mainly depends
Δt
1
on the initial FSR 0 of the filter, ΔFSR
FSR 0  t , where, t  FSR 0
and Δt is the applied delay on the two-tap filter. Therefore,

Fig. 6. Measured frequency response of the two-tap filter with
(blue) and without (black) Brillouin pump power at 250 mW.
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Fig. 7. (a) Experimental phase response for the SBS MWP phase
shifter and (b) shift in the position of the notch filter by changing
the phase shift applied to the optical carrier.

the ΔFSR can be calculated from FSR 2 × Δt. With the applied
delay of Δt ∼ 4 ns onto the two-tap filter with initial
FSR 0  30 MHz, the ΔFSR is calculated to be 3.6 MHz,
which is close to the measured value in our configuration.
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phase response of the SBS MWP phase shifter is illustrated
in Fig. 7(a), indicating the phase changes of 100°. This range
of phase shift has been applied on the carrier of one of the signal
arms in the two-tap filter. The corresponding frequency response of the two-tap filter is shown in Fig. 7(b). The frequency
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over 100 MHz and a phase shift of ∼200° was enabled by a high
Brillouin gain of 52 dB. A two-tap microwave photonic filter was
used to verify TTD performance, which confirmed 16 MHz of
notch filter shift when a phase shifter was applied on the carrier.
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path for future development of fully reconfigurable SBS circuit as
the basis of TTD optically fed phased-array antennas, reconfigurable MPF, and especially multibeam satellites to control the
direction of the radiated beams [4].
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