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Abstract: True-time delays are important building blocks in modern radio frequency systems that
can be implemented using integrated microwave photonics, enabling higher carrier frequencies,
improved bandwidths, and a reduction in size, weight, and power. Stimulated Brillouin scattering
(SBS) offers optically-induced continuously tunable delays and is thus ideal for applications that
require programmable reconfiguration but previous approaches have been limited by large SBS
gain requirements. Here, we overcome this limitation by using radio-frequency interferometry to
enhance the Brillouin-induced delay applied to the optical sidebands that carry RF signals, while
controlling the phase of the optical carrier with integrated silicon nitride microring resonators.
We report a delay tunability over 600 ps exploiting an enhancement factor of 30, over a bandwidth
of 1 GHz using less than 1 dB of Brillouin gain utilizing a photonic chip architecture based on
Brillouin scattering and microring resonators.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

True-time delays (TTD) are critical radio frequency (RF) components for signal processing, radio
over fibre, phased array antennas, and have applications in communications and satellites [1–3].
By applying uniform delays to all frequency components within a given bandwidth, so as to
not induce any temporal distortion of the signal [4]; TTDs overcome the difficulties of beam
squint in phased array antennas which is an issue with phase shifters. Phase shifters apply a
fixed phase shift independent of frequency [4]. Phase shifters have applications in arrayed signal
processors, microwave filters amongst others [5]. TTDs have been implemented using photonic
and electronic principles [6]. Electronic approaches typically rely on RF systems which consist
of multiple stages of electronic up-conversion, and down-conversion, with each step contributing
non-negligible levels of phase and amplitude noise, which increases with rising frequency [3,7].
Traditional electronic approaches also lack low-loss methods for signal distribution [3,7] and can
be bulky [6]. Microwave photonic methods which modulate the RF signal onto an optical carrier
and use photonic components to delay the signal offers a promising solution to these problems
[3,7–9]. Microwave photonics combines RF engineering with optoelectronics, enabling broad
bandwidths, high carrier frequencies, immunity to electromagnetic interference, compatibility
with fibre optic cable for low loss signal distribution [7,9], and hence offers a powerful solution
for next-generation TTDs [10].
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Typically, TTD schemes based on microwave photonics make use of separate carrier tuning
(SCT) which circumvents the requirement of applying a dispersive phase slope spanning from
the optical carrier to the edge of the sideband [11]. If SCT is not used, the dispersive phase
slope needs to span several tens of GHz range and it is challenging to simultaneously achieve
broad bandwidths and large delays. Instead, the group delay requirements can be drastically
reduced by applying only a dispersive phase slope to the optical sideband frequencies that carry
RF signals while the phase of the optical carrier is adjusted independently by applying a separate
narrowband phase shift.

Integrating these microwave photonics approaches on to compact photonic integrated circuits
brings further significant advantages in terms of a reduction in size, weight and power which
is critical in many applications [12]. Improvements in performance are also anticipated due
to increased stability and reduced interface loss between components. Integrated microwave
photonic TTDs have been demonstrated using a wide array of different methods including
Bragg gratings [13], P-N junctions [14], photonic crystals [15], ring resonators [16–18], on-chip
switched delay lines [19] and integrated optical comb sources [20,21]. Although impressive,
these demonstrations have not shown simultaneous reconfigurability of the bandwidth and carrier
frequency while maintaining a large delay bandwidth product.

Stimulated Brillouin scattering (SBS), a nonlinear optical effect, can induce a narrowband
phase shift [22,23] as well as a broadband group delay [24–27], and can be integrated on a chip
[28,29]. SBS based true-time delays offer flexibility to rapidly and continuously adjust bandwidth,
carrier frequency, and delay with a high spectral resolution, making SBS ideal for applications
where rapid adjustments are required for dynamic RF environments [30,31]. However, the main
limitation of on-chip TTD using Brillouin scattering and SCT has been the high SBS gain and
associated power requirements that has limited the achievable delay and phase shift. Even for
record levels of on-chip Brillouin gain (52dB), the delay and the corresponding phase shift was
limited to 200◦ [32].

In this work, we overcome these limitations by combining on-chip SBS with on-chip silicon
nitride (SiN) microring resonators and RF interferometric delay enhancement. The SiN microring
resonator is used to induce a phase shift on the optical carrier while we utilize on-chip SBS to
apply a broadband tunable delay to the sideband, which is further enhanced by RF interferometry.
We experimentally show a microwave TTD system with a delay of 600 ps over a bandwidth
of 1 GHz using less than 1 dB of Brillouin gain distributed over the signal bandwidth; this
corresponds to an enhancement of 30 times from an initial delay of 20 ps. On-chip ring resonators
enable 360° phase tunability in a SiN platform. We give a roadmap toward integrating the whole
system on a single chip.

2. Principle

The basic principle of the presented TTD is shown in Fig. 1. An input signal RFin (Fig. 1(a)) is
modulated on the optical carrier (C) which results in optical sidebands (SB) (Fig. 1(b)). Our
TTD (Fig. 1(blue box)) is achieved by harnessing three elements: A broadband delay applied to
the sideband (Fig. 1(c)), an interferometric delay enhancement (Fig. 1(d)) to increase the overall
delay, and a phase shifter (Fig. 1(e)) that controls the phase of the optical carriers. For an MWP
TTD with a single sideband modulated signal, the delay of a dispersive phase slope spanning
from the optical carrier through the sideband Td is given as:

Td =
δΦk

δf
|fSB−fc (1)

Φk is the phase, fc is the frequency of the RF carrier, fSB is the frequency of the RF sideband.
Using separate carrier tuning [11] the dispersive phase slope is only required over the sideband.
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Fig. 1. Block diagram of the true time delay. a) RF input signal and b) corresponding
optical spectrum. The input signal RFin (orange) is modulated on an optical signal resulting
in a carrier (C) and a sideband (SB). The true-time delay element (blue box) consists of
three elements, c) the Brillouin group delay applied to the sideband using a chalcogenide
waveguide (inset shows the chalcogenide waveguide and SBS profile), d) interferometric
delay enhancement and e) a phase shifter implemented using thermally controlled SiN ring
resonator (inset shows the microring resonator as well as the phase and amplitude response).
f) The optical signal is converted back to the RF domain using a photodetector (PD) leading
an RF signal RFout delayed by ∆τ (dotted orange line).

The group delay over the sideband is initially achieved with SBS (Fig. 1(c)), which was chosen
due to its tunability of both bandwidth and frequency and its ability to induce gain-based group
delays [26,27,33,34]. The broadband Brillouin gain was applied by multiple equally spaced
counter-propagating optical pumps. The phase response of the pumps sum together to result in a
linear broadband dispersive phase slope applied to the optical sideband [24,25]. The Brillouin
induced group delay was then enhanced using an RF interferometric approach (Fig. 1(d)).

Interferometry is capable of amplifying phase shifts, which in turn amplifies the corresponding
group delay when applied to the sideband. Multiple interferometric enhancement schemes have
been demonstrated previously [35–38]. These approaches rely upon generating an additional RF
signal which destructively interferes with the initial RF signal, leading to the delay enhanced
output.

When the dispersive phase slope is only applied to the sideband a corresponding phase shift is
then applied to the optical carrier to prevent temporal distortions of the signal envelope. The
phase shift on the carrier is given in terms of delay (TRF) where:

TRF =
Φk(fc + fSB, t) − Φk(fc, t)

fSB
(2)
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The phase shift is applied to the optical carrier with a thermally controlled microring resonator
integrated on a SiN chip (Fig. 1(e)). There are many ways to implement optical phase shifts
but microring resonators are very suitable as they are wavelength selective and are easily
controllable with heaters [39,40]. To achieve arbitrary phase shifts using SBS, it would require
prohibitively high levels of gain, more than 50 dB [41]. Microring resonators can be implemented
in chalcogenide [42] or in a hybrid silicon and chalcogenide platform, enabling high levels of
Brillouin gain with the flexibility of silicon photonic integrated circuits [43]. Silicon nitride was
chosen due to its low propagation loss, leading to high Q resonators [44] and ease of integration
with other materials [45].

To meet the SCT condition and generate a true-time delay (TTTD), the following condition
must be met:

TTTD = Td = TRF (3)

The optical tones then beat at the photodetector (PD) and generate the delayed signal (dotted
orange line) RFout (Fig. 1(f)).

The principle behind the delay enhancement process can be seen in Fig. 2. In order to highlight
the concept, initially, the monotone case will be considered. To enable the delay enhancement,
the interference condition needs to be configured. To achieve this both optical carriers (C1
and C2) are passed through the phase modulator and opposing sidebands are removed, leaving
monotone sidebands SB1 and SB2, shown in Fig. 2(a)). SBS is applied to SB1, which induces a
gain based phase shift. The spectral separation of C2 and C1 is higher than the cut off response
frequency. SB2 and C2 beat at the PD and generate the RF tone RFint. Correspondingly, SB1
and C1 beat to generate RFSBS. Both vectors destructively interfere and result in RFnet. This is
depicted in Fig. 2(b)) in the complex plane. The complex plane is a powerful tool for visualizing
the dispersive group delay and interferometric enhancement in the RF domain. A vector spanning
from the origin to a point on the complex plane has its magnitude given by its length and the
phase of the RF signal is given by the angle of the vector. The phasors RFSBS and RFint interfere
and through vector addition and result in the new phasor RFnet. The phase of RFnet is larger
than the phase of RFSBS, which is shown in Fig. 2(c)).

To extend the concept above to a practical TTD, the narrowband sidebands are replaced with
broadband signals. Broadband Brillouin gain is applied to SB1 as shown in Fig. 2(d)). The
broadband Brillouin response consists of the sum of multiple spectrally separated narrowband
Brillouin responses. The Brillouin amplitude and phase response are modeled in [34,41]. The
broadband amplitude response is given by A(f), the corresponding phase shift is given by θSBS(f),
the phase offset applied by the microring resonator is given as θ1 and f is frequency. After
detection, the resultant range of RF signals can be expressed by :

RFSBS(f) = A(f) exp(i(θSBS(f) + θ1)) (4)

RFSBS consists of a family of vectors in the complex plane, depicted as a curve as each frequency
component of the optical sideband has a unique phase applied to it (Fig. 2(e)).

The amplitude of the interference signal is given as Bint and has a corresponding phase of θ2.
The vector RFint is then defined as:

RFint = Bint exp(iθ2) (5)

RFSBS interferes with RFint and results in the new vector family response RFnet. The enhanced
output RFnet is then given as:

RFnet(f) = A(f) exp(i(θSBS(f) + θ1)) + Bint exp(iθ2) (6)

The curve traced by RFnet lies closer to the origin and therefore the vectors comprising it
have a greater phase range than RFSBS. The interference component RFint is required to have a
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Fig. 2. A monotone signal is used to highlight the principle of the TTD. The monotone
optical signals are configured in a) to generate two out of phase RF tones RFSBS and
RFint shown in b). SBS applies a phase shift (θSBS) to the phasor RFSBS and destructively
interferes with RFint to generate the phase enhanced resultant RFnet with phase θenh (c). d)
The optical signals are configured to operate in the broadband regime and SBS is applied
over the upper sideband which leads to a broadband family of vectors RFSBS in e). The
vectors in RFSBS interfere with RFint and the resultant vector family encompasses a larger
range of phases and hence a greater delay. The corresponding phase slopes are plotted in f).

180° phase offset from θSBS(0), which has a value of 0° if no other phase shifts have been applied
(θ1 = 0), for this to be true θ2 = 180°. The corresponding phase slope of RFnet is larger than the
slope of RFSBS, so induces a larger group delay representing the delay enhancement (Fig. 2(f)).

To apply a phase shift to meet the SCT condition, both optical carriers need to be rotated the
same direction around the complex plane, while remaining 180° out of phase with one another.
If this condition is not met, the interference condition will also no longer be met and the delay of
RFnet will be distorted. The phase of θ1 and θ2 are applied by applying optical phase shifts to C1
and C2, respectively. However, as the sidebands are on the opposing sides of their respective
carrier, the sign of the phase shifts applied to C1 and C2 need to be in opposing directions to
ensure θ1 and θ2 rotate in the same direction.

The delay enhancement factor G is a scalar value which gives the enhanced delay when
multiplied by the delay of the unenhanced broadband Brillouin response. The delay is related to
the derivative of the dispersive phase slope, so G can be calculated with the following equation:

G =
θenh(fmax) − θenh(fmin)

θSBS(fmax) − θSBS(fmin)
(7)

The frequencies fmax and fmin correspond to the maximum and minimum phase shifts in the
unenhanced Brillouin response. θenh is the enhanced broadband phase profile is given by:

θenh(f) = arctan
(︃

A(f)sin(θSBS(f))
A(f)cos(θSBS(f)) − Bint

)︃
(8)
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As it can be seen in equation Eq. 8 the enhancement can be controlled by varying the amplitude
of the interference component Bint.

The TTD presented here shares some similarities with the work presented in [38]. Both
schemes utilize RF interferometric phase enhancement of a backward SBS signal with the main
difference that the Brillouin gain in this work is applied to the sideband and a microring resonator
is used for phase control to meet the separate carrier tuning condition, whereas Brillouin gain is
only applied to the carrier in [38]. The phase shifter presented in [38] has a fixed enhancement
factor for a give amount of Brillouin gain, while in the case of the TTD enhancement factor is
used to control the delay. The work [38] explores the reduction in link gain and the associated
link variation with different phase enhancement factors. This aspect of the analysis also applies
in the case of the TTD. For the 1GHz measurement, there was a maximum link variation of
15 dB between the smallest and largest measured phase enhancement factors.

The TTD has an inherent trade-off between bandwidth and link gain. If the pump consists of
more comb lines to facilitate a broader bandwidth, the amplitude of each line is reduced. This
results in a shallower dispersive phase slope over the bandwidth which must be compensated for
with a larger phase enhancement factor. The increased phase enhancement factor reduces link
gain and is more sensitive to phase errors between the interferometric components, as analysed
in [38].

3. Experimental setup

The experimental setup is shown in Fig. 3. The optical tone from laser 1 (C1) is split into two
paths, the pump and signal paths. The upper path generates the pump, the signal from the
laser passes through a dual-parallel Mach Zehnder modulator (DPMZM) driven by an arbitrary
waveform generator (AWG). The DPMZM is biased to consist of only the upper sideband, with
both the optical carrier and lower sideband suppressed. The output is amplified with an erbium
doped fibre amplifier (EDFA) and any spurious components are removed using a bandpass filter
(BPF). The signal continues to pass through a circulator before coupling into the chalcogenide
waveguide. The chalcogenide rib waveguide was made out of As2S3[46] with a width of 2.4 µm,
a height of 950 nm, an etch depth of 320 nm, and was 23 cm long. There was a coupling loss
of 4 dB per facet, with a total insertion loss of 19.1 dB. The AWG produced 50 equally spaced
tones 20 MHz apart for a total bandwidth of 1 GHz. Each of the tones generated by the AWG had
an approximately constant amplitude. The tones generated by the AWG were spectrally offset
7.8 Ghz higher than the RF sideband, a frequency equal to the Brillouin frequency shift. The
signal was then amplified before being sent into the DPMZM. Throughout all the measurements,
the optical pump had a combined power of 24 dBm, except for the 450 MHz bandwidth experiment
which had 24.4 dBm pump power. For the 450MHz measurement the pump profile consisted of
25 lines with 20 MHz separation and equal amplitude leading to a bandwidth of 500MHz. The
edges of the 500MHz wide profile were discarded due to distortion.

The signal path branching from laser 1 passes through a phase modulator. The RF signal
from the vector network analyzer (VNA) modulates the optical carrier before coupling into the
chalcogenide waveguide. The upper sideband experiences Brillouin gain from the pump before
continuing through a BPF which removes the pump back reflection. The signal is amplified by a
low noise EDFA before it continues through a dual bandpass filter where the lower sideband is
removed leaving C1 and SB1. A tunable phase shifter (TPS) then acts on C1. The purpose of the
TPS is to ensure that the phase of both RF vectors are 180° out of phase. The TPS is implemented
with thermally controlled microring resonators in a separate SiN chip, with an insertion loss
of 9.3 dB. The optical power in the microring resonators was not high enough to induce any
noticeable thermal drift as low signal powers were used and the Brillouin pump back reflection
from the chalcogenide chip was removed. Additionally, the microrings used were located on
opposing sides of the optical chip to reduce thermal crosstalk. The rings were also configured



Research Article Vol. 28, No. 24 / 23 November 2020 / Optics Express 36026

Fig. 3. Experimental layout of the TTD with the two-tap filter shown in the orange box. The
delay enhancement is controlled with laser 2 (shown in green). AWG, arbitrary waveform
generator; BPF, band-pass filter; DBPF, dual band-pass filter; FS, fibre spool; TPS, tunable
phase shifter; chalc. WG, chalcogenide waveguide; OSA, optical spectrum analyser; PM,
phase modulator; ISO, isolator; EDFA, erbium doped fibre amplifier; DPMZM, dual-parallel
Mach Zehnder modulator; VOA, variable optical attenuator, IM, intensity modulator; PD,
photodetector; Bias, modulator bias voltages; VNA, vector network analyzer.

to operate in a shallow over-coupled regime to reduce sensitivity to drift. The stability of the
TTD could be improved further by implementing a feedback mechanism in the TPS to ensure the
interferometric components are 180° out of phase. The signal beats on the PD and generates the
delayed signal RFSBS which was recorded on the VNA. The optical spectrum is characterized by
an optical spectrum analyzer that was connected to the 10% port of a 90:10 splitter after the TPS.

To enhance the delay, a second optical source is generated from laser 2 (C2, shown in green).
Laser 2 (193.347 THz) is set to a lower frequency than laser 1 (193.402 THz), spectrally separated
to ensure there was no beating between the two lasers at the detector. The signal from laser 2
is fed through a variable optical attenuator (VOA) before passing through the phase modulator.
The second optical carrier also passes through the chalcogenide waveguide, however, it does not
experience any Brillouin gain. The signal continues through the BPF and DBPF where the upper
sideband is removed leaving C2 and SB2. A second ring from the TPS induces an optical phase
shift on C2 before C2 and SB2 beat together at the PD generating the signal RFint.

In order to characterise the TTD performance, we implemented a two-tap filter (TTF) by
adding a third laser, the TTF compares a known delay to that of the TTD. The optical signal from
the laser was fed through an intensity modulator (IM) which is driven by the VNA, so the IM has
an identical RF input as the PM. This signal propagates through a spool of single-mode fibre (FS)
before passing through a VOA and beating on the PD. The VOA is used to control the amount of
destructive RF interference of the TTF at the PD, additionally, the VOA also acts as a switch to
turn the TTF off entirely.

4. Results

The key functionality of the TTD is demonstrated in this section. The enhanced dispersive phase
slope and corresponding delay are shown over a bandwidth of 1 GHz and again at 450 MHz
to highlight the programmable reconfigurability with a near constant delay bandwidth product.
A 360° continuously tunable phase shift is also demonstrated to ensure the SCT condition can
always be met for any given delay or carrier frequency. Finally, the experimental results are
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verified with a two-tap filter which experimentally confirms both continuous phase tunability and
a change in group delay.

Initially, laser 1 was used to generate an un-enhanced group delay with SBS. The optical pump
had a combined power of 24 dBm over the 1 GHz bandwidth. The pump produced a delay of
20 ps and less than 1 dB of broadband Brillouin gain, which can be seen in Fig. 4(a)). The second
interference laser was then added and with the same amount of pump power resulted in 600 ps of
delay tunability which represents an enhancement factor of 30. Delay tunability here is defined
as the maximum range of group delay and advancement.

Fig. 4. Experimental results highlight the delay enhancement, broad bandwidths and
reconfigurable properties of the proposed TTD. The left column demonstrates a 1 GHz
bandwidth while the right column shows a 450 MHz bandwidth. a) Unenhanced Brillouin
phase profile over 1 GHz bandwidth. b) Dispersive phase slope measurements with a
delay enhancement tuning range of 30 over 1 GHz bandwidth. c) Corresponding delay
measurements with a rolling average filter applied. d) Unenhanced Brillouin phase profile
over 450 MHz bandwidth. e) Dispersive phase slope measurements with a delay enhancement
range of 13.5 over 450 MHz bandwidth. f) Corresponding delay measurements with a rolling
average filter applied.

Changing the intensity of RFint with the VOA affects the enhancement, which in turn controls
the delay. The TPS was used to ensure the RF vectors were 180° out of phase with each other.
The variable delays can be seen in Fig. 4(b)). The resultant dispersive phase slope is continuously
tunable and can be significantly steeper than the unenhanced case. Additionally, it is also possible
to invert the sign of the dispersive phase slope when RFint is large (see equation 6). When RFint
is larger than RFSBS, the resultant vector RFnet sits on the opposing side of the origin on the
complex plane, so the sign of the slope is inverted. Each dispersive phase slope in Fig. 4(b))
has a corresponding delay plotted in the same colour in Fig. 4(c)). The fluctuations present in
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Fig. 4(a)) are amplified by the enhancement factor present in Fig. 4(b)). The delay was calculated
by finding the average dispersive phase slope over the signal bandwidth. The delay fluctuations
could be improved with further phase and amplitude engineering. In this experiment there are
two main sources of distortion in the delay. One is the non-uniformity of the Brillouin gain profile.
Ripples present in the unenhanced phase profile will be amplified by the phase-enhancement.
A second source of distortion is the potential misalignment of the interfering vectors. This
occurs when θ1 is not 180°out of phase of θ2 and can result in deterministic phase errors. These
fluctuations could be reduced further by implementing a feedback mechanism to control the
amplitude of the various optical pump tones to tailor the shape of the Brillouin phase response
before the delay enhancement is applied. Additionally, the delay plotted in Fig. 4(c)) is related to
the derivative of the dispersive phase slope in b), which further highlighted distortion. The delay
bandwidth-product was measured to be 0.6.

The experiment was repeated over a bandwidth of 450 MHz to highlight the bandwidth
tunability of the TTD. 24.4 dBm of optical pump power was used over the signal bandwidth,
resulting in around 1 dB of broadband Brillouin gain. This generated a dispersive phase slope
plotted in Fig. 4(d)), which had a calculated delay of 93 ps. The distortion in the delay profile is
due to a phase error between the interfering components. This issue could be alleviated with
a feedback mechanism implemented with the TPS to ensure the interferometric components
are correctly aligned, with phase separation of 180°. The interference laser was configured
in Fig. 4(e)) and a delay enhancement factor of 13.5 was demonstrated, representing a delay
tunability of 1.27 ns and a delay-bandwidth product of 0.57, shown in Fig. 4(f)). To demonstrate
continuous phase control to ensure SCT can always be met, the phase of the optical carriers
were tuned with the SiN microring resonators while a constant group delay was applied. The
enhancement was achieved using a constant pump power of 24 dBm used over a bandwidth
of 1 GHz. The enhancement laser was then configured, leading to a delay of 100 ps, which
represents a delay enhancement factor of 5. The phase of the optical carriers was then rotated as
shown in Fig. 5. The phase is tunable over a range of 360° so it is possible to always meet the
SCT condition from any carrier frequency or delay. The link gain would ideally remain constant

Fig. 5. A phase shift was applied to the optical carriers of the TTD with a delay enhancement
factor of 5, providing arbitrary 360° phase control. a) experimental results, b) theoretical
model from equation 6.
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as the interference condition has remained constant, however, the link deviated by 7.6 dB over a
360° phase shift caused by the loss resonance of the microring resonators. This loss could be
reduced by further optimizing the microring resonator, or as the loss is deterministic it could be
corrected for with a variable-gain amplifier.

A two-tap filter was used to characterize the response of the TTD, shown in the orange box
in Fig. 3. A two-tap filter consists of an optical signal which is encoded with the same RF
information as the TTD. The TTF signal runs parallel to TTD and beats on the same photodetector
but with an engineered path-length mismatch. The pathlength of the TTF was controlled by
passing it through a fibre spool. This is to facilitate an appropriate free spectral range such
that only a few local minima are in the bandwidth over which the delay is applied. The RF
signal from the TTF interferes with the broadband signal RFnet and results in an interference
pattern. The free spectral range of the interference pattern is determined by the difference in
the time delay between the interference arm and the true-time delay. This makes it possible to
measure the induced delay [30]. Additionally, the phase difference between the two RF signals
can be determined from the spectral location of the minima, which can be used to confirm that
the SCT condition has been met. The phase of the optical carriers were rotated by 360° and
the corresponding interference pattern was plotted in Fig. 6(a)). Here, the spectral location of
the minima can be moved to arbitrary locations without altering the FSR, which demonstrates
360° phase tunability. Similarly, the delay can also be measured with the two-tap filter. When
the pump is off, the interference pattern is plotted in orange in Fig. 6(b)). The pump is then
turned on, inducing a 330 ps change in the delay of the TTD and can be seen by a change of
approximately 20 MHz in the free spectral range of the interference pattern. The minima in the
figure have been shifted so they align, to better emphasize the change in FSR.

Fig. 6. Two-tap filter results: a) A phase shift was applied to the two optical carriers that
shift the interference minima, here we show arbitrary 360◦ phase tunability. b) A delay was
applied which induced a change in the free spectral range of the interference pattern. Orange
- filter response when the pump is off. Blue interference pattern when the pump was turned
on.
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5. Conclusion and outlook

In this paper, we have demonstrated an integrated true-time delay based on an on-chip architecture
that combines SBS and, RF interference and integrated silicon nitride microring resonators. We
have demonstrated continuously tunable delays using very low levels of on-chip Brillouin gain,
while simultaneously showing arbitrary 360° on-chip phase tuning with silicon nitride microring
resonators. The true-time delay configuration lends itself to future integration, where all the
components could be integrated into a single hybrid chip, as illustrated in the artist’s impression
of the chip shown in Fig. 7. Integration would reduce the size, weight and power (SWaP) of the
system and increase the stability due to more constant optical path lengths. Integration would also
significantly reduce loss associated with the interface between components, which was a large
source of loss in the experiments performed in this manuscript. Integrating the chalcogenide into
a hybrid chip would remove the need for a pump back reflection filter due to the high degree of
mode matching between silicon and chalcogenide, which has insignificant back reflections [43].

Fig. 7. Artists impression of a fully integrated SBS microwave photonic true-time delay.
TRR, tunable ring resonator; PD, photodetector; DPMZM, dual-parallel Mach Zhender
modulator; chalc. WG, chalcogenide waveguide; PM, phase modulator.

As silicon waveguide losses are improved [47], it is foreseeable that the microring resonators
could be implemented in silicon directly without needing to incorporate silicon nitride into the
same chip. The chalcogenide platform could potentially be replaced with a silicon structure
which enable forward Brillouin scattering [48,49]. Constructing the TTD from a single optical
material would reduce complexity and streamline the fabrication process. Additionally, phonon
coupling between adjacent waveguides could be used so an optical filter to remove the Brillouin
pump would no longer be required [50].
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