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Abstract—An optical true time delay line (OTTDL) is a
fundamental building block for signal processing applications in
microwave photonics (MWP) and optical communications. Here,
we experimentally demonstrate an index-variable OTTDL based
on an array of forty subwavelength grating (SWG) waveguides on
silicon-on-insulator (SOI). The SWG waveguides are arranged in
a serpentine manner to increase the total length while maintaining
a compact size; the array occupies a chip area of ~ 6.5 mm x 8.7
mm = 56.55 mm?2. Each SWG waveguide in the array is 34 mm
long, the average incremental delay between waveguides is ~ 4.7
ps, and the total delay between the first and last waveguides is ~
181.9 ps. We use numerical simulations with the measured time
delays of the SWG waveguide-based OTTDL to demonstrate their
implementation in various MWP applications. First, we show a
microwave photonic filter (MPF) with discrete frequency
tunability and reconfigurability. Second, we illustrate discrete
tunability of the beamforming angle for a phased array antenna.
Finally, we determine the oscillation spectra and phase noise of
unbalanced dual-cavity optoelectronic oscillators (OEQOs) and
multi-cavity Vernier OEOs, as well as demonstrate the feasibility
for discrete frequency tuning. The developed OTTDLs bring
advantages in terms of compactness as well as operation versatility
to a variety of microwave signal processing applications.

Index Terms—Silicon photonics, microwave photonics,
microwave photonic filtering, optical beamforming, optoelectronic
oscillators.

I. INTRODUCTION

M ICROWAVE photonics (MWP) is an interdisciplinary
area that combines microwave and optical engineering
and focuses on the use of photonic means to generate,
distribute, and process microwave signals [1-4]. The strong
interest in MWP lies in its numerous intrinsic advantages, such
as broad operation bandwidth, strong immunity to
electromagnetic interference, and no limitation due to the
electronic bottleneck effect [5, 6]. Recently, considerable
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progress has been directed on developing photonic technologies
to realize MWP signal processing functions [7-10]. One such
technology is an optical true time delay line (OTTDL), which
is a fundamental building block for MWP discrete-time signal
processing applications [11]. For instance, they can be applied
to reconfigurable MWP filters, arbitrary waveform
generation/shaping, multi-cavity optoelectronic oscillation, and
optical beamforming in phased array antennas [12, 13]. Various
approaches exist to implement OTTDLs apart from switched
variable-length single mode fiber (SMF) [14] configurations,
including the exploitation of the optical wavelength diversity
through passive dispersive elements, e.g., fiber Bragg gratings
(FBGs) [15, 16] or exploiting the dispersion associated with a
gain resonance, e.g., from stimulated Brillouin scattering [17,
18]. Characteristics of OTTDLs include large delay, small
incremental delay steps for the discretely tunable delay, broad
operating bandwidth, and low loss. It is not necessary for an
OTTDL to possess all these features simultaneously as the
requirements will depend on the specific application.

There are two general approaches for implementing an
optical delay line (ODL) [10]: (1) varying the propagation
length (L) of the delay element (i.e., a length-variable delay
line) [19, 20] and (2) varying the propagation group velocity
(vg) (i.e., a wavelength-variable delay line) [21]. These two
methods use fixed-length waveguides, optical fibers, or free
space as the delay medium; they can also utilize resonance
enhancements to go beyond the physical length of the delay
medium. An ODL providing time delays for pulses/signals
having the same optical carrier is one form of an OTTDL [10].

Recently, there has been significant interest in developing
subwavelength grating (SWGQG) waveguide structures for high-
performance photonic integrated circuits in silicon-on-insulator
(SOI) [22, 23]. An SWG waveguide comprises a periodic
arrangement of two different materials, one with a refractive
index that is higher than the other, with a period that is small
enough to suppress the diffraction effects. The characteristics
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Fig. 1. Design and fabrication of SWG waveguide-based OTTDL and experimental characterization. (a) Schematic of the fabricated array of forty SWG waveguides
in SOI (the different colors represent different duty cycles of the SWG waveguides). (b) Details of the bends. (c) The waveguide cross-section view. (d)
Experimental setup of measuring power spectral response of the fabricated index-variable OTTDL. (e) Experimental time-of-flight measurement setup. ASE:
amplified spontaneous emission source; OSA: optical spectrum analyzer; LD: laser diode; EOM: electro-optic intensity modulator; EDFA: erbium-doped optical

fiber amplifier; DCA: digital communication analyzer; RF: RF generator.

of SWG waveguides, such as low loss and the flexibility to
tailor the effective refractive index (through control of the duty
cycle, defined as the ratio between the length of the high
refractive index material to the period), can result in enhanced
performance compared to conventional SOI nanowire
waveguide-based devices [24]. Gasulla and Capmany exploited
the parallelism of multicore fibers and proposed their use as a
space sampled index-variable OTTDL for MWP applications
[25]. Heterogeneous multicore fibers provide different
propagation delays through each core by proper design of their
physical dimensions and material doping concentrations: a
differential time delay of a few ps/km was achieved by tailoring
an independent dispersion profile per core [26, 27]. Inspired by
this approach, we proposed and demonstrated for the first time
how an array of SWG waveguides can be used to implement an
integrated version of heterogeneous multicore fibers as a
sampled index-variable OTTDL [28]. In particular, the array
involved four SWG waveguides of the same length but different
propagation velocities, which were obtained by tailoring the
effective index of each SWG waveguide through control of

their duty cycles.

Here, we extend significantly our proof-of-concept and
demonstrate an array of forty SWG waveguides to implement
an index-variable OTTDL. We use numerical simulations in
conjunction with the measured delays of our integrated SWG
waveguide-based OTTDLs to demonstrate their applications in
MWP. First, we show a microwave photonic filter (MPF)
featuring discrete frequency tunability and reconfigurability:
we calculate the filter responses of two-tap, three-tap, four-tap,
and five-tap MPFs with different free spectral ranges (FSRs).
Second, we determine the array factors for different phased
array antennas. By proper choice of the waveguides to obtain a
specific incremental time delay, we can realize discrete tuning
of the beamforming angle. Moreover, when we fix the number
of antenna elements, the beamforming angle can be tuned
discretely without impacting the directionality of the
beamforming patterns. Finally, we emulate the unbalanced
dual-cavity optoelectronic oscillator (OEO) and multi-cavity
Vernier OEO and demonstrate discrete tuning of the output
frequency.
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Fig. 2. (a) Measured power spectral responses based on ASE source. (b) Measured fiber-to-fiber loss of each SWG-based OTTDL. (c) Measured time delay of

each OTTDL.

II. DESIGN AND CHARACTERIZATION OF THE SWG
WAVEGUIDE-BASED OTTDLS

An SWG comprises a periodic arrangement (where the
period is A) of a medium with a higher refractive index (such
as silicon) having a thickness a embedded within a medium of
lower refractive (such as silica). The effective index of SWG
waveguides depends on the duty cycle D, and is defined as
D = a/A, where a is the length of the silicon segment in each
period. An index-variable OTTDL generally involve
waveguides of the same length but the propagation velocities
are different. The group index of the SWG waveguides can be
engineered to control the incremental time delay by choosing
the duty cycles of each SWG waveguides. The group index of
an SWG waveguide can be expressed as [28]:

_ Myng D +nyng,(1—D)

ng )
\/Dnlz + (1 = D)n,? ™

where n; and n, are the effective indices of the silicon and
silica waveguides, respectively, ng; and ng, are the group
index of the silicon and silica waveguides.

To investigate the performance of the integrated index-
variable OTTDL, we fabricated an array of forty SWG
waveguides in SOI, see Fig. 1(a). The SWG waveguides are
formed by alternating periodically segments of silicon and
silica with a period of A =250 nm. Each waveguide in the array
is 34 mm long and the duty cycles are varied in 1% increments
from 30% to 69%. The waveguides are arranged in a serpentine
configuration to reduce size; each bend includes two SWG
tapers to transition between the SWG waveguide and solid core
waveguide used as the waveguide bend, as shown in Fig. 1(b).
The SWG waveguides are separated by ~ 31.5 pum to eliminate
crosstalk. Generally, a separation of 10 pm avoids coupling and
crosstalk [29], which is small enough to ensure compactness.
The array of waveguides occupies a total chip area of ~6.5 mm
x 8.7 mm or 56.55 mm?.

The chip is fabricated using electron beam lithography with a
single etch at Applied Nanotools (ANT) Inc.. The SWG
waveguides have a cross-section of 220 nm x 500 nm; they are

covered by an index-matched cladding layer of thickness 2.2
um. Each SWG waveguide has an input and output taper for
coupling to a nanowire waveguide of the same cross-section, as
illustrated in Fig. 1(c). The SWG tapers are used for mode
conversion between the SWG waveguide and the solid core
waveguide [28]. The duty cycle of the taper is the same as the
duty cycle of the SWG waveguide, and the thickness of
waveguides is 220 nm. The length of a taper is 50 pm.

We use an EDFA (KEOPSYS, CEFA-C-HG) as an amplified
spontaneous emission (ASE) source and an optical spectrum
analyzer (OSA, Ando AQ6317) to obtain the spectral response
of each SWG waveguide, as shown in Fig. 1(d). We use a time-
of-flight to measure the propagation time through the
waveguides. The experimental setup for the time-of-flight
measurement is illustrated in Fig. 1(e). A tunable laser
(Keysight, 8164B) generates a continuous wave at 1550 nm
with an output power of ~ 6 dBm. The laser is modulated
employing an electro-optic modulator (EOM, JDS Uniphase
0OC-192) driven by an RF signal of 10 GHz (Anritsu, 69377B).
After propagating through each SWG waveguide, the signals
are amplified by an EDFA (Pritel, LNHPFA-30) and then
detected and observed using a digital communications analyzer
(DCA, Agilent Infiniium DCA-J 86100C). The incremental
delays are extracted from the measured waveforms using the
measured trace from the first waveguide as a reference.

Fig. 2(a) shows the spectra at the output of the waveguides as
well as that of the input broadband source. The total fiber-to-
fiber loss depends on the coupling loss associated with the
vertical grating couplers (VGCs) used for coupling in and out
from the chip, the propagation loss in the SWG waveguide, and
the losses associated with the waveguide bends (including the
tapers and transition between SWG and solid core waveguides).
Fig. 2(b) shows the fiber-to-fiber loss for the array of forty
SWG waveguides; the average loss is ~ 33 dB, which includes
a VGC coupling loss of ~ 22 dB (the loss of a VGC-to-VGC
pair is characterized separately using test structures). Fig. 2(c)
shows the measured time delays in the waveguides, which
increase linearly as a function of duty cycle (apart from a few
waveguides which may have been impacted by fabrication
errors). The average incremental time delay between
consecutive SWG waveguides is ~ 4.7 ps. The total time delay
between the first and last SWG waveguides is ~ 181.9 ps.
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applications in radar [30], communications [31], and real-time

III. APPLICATIONS FOR MWP

We consider the performance of the fabricated OTTDLs and
discuss a variety of applications for MWP. In particular, we
focus on important applications such as MPFs, optical
beamforming for phased array antennas, and multi-cavity
OEOs.

A. Application for microwave photonic filtering
MPFs have been a topic of interest due to their wide range of

spectrum processing systems [32]. One popular implementation
of an MPF is to use a delay line structure to obtain a finite
impulse response [33]. Fig. 3(a) illustrates the generic layout of
an N-tap transversal MPF using a single optical source and our
array of forty SWG waveguides as a delay line MPF structure.
The optical carrier from the laser source is modulated by a
microwave signal using an electro-optic modulator (EOM). The
modulated signal is then divided into N paths by a 1 x N
splitter (to create N taps); the taps experience different time
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delays in the SWG waveguides before being recombined. Note
the tap weights can be controlled using variable powers of taps,
denoted by a;, a,,..., a,.
An N-tap MPF has a transfer function given by [34]:
N

H(cu) — Z ane—jnwA-r,
n=0
where w is the angular frequency of the RF signal, a, is the
coefficient of the n'™ tap, and At is the time delay between
consecutive taps. The delays from our SWG waveguides enable
a simple implementation of a multi-tap MWP filter. Equation
(2) shows that the MPF response is periodic. The FSR of the
filter is inversely proportional to the time interval between
adjacent taps (FSR = 1/At ). Thus, tunability and
reconfigurability of the MPF passband responses can be
accomplished by control of At ; reconfigurability of the
passband shape can be implemented by varying the number of
taps (waveguides used) and weight.
First, we simulate the frequency responses of uniform N-tap
MPFs using the measured time delays from the SWG
waveguides. The frequency responses of two-tap filters are

@)

300

240

270
Fig. 4. Schematic of an optical beamforming phased antenna array based on the array of SWG waveguides. (a) Diagram for a uniform spaced N-element phased

antenna array based on the fabricated OTTDLs. (b) Simulated antenna array factors for comparing the measured data and the ideal data. (c) Calculated antenna
array factors for different numbers of antenna elements at 1550 nm. (d) Simulated antenna array factors when a 10-element antenna array is fixed.

shown in Fig. 3(b): when selecting two SWG waveguides, e.g.,
the 3™ and 12" waveguides, the 7" and 18" waveguides, or the
6™ and 23" waveguides, the corresponding differential time
delays between adjacent samples (denoted as At) are 45.3 ps,
53.8 ps, and 81.3 ps, respectively, which give rise to filter
responses having a periodicity or free spectral range (FSR) of ~
22.1 GHz, ~ 18.6 GHz, and ~ 12.3 GHz.

Next, we calculate the frequency responses of three-tap, four-
tap, and five-tap MPFs, as shown in Figs. 3(c), (d), and (e),
respectively, by selecting three, four, and five SWG
waveguides. For comparison, we also show the frequency
responses of the ideal case (as dashed lines) where we use a
uniform delay increment (obtained with the average value of
measured differential delays At). As an example, for the three-
tap MPF, we begin by selecting the 6%, 23, and 40" SWG
waveguides, the differential delays Az are 81.3 ps and 81.5 ps,
corresponding to an FSR of 13 GHz. On the other hand, by
choosing the 7%, 23" waveguide, and 39" waveguides, the
incremental delays are 77.2 ps and 76.7 ps resulting in an FSR
of 12.3 GHz. Figs. 3(c), (d), and (e) illustrate additional
examples of three-tap, four-tap, and five-tap MPFs: discrete
reconfigurability can be realized by selecting different sets of
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filter.

SWG waveguides since both the number of samples and the
differential delay can be adjusted. There is a good agreement
between the simulated responses based on the measured delays
and ideal delays. Note that the reconfigurability of the filter can
be realized as well by tuning the filter coefficients (i.e., a,,
as,..., ay) through controlling the power of each tap.

B. Application for antenna beamforming

Photonic technologies, such as OTTDLs, are of significant
interest for optical beamforming in phased array antenna
systems because they provide the possibility for remote control,
allow ultra-wide operation bandwidth, greatly reduce the
required footprint, and are immune to electromagnetic
interference [35, 36]. More importantly, OTTDLs avoid beam
squint which can arise when using structures based on phase
shifting elements.

The beam radiation direction is determined by the intensity
and phase of radio waves emitted from antenna elements. In the
case of a phased array antenna with its elements uniformly
spaced and along a single axis, the normalized array factor of
the phased array antenna with linearly spaced antenna elements
can be expressed as [36, 37]:

dsinf
c

N-1
1 —j -
AF®) == e ) 3)
n=0

where N is the number of antenna elements, a, is the
complex coefficient of nt*antenna element, f is the RF, At
is the differential time delay, d is the distance between two
adjacent antenna elements, 6 is the far-field angular
coordinate, and c is the light speed in vacuum. The array factor
attains its maximum value at 6,,,, when At = dsinf/c. We
can tune this beam-pointing angle 6,,,, by changing the
differential delay between adjacent samples.

Fig. 4(a) shows the schematic of an optical beamforming
system that uses the array of SWG waveguides as an index-
variable OTTDL. The optical carrier emitted by a laser source

is modulated by an RF signal through an EOM. The modulated
signal is separated by a 1xN splitter before launching into the
SWG waveguides to implement the delays. Each delayed signal
is then directed towards a photodetector (PD) and the output
drives an antenna element. The set of differential time delays
associated with propagation in the different waveguides are
translated into different beam-pointing angles of the phased
array antenna.

We simulate the beamforming patterns (i.e., the array factors)
for different delay increments assuming an optical carrier
wavelength of 1550 nm, an RF frequency of 10 GHz, and a
separation between radiating elements of 1.5 cm. First, we
compare the patterns for 20 antenna elements where we use the
measured and average incremental delays, see Fig. 4(b). The red
line represents the array factor using the measured delays while
the blue line shows the ideal case when we assume a uniform
delay increment of ~ 9.3 ps (obtained with the average value of
all measured delays for every second waveguide). In this case,
the RF signal corresponding to the first delay line is taken as a
reference, and the time delay differences At;, are for the
remaining delay lines with respect to the first delay line. Even
though the measured incremental delays are not strictly
uniform, we can see that the impact on the beamforming pattern
is negligible though there is an increase in the sidelobes of the
beam pattern. Fig. 4(c) depicts the array factors using different
numbers of antenna elements and incremental delays. For
example, we can consider using every second waveguide, which
results in a 20-element phased array antenna. We can also use
fewer waveguides that are further separated in order to increase
the incremental delay: choosing every third, fourth, fifth, sixth,
seventh, and eighth waveguide results in 13, 10, 8, 7, 6, and 5
elements, respectively. Clearly, the beamforming angle can be
tuned discretely by simply choosing different delay lines: the
angles are 10.4°, 16.2°, 21.8°, 27.0°, 33.8, 41.1°, and 51.0° for
antennas with 20, 13, 10, 8, 7, 6, and 5 elements, respectively.
It should be noted that since increasing the delay reduces the
number of antenna elements, the directionality is reduced
correspondingly. However, we can fix the number of
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Fig. 6. (al)-(j1) Simulated oscillation spectra of the unbalanced dual-cavity OEO with different oscillation frequencies: (al) 6.54 GHz, (b1) 10.25 GHz, (c1) 16.35
GHz, (d1) 19.07 GHz, (el) 26.17 GHz, (f1) 27.59 GHz, (gl) 28.33 GHz, (h1) 33.30 GHz, (il) 34.87 GHz, and (j1) 38.63 GHz. (a2)-(j2) Simulated RF spectra
associated with the individual cavities corresponding to the unbalanced dual-cavity OEOs in Figs. 6 (al)-(j1).

waveguides used, e.g., 10, and then select the appropriate delays
to tune the beamforming angle without impacting the
directionality. Fig. 4(d) shows the simulated beamforming
patterns for a 10-element antenna using every second, third, and
fourth waveguide to obtain different time delays. The
beamforming angle can be tuned discretely between 6.7°, 10.3°,
16.1°, and 21.9°.

C. Application for multi-cavity optoelectronic oscillators

OEOs have attracted much attention due to their capacity to
generate high-frequency and low-phase-noise microwave
signals for applications in communications (e.g., radio over

fiber systems), instrumentation (e.g., radar), and sensing [38-
40]. Usually, the oscillation of an OEO is produced through a
feedback cavity that contains a modulator, an optical fiber
delay, and a photodetector [41]. To obtain high spectral purity
signals, the OEO needs a long fiber cavity, which generates
many oscillation modes that are closely spaced in frequency.
Therefore, selecting a single mode for oscillation requires a
high-selectivity RF filter with narrow bandwidth. Multi-cavity
OEOs have been investigated to remove the requirement of a

narrowband RF filter [42].

Following a similar procedure as Yao and Maleki [43], the
recursive relation that describes the circulating filed after the
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u™ round-trip can be given by:

N
7.(w) = [Z| gilei @t
k=1

where ¥,(w) is the complex amplitude of the circulating filed
after u'" roundtripand g, isthe complex gain of kt" cavity.
If the starting voltage of oscillation is G,V;,(w), where G, is
the gain of the RF amplifier, the total of all circulating fields is:

~ _ = ~ _ GaVin(w)
Vout(w) = Z Vu(w) = 1— Zl]g:1|gk|€j(wrk+¢k)' (5)

u=0

Vy-1(w), “

The corresponding RF power is:

~ 2
P(w) = |Vout(w)| 2 |Vm(w)| /2R (6)
2R 11— z 1 gilel @ a
where R is the load impedance and:
Oy (w) = Wty + Py, (7

where 1) is the time delay and ¢, is the phase factor of
complex gain gy.

For the oscillations to start collectively in all cavities and
start from noise [43], we consider a simple case that the gain
coefficients have equal value in all cavities |g,| =g = 1/N,
N is the number of cavities in the multi-cavity OEO.

The phase noise model of the multi-cavity OEO is also
investigated. The power spectral density of the mode oscillating
at w, can be expressed as [43]:

Gaszz/Posc

Ser(f') = - ’ (®)
|1 - X lgileemr o]
where w, is the oscillation angular frequency, f' = %

represents the offset frequency from the RF carrier, P, is the
RF oscillation power, py represents all the technical noise
sources of the OEO [44], including thermal noise, the laser’s
relatively intensity noise and, where applicable, amplified
spontaneous emission noise. py is usually reported by a value
in the range of —180 to —160 dBc/Hz.

For starting oscillations of a dual-cavity OEQ, the oscillation
frequency must verify [43]:

k n
fo=—=— ©)

1 T2
where k and n are integers, and t; and 7, are the cavity
time delays of two cavities, respectively. The mode spacing Af

is determined by the shorter cavity: Af = Tl In addition, the
1

resonance linewidth is imposed by the longer cavity.

Equation (9) is employed to determine the required 7, and
7,, then we select two SWG waveguides that provide these
delays. For example, we choose the 5" and 38" waveguides
whose delays are 305.8 ps and 458.9 ps, respectively, leading
to k=2, n=3 and an oscillation frequency f; ~ 6.54 GHz. By
the same token, Fig. 6(al)-(j1) reports the oscillation frequency
fo when different pairs of SWG waveguides are chosen; this
shows how the output frequency of an unbalanced dual-cavity
OEO can be tuned discretely.

A multi-cavity OEO can be implemented by using N SWG
waveguides as the corresponding N cavities of the OEO. The
incremental delay between adjacent cavities is given by Aty.
In this case, (9) can be expressed as [43]:

& (w) = wry + (k—Dwlt, + ¢, (k=1,2,...,N). (10)
A simple case is when ¢, = 0V k and to start oscillation,
the oscillation frequency must satisfy:

f0=;n—1(m=1,2,...). (11)

Note that the oscillation frequency is set by the value of 7.
From the Vernier effect and to have constructive interference at
fo, the incremental delays At, must satisfy [43]:

1
fo=7—

iz, (12)

Note that oscillations start only when (11) and (12) are
satisfied simultaneously.

Fig. 5(a) illustrates the schematic of an unbalanced dual-
cavity OEO that uses our array of SWG waveguides as an
index-variable OTTDL. The optical carrier from a laser source
is introduced into an EOM and the output is split and sent
through two selected SWG waveguides to impose different
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Fig. 8. Simulated oscillation spectra for the multi-cavity Vernier OEOs. Oscillation frequency of ~ 22.2 GHz for (a) 2 cavities, (b) 3 cavities, and (c) 4 cavities.
(d)-(f) Corresponding spectra of each cavity comprising the multi-cavity Vernier OEO. (g)-(i) Oscillation frequency of ~ 20 GHz for (g) 2 cavities, (h) 3 cavities,
and (i) 4 cavities. (j)-(1) Corresponding spectra of each cavity comprising the multi-cavity Vernier OEO.

propagation times before being detected. The electrical output
of the PD is then fed back to the electric port of the EOM after
amplification.

Figs. 6(al)-(j1) show the calculated oscillation spectra for an
unbalanced dual-cavity OEO using the measured delays for
different pairs of SWG waveguides. For comparison, the
individual spectra from each cavity are also plotted as shown in
Figs. 6(a2)-(j2). Note that since the measured delays for the
chosen waveguides do not satisfy (9) exactly, the amplitudes of

the generated tones are attenuated. Due to the small incremental
delays provided by our SWG waveguide-based OTTDL, the
FSR of the oscillation spectra for the unbalanced dual-cavity
OEO:s is typically on the order of GHz. As a result, a highly
selective RF filter is not necessary for mode selection, in
contrast with other approaches [43]. By choosing different
waveguide pairs to obtain different delays, a discretely tunable
microwave signal from 6.54 GHz to 38.63 GHz can be obtained
readily. Moreover, even if the delays result in the two cavities
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Fig. 9. Simulated phase noise spectra of the multi-cavity OEOs. (a) Oscillation frequency of ~ 22.2 GHz. (b) Oscillation frequency of ~ 20 GHz

having slightly different central frequencies, the impact is
negligible and the sidemode suppression is still high.

We also investigate the phase noise spectra of the unbalanced
dual-cavity OEOs, assuming a standard noise py = —180
dBc/Hz, an RF amplifier gain of G, = 10 dBm, and an
oscillation power of P,,.=10 dBm. Fig. 7(a) shows that the
phase noise in all cases is similar because using larger delays
has a negligible effect on the resonance quality factor, and the
phase noise is largely independent of oscillation frequency.
However, since our delays are in the ps range, we suffer more
in terms of phase noise; using longer SWG waveguides to
increase the delay will improve the phase noise. Note that for
the unbalanced dual-cavity OEO, the phase noise is determined
by that of the longer cavity [42]. By extending the basic cavity
length, for example by increasing the length of the SWG
waveguides in the OTTDL by a factor of ten, the phase noise
characteristics can be improved by 20 dB, as shown in Fig. 7(b).

Fig. 5(b) depicts the schematic of a multi-cavity OEO where
the different SWG waveguides are employed to implement
cavities with different delays. For example, from our measured
data, we can choose SWG waveguides with single-cavity delays
of 315.8 ps, 360.4 ps, 410.3 ps, and 451.6 ps. Figs. 8(a), (b), and
(c) show the oscillation spectra for the oscillation frequency of
~22.2 GHz when we use these four SWG waveguides and vary
the number of cavities ranges from two to four. The oscillation
spectra of each cavity comprising the multi-cavity OEO are also
plotted in Figs. 8(d), (e), and (f).

To obtain a tunable multi-cavity OEO, we change the delays
by selecting different groups of SWG waveguides. For example,
we can choose waveguides with single-cavity delays of 298.6
ps, 346.1 ps, 398.8 ps, and 451.6 ps. Figs. 8(g), (h), and (i) show
the oscillation spectra for an oscillation frequency of ~ 20 GHz
and the number of cavities ranges from two to four. As with the
unbalanced dual-cavity OEO, the FSRs of the multi-cavity
OEO:s are in the GHz range thus, again, a highly selective filter
is not required for mode selection. Moreover, by increasing the
number of cavities, the spurious modes of the multi-cavity OEO
can be suppressed. But as with the unbalanced dual-cavity OEO,
since the measured delays do not satisfy (11) and (12) exactly,

the amplitudes of the generated tones are attenuated. In Fig. 9,
we plot the phase noise of the multi-cavity OEOs for operating
frequencies of ~ 22.2 GHz and ~ 20 GHz (assuming, as before,
a standard noise py = —180 dBc/Hz, an RF amplifier gain of
G, =10 dBm, and an oscillation power of P,5. =10 dBm. The
results show that the phase noise for the two oscillating
frequencies are similar.

IV. SUMMARY AND DISCUSSION

We have proposed and designed experimentally an OTTDL
based on an array of forty SWG waveguides in SOI, where each
waveguide is 34 mm long. By controlling the duty cycles which
are varied in 1% increments from 30% to 69%, an average
incremental delay of ~ 4.7 ps can be obtained. Our proposed
method provides a promising solution for achieving large-scale
integration of OTTDL devices on photonic chips. We
demonstrate the use of the OTTDLs to implement N- tap MPFs
with discrete frequency tunability and reconfigurability.
Compared with the multicore fiber-based MPF [26, 27], the
MPF using the SWG waveguide-based OTTDL can take
advantage of on-chip transfer printed tunable gain
semiconductor optical amplifiers (SOAs) [45] to control the tap
amplitude values and provides a significantly more compact
implementation. These transfer printed SOAs can allow us to
overcome splitting losses when using many parallel SWG
waveguides and propagation losses if the length of the SWG
waveguides are increased to provide a greater differential delay.
We also show the use of the OTTDL for antenna beamforming;:
by simply choosing different incremental delays
(corresponding to different SWG waveguide), we can discretely
tune the beamforming angle without incurring any beam-squint
effects. Finally, we use the SWG waveguide-based OTTDL to
implement different multi-cavity OEO possibilities without
requiring high-selectivity RF filters.

While we only demonstrated discrete tuning of the MPF
responses, beamforming patterns, and OEO oscillation
frequencies by exploiting the space diversity provided by the
different SWG waveguides, continuous tuning should be
possible by changing the wavelength of the optical carrier as
observed using heterogeneous multicore fibers [26, 27]. In
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particular, by operating closer to the SWG waveguide band
edge, we may be able to take advantage of the increased
dispersion in order to have different incremental values of
dispersion and hence group delays as the wavelength of the
optical carrier is tuned.

Increasing the number of SWG waveguides can provide more
options for the number of taps for MPFs and phased antenna
array elements, as well as a greater number of oscillation
frequencies in dual-cavity and multi-cavity OEOs. It should be
possible to increase the number of the SWG waveguides by
reducing the increment in duty cycle. For example, using 80
SWG waveguides with duty cycles ranging from 30% to 69%
can be obtained using an increment of 0.5% (which corresponds
to a difference in the SWG segments of ~ 1.25 nm and is
achievable within the limits of ebeam lithography). Increasing
the range of duty cycles will have limits, though. In particular,
it has been shown that a larger duty cycle (i.e., 70%) involves
significantly higher taper and propagation losses [29, 46].

Based on our findings, we believe that our SWG waveguide-
based OTTDL offers a versatile and compact solution to enable
a wide range of integrated MWP signal processing functions for
enhanced radar, communications, sensing, and instrumentation
applications. Beyond MWP, this approach can be extended to
perform additional optical signal processing applications that
require different values of the group delay.
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