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Abstract

Optical delay lines implemented in photonic integrated circuits (PICs) are essential for creating
robust and low-cost optical signal processors on miniaturized chips. In particular, tunable delay
lines enable a key feature of programmability for the on-chip processing functions. However, the
previously investigated tunable delay lines are plagued by a severe drawback of delay-dependent
loss due to the propagation loss in the constituent waveguides. In principle, a serial-connected
amplifier can be used to compensate such losses or perform additional amplitude manipulation.
However, this solution is generally unpractical as it introduces additional burden on chip area
and power consumption, particularly for large-scale integrated PICs. Here, we report an
integrated tunable delay line that overcomes the delay-dependent loss, and simultaneously allows
for independent manipulation of group delay and amplitude responses. It uses a ring resonator
with a tunable coupler and a semiconductor optical amplifier in the feedback path. A proof-of-
concept device with a free spectral range of 11.5 GHz and a delay bandwidth in the order of
200 MHz is discussed in the context of microwave photonics and is experimentally demonstrated
to be able to provide a lossless delay up to 1.1 to a 5 ns Gaussian pulse. The proposed device can
be designed for different frequency scales with potential for applications across many other areas
such as telecommunications, LIDAR, and spectroscopy, serving as a novel building block for
creating chip-scale programmable optical signal processors.

Keywords: photonic integrated circuits, tunable delay lines, ring resonator, semiconductor
optical amplifier
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1. Introduction

Photonic integrated circuit (PIC) technology enables the
integration of complex optical systems on miniaturized chips
with extremely high and long-term stability, ultimate control
precision, and strong potential for low-cost fabrication. These
features are crucial for the development of optical devices for
many areas, such as telecommunications, LIDAR, and
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spectroscopy [1]. Currently, the business model of generic
foundries and multi-project wafer runs rapidly advances PICs
by providing industry and academia access to state-of-the-art
technology platforms. In the last decade, a large number of
photonic chip designs have been reported, demonstrating
functions such as analog and digital processing, interconnects,
sensing, energy-conversion and storage, and information
interrogation [2-6].

© 2017 IOP Publishing Ltd  Printed in the UK
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Integrated optical delay lines are an essential component for
creating integrated signal processing functions. In particular,
tunable delay lines enable a key feature of programmability that
opens a large application variety for those functions. One pro-
mising application, for example, is the integrated optical
beamforming network for wideband phased array antennas
required for the next generation of mobile communications
[7-10], where the independent manipulation of signal amplitude
and delay forms the heart of beamforming and beamsteering
functions. A typical solution for such independent manipulation
is interferometric filters. The reason is that these need only fulfill
a generalized set of Kramers—Kronig relation whose amplitude
(power transmission) and phase (group delay) responses can be
independently synthesized, unlike, e.g. absorptive filters that
have to obey the amplitude-phase dependency (Hilbert transform
pair) of the standard Kramers—Kronig relation [11-13]. Typical
implementations of interferometric filters are Bragg gratings
[14], photonic crystals [15], whispering-gallery-mode resonators
[16], and ring resonators [17, 18]. From an engineering per-
spective, ring resonators offer three advantages: (1) they can
straightforwardly be fabricated using current waveguide tech-
nology; (2) the design can be extended towards serial and par-
allel network topologies such as CROWS (coupled resonators
optical waveguide) [19, 20] and SCISSORS (side-coupled
integrated spaced sequence of resonators) [21, 22], offering a
large flexibility in composing desired delay line characteristics;
(3) multiple tuning elements can be implemented as desired,
which is of particular importance for creating programmable on-
chip optical signal processors [23, 24].

To date, many integrated ring resonator delay lines have
been reported using various circuit configurations and tech-
nologies. However, these delay lines are plagued by a severe
drawback of delay-dependent loss due to the propagation loss
in the constituent waveguides. In particular, this drawback
impedes the implementation of long delays, e.g. in the order
of nanoseconds (equivalent to a waveguide length of tens of
centimeters), typically required by microwave photonic
applications. In principle, a straightforward way to compen-
sate such losses is to use external optical amplifiers. However,
this simultaneously incurs two critical issues in practice, i.e.
circuit complexity and power consumption, particularly for
systems comprising many delay lines and requiring sig-
nificant delays (e.g. a 16 x 1 optical beamforming network
for K,-band phased array antenna [7-9]).

Here, we propose and show a proof-of-concept exper-
imental demonstration of an integrated tunable delay line that
overcomes the delay-dependent loss and simultaneously
allows for independent manipulation of its group delay and
amplitude responses. The delay line uses a ring resonator in
an all-pass filter architecture with a tunable coupler and a
semiconductor optical amplifier (SOA) [26] in the feedback
path. As a key feature, when providing a lossless delay, the
SOA in this work needs only to provide a gain that com-
pensates the device waveguide loss, i.e. waveguide propa-
gation loss of one resonator roundtrip regardless of delay
value, whereas using an external optical amplifier will require
a gain nearly equal to the multiplication of the device
waveguide loss and the delay value in terms of the number of
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Figure 1. Device description. (a) A schematic, (b) the mask layout
design, and (c) a photomicrograph of the novel device. (d) An
illustration of the signal processing operation.

resonator roundtrips. While ring resonators incorporating
SOAs have been investigated for optical signal processing,
e.g. ring resonators in add-drop multiplexer architecture as
spectral filters [25], and coupled ring resonators as integrators,
Hilbert transformers, and differentiators [27, 28] featuring
arbitrary evaluation of the device transfer function [29], a ring
resonator delay line in an all-pass filter architecture that uti-
lizes a SOA to control the feedback-path amplitude factor
opens a novel building block for chip-scale processors of
tunability, i.e. allowing for loss, all-pass (lossless), or gain in
the delay passband. This new tunability breaks the paradigm
of previously demonstrated ring resonator delay lines that are
restricted to delay passband losses. The proof-of-concept
device of this work shows a delay bandwidth in the order of
200 MHz, which is discussed in the context of microwave
photonics. However, such devices can be designed for dif-
ferent frequency scales with potential for applications across
many other areas such as telecommunications, LIDAR, and
spectroscopy, serving as a novel building block for creating
chip-scale programmable optical signal processors.

2. Device description

Figure 1(a) shows the construction of the novel delay line. It
comprises a ring resonator that incorporates a SOA in the
feedback path. Coupling to the bus waveguide is implemented
as a Mach—Zehnder interferometer (MZI) structure compris-
ing two 2-by-2 3 dB multimode interferometer couplers. The
power coupling is controlled by means of phase shifters in the
arms of the MZI [4, 17, 18]. An additional phase shifter is
placed in the feedback path to enable control of its resonant
frequency. The chip is fabricated in an indium phosphide
waveguide platform [30]. The SOA in the cavity is con-
structed using an InGaAsP/InP quantum well with a size of
2000 x 2 um? and has a polarization-independent gain con-
trolled by a bias current. The threshold current density for
onset of gain is 0.5kA cm % and the saturation current den-
sity is 7 kA cm~* where the gain coefficient amounts to about
70cm™". The passive waveguide in the device has a propa-
gation loss of about 3.5 dB cm ™' and the coupling loss to the
single-mode lensed fiber (OZ Optics) used in the experiment
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is about 5dB per facet. The resonator has a free spectral
range, frsr, of 11.5 GHz. Figures 1(b) and (c) show the mask
layout design and a photomicrograph of the fabricated device.

Using the digital-filter-modeling method as explained in
[29], the signal processing operation of the device can be
described by a schematic as shown in figure 1(d), whose time-
domain discrete impulse response is given by

h(t) = b5 (1) — s2g6(t — ) —-+-— W

where 4(¢) is the delta function, n = oo, b = sqrt(1—x) and
s = —jsqrt(x) are respectively the coupler’s bar- and cross-
port amplitude factors with « € [0, 1] being the power
coupling coefficient, g € (0, +00) the feedback-path ampl-
itude factor of the resonator which represents the net effect of
the waveguide propagation loss and SOA gain in the feedback
path, and 7 = 1/fgsg is the roundtrip delay of the cavity. The
frequency-domain characteristic of the device can be descri-
bed using its z-transform:

H(z) = b — a1 - bz)(gZ71 + g2272 4 gnzfn)
b—gz' b—g/b
1 — bgz! (z — bg)

which has z = exp(j2nfr + 6) with f the frequency, 6 the
feedback path phase shift, p = bg and o = g/b respectively
expressing the magnitudes of the pole and the zero of the
transfer function. The amplitude and group delay response of
the device can be respectively obtained by evaluating |H(2)|
and the first-order derivative of -arc(H(z)) with respect to f
within one free spectral range.

s2g"5(t — n1),

2

3. Experimental results

3.1. Delay line properties

The resonator’s frequency responses were measured using an
optical vector analyzer (Luna System OVAS5000). Figure 2
shows the measurement results, where the resonator’s tuning
elements, i.e. g and k, are evaluated by means of curve-fitting of
the measured responses to the theoretical calculations. For this
experiment, the light intensities were kept low to avoid the SOA
gain compression; besides, the variation of the resonator’s
overall group index due to nonlinear properties of the SOA [26]
does not play a significant role as the bandwidth of interest in
this work is within one free spectral range. For the result in
figure 2(a), g < 1 is introduced by setting the SOA to have a
lower gain than the waveguide loss of the feedback path, and
the condition of undercoupling, i.e. b > g, is given so that both
the pole and zero of equation (2) are located within the unit
circle of the zero-pole plot, i.e. p < 1 and o < 1. In this case,
the device provides a negative group delay at the resonant
frequency [29]. As explained in [13], this zero-pole relation
means that the device works as a minimum-phase filter, in
which a negative group delay is accompanied by a low power
transmission. Although significant negative group delays can be
generated for the purpose of temporal advancing of pulsed
signals [31], the associated loss becomes significant as well,
which hinders a practical use of this approach.
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Figure 2. Measured and calculated frequency responses of the novel
device for different settings of its feedback-path amplitude factor, g,
and the coupling coefficient, . The resonant frequency is aligned to
193.42 THz with (a) g = 0.87 and k = 0.1 (b = 0.95), (b) g = 0.87
and k =049 (b =0.71), (c) g =1 and k = 0.49 (b = 0.71) for
Case 1; k = 0.8 (b = 0.45) for Case 2, (d) g = 1.12 and x = 0.49
(b = 0.71). Insets: zero-pole plots of equation (2).

For the case of overcoupling, i.e. b < g, the pole of H(z)
in equation (2) stays inside the unit circle, still indicating a
stable system, but the zero is outside the unit circle, i.e. p < 1
and o > 1. In this case, the device works as a non-minimum-
phase filter [12], allowing independent synthesis of its
amplitude and group delay responses. Utilizing this filter
property and varying g using the SOA, one can generate a
delay line but still independently select loss, all-pass (loss-
less), or gain in the passband. Figure 2(b) shows the con-
ventional lossy case, i.e. g < 1, where the device provides a
positive group delay and a passband loss, both having a
Lorentz-model shape as can be seen from the functional form
of equation (2) [29]. Figure 2(c) demonstrates a lossless
operation enabled by the proposed device, where the SOA is
set to exactly the gain that compensates the waveguide loss of
the feedback path, i.e. g = 1. In this case, the device works as
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Figure 3. Device characteristics. (a) Calculations of group delay and
loss (or gain) at the resonant frequency versus the feedback-path
amplitude factor, g (the ratio between SOA gain in the feedback path
and the waveguide propagation loss), and the coupling coefficient, .
(7 is the roundtrip delay) (b) experimental verification of loss/gain-
group delay relation of the device.

an optical all-pass filter whose transfer function features a
numerator and a denominator being a reverse-polynomial pair
with respect to the argument z. Such a filter provides a unity
amplitude response but a positive group delay controlled by
the coupling « (or by b in terms of equation (2)) [29]. Finally,
figure 2(d) shows the case with the same coupling as in
figure 2(b), but with g being reciprocal to that case with g > 1
and o < 1. In effect, the passband loss is inverted into a
passband gain without changing the group delay, such that the
filter fulfills |H(g)| = 1/|H(1/g)|. A mathematical explana-
tion of this property is that the numerator and denominator of
equation (2) are a conjugate-reciprocal-polynomial pair with
respect to the argument g. A situation which is outside the
scope of this work and therefore will not be discussed here is
when g is increased further such that g > . In this case the
SOA gain is so large that it exceeds the overall roundtrip loss
of the resonator including both waveguide loss and the cou-
pling, i.e. the resonator will be driven into the laser oscilla-
tion. The results summarized in figure 2 verify the tunable
delay line function of the proposed device in which the
variability of both g and  enables the independent synthesis
of its amplitude and group delay response.

roundtrip delay of the resonator, but a nearly exponential
relation to x when larger than that. In practice, such a delay
line should be operated in the nearly linear regime to improve
control accuracy as the latter regime imposes more stringent
requirements for the precision of x, which should be taken
into account for the design of resonator roundtrip delay that
determines the device size. As a verification of the delay line
operating in the nearly linear regime, seven group delays were
measured for the three cases of g using the proposed device;
the results presented in figure 3(b) show excellent agreement
to the calculations.

3.2. Delay effect measurements

Figure 4 shows the time-domain pulse measurements
demonstrating the delay line function of the proposed device.
As the input signal, a transform-limited (chirp-free) Gaussian-
envelop optical pulse train characterized by a pulse FWHM of
5ns and an interval of 100 ns was sent into the device, with
the light center frequency aligned to the resonant frequency at
193.42 THz. The optical pulses were generated by modulating
a CW light (Alnair Labs) using a Mach—Zehnder intensity
modulator (Sumitomo Industry 40 Gb s~ ') driven by an 5ns
electrical pulse train from an arbitrary waveform generator
(Tektronix AWG7102); the device output was detected using
a DC-coupled photodetector (Discovery DSC-40s); and the
time-domain waveform was measured using a 28 GHz digital
storage oscilloscope (Agilent DSO 92804A). For clarity,
figure 4(i) presents the device’s group delay responses
implemented in the experiment, and figure 4(ii) shows the
zoom-in view of the corresponding output pulses in the time
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domain. To obtain these results, first, g = 1 was applied to
the device in association with the implementation of three
different group delay peaks (by varying &), i.e. Cases 1, 2,
and 3 as shown in figure 4(i). In the time domain as shown in
figure 4(ii), the output pulse of Case 1 is used as the reference
corresponding to k = 0 (meaning that the ring resonator is
actually decoupled from the bus waveguide and the device
reduces to an equivalent of a straight waveguide), and the
output pulses of Case 2 and 3 have the same peak intensities
and corresponding timing delays. These results verify the
successful implementation of a tunable delay line free of
delay-dependent losses. Then, we configured the device with
the group delay response of Case 2 and tuned the SOA gain to
provide the statuses of g < 1 (loss) and g > 1 (gain). As
shown by 2™ and 2" in figure 4, this practice leads to
attenuation or amplification of the output pulse, respectively,
without changing the pulse timing. This result demonstrates
the independent manipulation of signal amplitude. In addi-
tion, the effect of the device’s negative group delay, i.e. Case
4 in figure 4(i), was also demonstrated where the corresp-
onding output pulse reduced to an attenuated version with a
relative timing advance [31] as shown in figure 4(ii).

As another application example, the device was used in a
microwave photonic link with a RF bandwidth of 200 MHz
centered at 17.25 GHz. A probe RF signal was modulated onto
a lightwave using the same laser and modulator. A single-
sideband modulation spectrum was applied into the device,
which was generated by means of a spectral filter (Finisar
WaveShaper 4000) with one sideband aligned to a resonant
frequency of the device. The RF probe signal generation and
the system RF response measurements were performed using
an electrical vector network analyzer (Anritsu 37247D). When
tuning the device between Cases 1-3 as shown in figure 4(i),
the frequency response of the detected RF signal changes
accordingly as shown in figure 4(iii), i.e. tuning the delay
changes the linear slope of the RF phase shift. In addition, the
device is also able to introduce an absolute RF phase shift by
changing the resonant frequency relative to the RF sideband,
the implementation of which can be done by using the phase
shifter in the resonator feedback path, or by changing the fre-
quency of the optical carrier.

4. Conclusion

In conclusion, we have experimentally demonstrated a loss-
less delay line using an integrated ring resonator with a SOA
in its feedback path. For the proof-of-concept purpose, our
experiment employed a single ring resonator fabricated via a
generic foundry service, which shows a limited bandwidth
(due to a constant delay-bandwidth product governed by the
Lorentz-model shape of the group delay response) and a
device size of 3.5 x 0.7 mm>. However, previous studies on
integrated delay lines have shown possible solutions to
improve these aspects, e.g. a bandwidth broadening can be
implemented by using multiple ring resonators in CROW or
SCISSOR configurations [19-22], and a more compact design
of SOA can be used to reduce the device size [24]. For

optimum device performance, the operating light intensity
should consider of the SOA gain compression and the noise
from the SOA spontaneous emission [26]. Regarding device
functions, a single ring resonator is not able to provide
negative group delays in combination with gain because with
the required parameter settings the laser threshold would be
surpassed. However, it has been predicted theoretically that a
PIC topology of a network of coupled ring resonators with
gain control [32] can provide an analogous response as di-
electric media that support gain-assisted superluminal pro-
pagation of light [33]. A successful on-chip demonstration of
this prediction would stimulate the exploration of novel
directions in physics, and equally important, inspire new
engineering applications of such devices. The tunable delay
line function of the proposed device, demonstrated here with
experimental results, show the basic ingredients to obtain the
capability of independent manipulation of amplitude and
group delay responses, and serves as a novel building block
for various types of PIC topologies such as chip-scale pro-
grammable optical signal processors [23].
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