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Abstract: A coupled-resonator optical waveguide (CROW) consisting of
achain of directly coupled ring-resonators (RRs) fabricated in 4.5%-index-
contrast silicon oxynitride technology is employed to control the delay
of optical pulses with continuity and over several bit-slots. The moderate
deterioration of the signal quality versus the delay is demonstrated by
the observation of error-free transmission (BER < 10~°) at 10 Ghit/s for
fractional delays of up to 3 hits, with fractional losses below 1 dB per
bit-delay. The high storage efficiency of the device, exceeding 0.5 bit/RR,
enables an easy management of the delay and the reduction of the footprint
down to 7 mm?. The presented reconfiguration scheme is hitless with
respect to data transmission, since the CROW delay can be tuned without
halting the data flow, while preserving the signal quality.
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1. Introduction

Slow-light technologies are expected to enable all-optical processing in many applicative do-
mains[1, 2]. Among these, telecom applications concerning the control of light speed and delay,
like bit and frame synchronization, time-multiplexing and buffering, are forthcoming [3]. How-
ever, handling the optical delay can be of rea interest provided that (1) the delay is tuned with
continuity over awide range and (2) by means of simple, easily-manageable and cost-effective
devices; (3) theincrease of insertion losses versus delay is moderate, (4) the quality of the signal
is preserved.

Large variable delays have been recently achieved in a variety of optical systems exhibiting
slow-light properties, like transparency resonancesin atomic vapors[4] and nonlinear scattering
processes in optical fibers [5, 6, 7]. For instance, broadband Stimulated Brillouin Scattering
(SBYS) has been employed to demonstrate the synchronization of three 2.5-Gbit/s data channels
[9] and the time-multiplexing of two 2.5 Gbit/s data signals [8] by continuously controlling
the delay over about 0.25 hit-lengths. However, because of the nature itself of these slow-light
mechanisms, a chip-scale implementation of these approaches seems unpractical. From this
point of view, coupled-resonator optical waveguides (CROW) made of ring resonators (RRS)
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are believed one of the most promising slow-light technologies [10]. Compared to other kinds
of optical resonators, like Fabry-Pérot cavities[11] or photonic crystal nanocavities[12, 13, 14],
RRs do not need strong refractive-index discontinuities along the propagation direction, thus
reducing scattering effects and losses [10, 15, 16, 17].

Regarding losses, a fundamental figure of merit of tunable delay-linesis the fractional loss
per bit, expressing how much power gets lost per every bit-delay. Formally, it can be defined
asLi =1.Tp/Ty, where I and Ty are the delay-line insertion loss and delay, respectively, and
Tp isthe pulse width. Theratio Ty /T, is often referred to as fractional delay. The parameter L
isintrinsically related to the propagation loss o and can never drop below L ¢ min = oCTp/Ng
[18], with ng the effective group index and ¢ the vacuum light speed. The best technology to
realize low-10ss slow-wave devices is the one minimizing the ratio between the imaginary (o)
and thereal (ng) part of the group refractive index. To give arough estimate, at 10 Ghit/s state-
of-the-art silicon buffers exhibit L 1 = 4.5 dB/bit [10], whereas the expected lower bound for
integrated glass technologies (o < 0.1 dB/cm) is below L ¢ min = 0.2 dB/bit. This is the main
reason why the device reported in this work was fabricated on aglass platform, enablingL <1
dB/bit. However, since the fractional loss scales as the inverse of the signal bandwidth, at higher
bit-rates semiconductor technol ogies can become really competitivefor delay-line applications.

Apart from losses, the quality of the delayed signal strictly depends on the capability of con-
figuring and managing the delay-line. In a RR-CROW this implies that the resonant frequency
of al the RRs must be finely controlled by means of some active tuning mechanisms. In order
to ease the tuning procedure, the number N of RRs should be minimized, without preventing
continuous delay tunability. Thisfeatureis expressed by the storage efficiency ns= Ty /(TyN),
giving the number of bits stored in every RR of the delay-line. A high 11s means that a given
delay Ty can be achieved with few resonators, this implying not only a footprint reduction but
also remarkable advantages in the delay-line (re)configuration.

Although CROWSs have been addressed as ultra-compact optical buffers [10], they still fail
satisfying two fundamental requirements. First of all, only the digital control of the CROW de-
lay, by large fractions of the bit length, has been demonstrated, yet requiring additional devices
to accomplish an analog delay [18]. Second, the quality of transmission through CROW buffers
exhibits unpractically high bit error rates (BERS) (more than 102 at 10 Gbit/s [10]), which are
orders of magnitude above the standard tel ecom requirements.

In this contribution, we show that a reconfigurable slow-wave delay-line (RSWDL) based
on an integrated CROW realized on a silicon oxynitride (SION) platform enables a flexible
control of the delay over several bit-slots, with amoderate deterioration of the signal quality. We
demonstrate that, despite the discrete nature of the structure, containing a very small number
of resonators (N = 6), a CROW can provide a continuously controllable delay over a large
range (from O to 320 ps) and with a high accuracy (less than 1 ps). We report also the first
demonstration of error free transmission (BER < 10~°) through a fully reconfigurable CROW,
at bit rates typically used in optica communications. The reconfiguration scheme is simple,
robust and hitless, since it can be performed without stopping the data-flow, while preserving
the signal quality.

2. Design and fabrication technology

Figure 1 shows a top-view photograph of the presented device. The CROW delay-line is made
of 8 directly-coupled RRs fabricated in 4.5% refractiveindex-contrast silicon oxynitride (SION)
technology. The optical channel waveguide (nominal size 2.2 um x 2.2 um) is obtained by
reactive ion etching a SION film, with refractive index ngon = 1.513, deposited by Plasma
Enhanced Chemical Vapour Deposition (PECVD) on a 15-um-thick thermal silicon dioxide
substrate. Before lithographi c processes, an annealing treatment at 1100 °C has been conducted
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Fig. 1. Top view photograph of a CROW in SiON techology. The bus waveguide coupled
with the leftmost RR acts as input/output port, whereas the bus waveguide coupled with
the rightmost RR enables monitor operations. The different shape of the first (last) rings
realizes the impedance-matching condition (apodization) between the bus waveguide and

the coupled-resonator structure. Gold striplines connect every resistor to the contact pads,
the latter being wire-bonded to the tuning control unit.

to reduce both material losses and stresses. A 7-um-thick layer of borophosphosilicate glass
(BPSG) is employed as upper-cladding material. The resulting waveguide exhibits 0.35 dB/cm
propagation loss at 1550 nm and is suitable for the realization of RRs with up to 100 GHz free
spectral range (FSR) [19]. This technology is rather standard and more details are described
elsewhere [20].

All the RRs shown in Fig. 1 have the same optical length, with bending radius p = 570 um
and FSR = 50 GHz. In order to achieve a maximally flat spectral response and a moderate
ripple in the group delay characteristic over the 12.5 GHz-wide passband, the power coupling
coefficients were suitably apodized asfollows: K; = Kg = 0.34, K3 =Ky =0.19and K4 = Kg =
Ke = 0.17, being K| the power coupling between the (i — 1)-th RR and thei-th RR of the CROW.
The coupling coefficients between thefirst (last) RR and the bus waveguideare K1 = Kg = 0.8.
In all the directional couplersthe gap is 1.8 um wide and K; changes with the coupling region
length, as indicated by the different shape of the first (last) RRsin Fig. 1.

The resonant wavelength A;; (i = 1,2,...N) of every i-th RR is independently controlled at
few hundreds of microseconds speed by means of chromium heaters deposited on top of the
waveguides[21], providing the CROW reconfiguration functionality. Every chromium resistor,
realized by standard lift-off process, is 2-mm long, 9-um wide, 200-nm thick, resulting in a
typical measured resistance of about 600 Q (+ 10 Q). The temperature of each RR is controlled
by a PC software according to a lookup table, which takes into account the small thermal
crosstalk between two adjacent rings. Less than 600 mW are required to shift the resonance of
aRR by an entire FSR, corresponding to a waveguide temperature variation of roughly 72 °C.
A closed-loop Peltier thermocooler, placed below the optical sample, is employed to stabilize
the temperature within +0.1°C, corresponding to +0.12 GHz frequency shift of the CROW
bandwidth.

3. Continuously-tunable delay at 10 Gbit/s

Our scheme for controlling the optical delay of a CROW is based on a gating mechanism across
the chain of CROW coupled resonators. The possibility of changing the delay of a CROW by
large discrete time-steps (> 100 ps) has been already demonstrated in a recent contribution
[18] for signals modulated at 2.5 Ghit/s rates. For clarity’s sake, in this section the digital
tuning scheme is briefly recalled and its extension to 10 Ghit/s signals is demonstrated. Then
we show how the delay induced by a CROW can be controlled by arbitrarily small time-steps
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Fig. 2. Discrete tuning of the delay. (a) Schematic of the CROW reflective operation prin-
ciple. (b) Measured group delay and insertion loss of the CROW for an increasing number
of openrings. M = 0 (black line), 2 (red line), 3 (orange line), 4 (green line), 5 (pink line)
and 6 (blueline).

(1 ps accuracy), thus providing a continuously tunable delay without the need for additional
devices.

Figure 2(a) shows a schematic of the tunable CROW working principle. The management
of the RRS' resonant frequencies is achieved by a PC based tuning control unit. Let us define
B the CROW bandwidth and AAj = Arj — As the wavelength detuning between the resonant
wavelength of the i-th RR of the CROW and the signal carrier As. Thei-th RR is locked when
resonating away from the signa carrier, that isif |AAi| ~ FSR/2. If al the RRs of the CROW
are locked, the incoming signal cannot access the CROW and is directly transferred to the Out
port with no appreciable delay. By acting on the waveguide heaters, the resonant frequencies of
thefirst M resonators, hereinafter referred to as open rings, can be set to s (A41=...=AAm = 0).
Therefore, the signal can propagate across all the open RRs and is back-reflected at the first
(M + 1) off-resonance locked RR, acting as a mirror. The double-transit propagation inside
the CROW provides a delay Ty = 2M/zB, which can be digitally controlled with a minimum
time-step equal to the double transit delay T, = 2/(B) across every open RR [18].

Figure 2(b) shows the measured group delay and the insertion loss of the SSON CROW of
Fig. 1 with bandwidth B = 12.5 GHz, finesse F = FSR/B = 4 and slowing factor 2.6 (for the de-
finition of the slowing factor see[22]). The group delay characterization was performed with a
phase-sensitive low-coherent technique [23]. By opening an increasing number of RRs (M =0,
2,3,4,5, 6), thedelay increases almost uniformly over the passing band, each RR providing T,
=50 psadditional delay. The bandwidth is not narrowed neither widened by the tuning process.
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Fig. 3. Time-domain measurements of the digitally tunable delay of the CROW. The probe
pulses come from a 10-Ghit/s NRZ optical data-stream with carrier As = 1550.31 nm. The
reference trace () refers to propagation in the bus waveguide only, when al the RRs are
locked. Fractional delays of 1 hit (b), 2 bits(c) and 3 bits (d) with negligible pulse distortion
are obtained when 2, 4 and 6 RRs are opened, respectively. The time traces are reported in
the same time (horizontal) and intensity (vertical) scale.

The in-band delay ripple is due to tolerance-induced non-optimal impedance matching of the
CROW, which makes the incoming signal not perfectly coupled to the CROW. Nonetheless,
time-domain measurements demonstrate that, at 10 Ghit/s, these spectral oscillations do not
introduce a significant pulse distortion, since they are averaged on the signal spectrum. Some
off-band spikes, which are due to cavity effectsin thelocked RRs, can be observed at the sides
of the spectral response. If needed, such resonances can be conveniently shifted in a suitable
frequency region away from the CROW passband. More than 300 ps delay can be achieved
with 6 RRs at the expenses of only 1. = 3 dB insertion loss. The attenuation derives from 0.2
dB RR round-trip loss, where 0.15 dB is the waveguide propagation loss and the excess 0.05
dB include directional couplers’ loss and bending loss.

Pulse delay was measured in time-domain by acquiring the traces of 100-ps-long gaussian
pulses, with optical carrier s = 1550.31 nm, transmitted through the structure working at dif-
ferent delay configurations. As shownin Fig. 3, when all the RRs arelocked (M = 0), the pulse
propagates along the bus waveguide only and experiences the minimum reference delay re-
ported in trace (a). Traces (b) to (d) show the output pulses for an increasing number of open
RRs. After 300 ps (3 bit-delay) the pulse envelope it is still well preserved both in intensity
and shape. This demonstrates that transmission is not significantly affected by the moderate
ripple in the spectra of Fig. 2, which is averaged over the 10 GHz signal bandwidth. Referring
to the figures of merits defined in Sec. 1, at 10 Gbit/s the CROW delay-line exhibits a storage
efficiency ns = 0.5 bit¥RR, with only L = 1 dB/bit fractional loss. Note that this loss value
is close to the theoretical lower-bound L ¢ min = 0.7 dB/bit imposed by the SION waveguide
propagation | oss.

Actually, the discrete number of RRs does not prevent the CROW from providing a con-
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Fig. 4. Frequency-domain characterization of the analog tuning of the CROW delay. (a)
Measured group delay of the CROW when the first three RRs are opened and the fourth
RRisdrawn towards As: A4 = —200 pm (black ling), Al4 = —28 pm (red line), Al = — 12
pm (blue line) and A4 = 0 pm (green line); (b) Measured group delay of the CROW when
thefirst five RRs are opened and the sixth RR is drawn towards As: AAg = —200 pm (black
line) AAg = —54 pm (red line), Ag = —28 pm (blue line) and AAg = 0 pm (green line).

tinuoudly controllable analog delay. The idea shown here is to exploit the fine tuning of the
last open RR in order to produce an arbitrarily small variation of the overall CROW delay. To
demonstrate the feasibility and the robustness of the analog tuning scheme, we can start from
an arbitrary CROW configuration. Let us assume that the first three RRs are opened (A4 = 0,
with i = 1,2, 3), while al the subsequent RRs are locked (A4; = —FSR/2 = —0.2 nm, with
i =4,5,6). Asshown in Fig. 4(a) this configuration provides an average delay of 150 ps (black
line) in the neighborhood of As = 1550.31 nm. When the fourth RR is progressively opened
by making A 4 approach As, an arbitrary delay comprised between 0 and T, = 50 ps is added.
For example, Fig. 4(a) shows the change of the CROW delay when A4 4 = —28 pm (red line),
AAq = —12 pm (blue line) and AA4 = 0 pm (green line). The average group delay around A s
progressively rises and, even though a small asymmetry is induced in the group delay char-
acteristic, this does not cause a significant distortion of the transmitted signal. Figure 5(a)
shows the measured eye-diagrams of a 10-Gbit/s NRZ optical signal (231-1 Pseudo-Random
Bit Sequence) transmitted through the CROW working at the four configurations of Fig. 4(a).
The time-shift of the eye diagrams achieved by partially detuning the forth RR are 150 ps at
AAg = —200 pm (a1), 167 ps at Ady = —28 pm (ap), 186 ps at Ads = —12 pm (ag) and 198
ps a Als = 0 pm (ay). Likewise, Fig. 4(b) shows the frequency-domain delay when the first
five RRs are opened and the sixth RR is partially detuned. As shown in Fig. 5(b), the delay is
controlled from 260 ps to 318 ps without affecting the quality of the signal. The eye-diagram
opening demonstrates that the analog tuning implies no appreciable signal degradation, even
though the last open RR does not resonate at As. The comparison between the simulated (solid
line) and the measured (squares) delay of the CROW versus A44 and Alg is reported in Figs.
5(c) and 5(d), respectively.

To give a better insight into the mechanism of the analog tuning of the CROW delay, Fig. 6
shows in a movie the evolution of the simulated frequency-domain delay when an increasing
number of RRs are sequentially brought to resonance. The time-shift of the measured eye-
diagram of a 10 Ghit/s NRZ optical signal (23!-1 PRBS) transmitted through the CROW is
shown in the animation of Fig. 7.
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Fig. 5. Time-domain characterization of the analog tuning of the CROW delay. Meas-
ured eye-diagrams of a 10 Gbit/s NRZ optical signal (2%1-1 PRBS) transmitted through
the CROW when the delay configurations of Fig. 4 are assumed. (a) When only the first
three RRs are opened, the fine tuning of the fourth RR provides a delay of (&) 150 ps at
ALy = —200 pm, (ap) 167 psat Ads = —28 pm, (ag) 186 psat AAl4 = —12 pm and (a4) 198
ps at AA4 = 0 pm. (b) When thefirst five RRs are opened, the fine tuning of the fourth RR
provides adelay of (b) 260 psat Adg = —200 pm, (by) 275 psat Adg = —54 pm, (bz) 290
ps at AAlg = —28 pm and (bs) 318 ps at Adg = 0 pm. The simulated delay of the CROW
versus the detuning of the fourth (c) and the sixth (d) RR is also reported. The measured
delays of (&) and (b) are marked by the squaresin (c) and (d), respectively.

The sensitivity of the delay versus the RR detuning is maximum at AA; ~ O (about 1.25
ps/pm) and decreases for higher AA;. The ultimate limit to delay resolution is not imposed by
the CROW architecture, but by the physical mechanism inducing the effective index change of
the RRs waveguides. In the case of thermal activation, 1 ps resolution delay can be achieved
by controlling the temperature of the heaters within 0.1 °C. We expect that this analog tuning
scheme does not hold only for RRs architectures but can be generalized to CROWS realized in

alternative optical technologies.

4. System performance

System performances were evaluated by means of BER measurements in a 10 Ghit/s system
test-bed in back-to-back conditions. The optical signal-to-noise ratio (OSNR) at the receiver

#94046 - $15.00 USD  Received 18 Mar 2008; revised 28 Apr 2008; accepted 29 Apr 2008; published 23 May 2008
(C) 2008 OSA 9June 2008/ Voal. 16, No. 12/ OPTICS EXPRESS 8402



Delay [ps]

N w B o
o o o o
o o o o

=
o
o

1550.2 1550.25 1550.3 1550.35 1550.4 1550.45
Wavelength [nm]

Fig. 6. Movie of the simulated group delay of the CROW during the analog tuning of the
delay. M is the number of RRs set to resonance, while the M + 1-th RR is driven from
off-resonance (AAv+1 = FSR/2 = 0.4 nm) to on-resonance (AAy+1 = 0) condition. The
red asterisk indicates the frequency position of the M + 1-th RR of the CROW. The vertical
dashed lines show the bandwidth of the CROW. Multimedia file (MPEG, 4 MB).
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Fig. 7. Movie of the measured eye-diagram of a 10 Ghit/s NRZ optical signal (21-1 PRBS)
transmitted through the CROW for several configuration of the delay. M is the number
of RRs set to resonance, while the M + 1-th RR is driven from off-resonance (AAy.1 =
FSR/2 = 0.4 nm) to on-resonance (AAv+1 = 0) condition. From M = 3 to M = 6 shorter
delay steps (about 10 ps/frame) are reported, showing in time-domain the analog tuning of
the delay. Multimediafile (MPEG, 3 MB)

was controlled by employing an Amplified Spontaneous Emission (ASE) noise source, fol-
lowed by a variable optical attenuator, adding an arbitrary noise level to the signal. The OSNR
was then measured on a bandwidth of 0.5 nm centered at the signal carrier frequency. At the
pre-amplified receiver the signal was filtered by an optical filter with 3-dB bandwidth of 0.2
nm and the optical power at the photodetector was kept constant at -14 dBm for al the reported
measurements. The receiver sensitivity is-18 dBm and its electric bandwidth is 30 GHz.
Figure 8 showsthe BER curves of an intensity modulated 10-Gbit/s NRZ optical signal (23!-
1 PRBS) versusthe optical signal to noise ratio (OSNR) measured at the receiver. The pink line
provides the back-to-back BER measurement of the transmission setup in the absence of the
CROW. The blue line gives the reference BER, measured when all the RRs of the CROW are
locked and the signal propagates in the bus waveguide only. No OSNR penalties are observed
due to fiber-to-waveguide coupling and propagation in the bus waveguide. As the CROW delay
increases, the BER performance slightly degrades, but error-free operation (BER < 10 9) is
reached for any measured delay between 0 and 3 bits. The OSNR penalty, evaluated at the
error-free point, is less than 1.5 dB for 150 ps delay (green line), less than 2.5 dB for 200
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Fig. 8. Bit error rate measurements versus the OSNR at the receiver of an intensity modu-
lated NRZ 10 Ghit/s signal transmitted through the CROW: back-to-back measurement in
pink line, 0 psdelay (M = 0) inblue, 150 psdelay (M = 3) in green, 200 psdelay (M =4) in
red and 300 psdelay (M = 6) in yellow. The eye-diagrams acquired at error-free operation
for 0, 2 and 3 bit delay are shown in the insets of the figure.

ps delay (red line) and about 4 dB for 300 ps delay (yellow line), giving an average OSNR
penalty of about 1.3 dB/bit. The eye-diagramsacquired at error-free operation for 0, 2 and 3 bit
delay are shown in the insets of the figure. In all the BER measurements reported in the figure
the datasignal is tuned around the center of the CROW pass band with a wavelength tolerance,
imposed by the experimental setup, of +5 pm. No significant variation of the signal quality was
observed within this wavelength window. The wavelength tolerance window can be expanded
by increasing the bandwidth of the device, at the expenses of the storage efficiency 1 s.

Since error-free operation is guaranteed for any intermediate delay, the CROW can be recon-
figured without halting the data flow, or, in other words, the control of the delay is hitless. This
isstrictly true only if the tuning mechanism is much slower than the bit time-width, as happens
in the case of thermal activation.

Finally, we emphasize that the reported results significantly outperform the state-of-the-art
performance reached by slow light delay-lines using nonlinear scattering methods in optical
fibers. Error free propagation of a 10.7-Gb/sNRZ-DPSK signal delayed by using a SBS-based
delay line was recently demonstrated, yet with 9.5 dB power penalty at a delay of 42 ps (about
22 dB/bit) [24]. Fiber-optic parametric process, expected to enable slow-light propagation at
much larger bandwidths than SBS, was employed to delay 10-Gbit/s NRZ data packets by 15
pswith 0.6 dB sensitivity penalty (> 7 dB/bit) [25].

5. Conclusion

Our results demonstrate that handling, delaying and buffering light on chip is not only an at-
tractive field of scientific exploration, but it is readily exploitable in optical communications.
For instance, the continuous control of 1-byte delay is already sufficient to guarantee the syn-
chronization required by the emerging Optical Transport Network (OTN) protocol [26], where
one byte of tolerance is counted to map the unsynchronized Sonet-SDH carriers into the OTN
frame. The possihility of extending the storage efficiency and the tunability range of a CROW
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to an entire byte-slot has been recently observed experimentally [27] and a future contribution
isin preparation.

A final remark concerns the use of a CROW with large RRs, a choice that could sound in
counter-trend with respect to the general perspectives of integrated optics, moving towards a
higher and higher integration scale. Our choice is aimed to maximize the CROW storage ef-
ficiency without implying strong technological challenges. The storage efficiency, which can
be also expressed as s = 2Bs/(7B), increases when the CROW (B) and the signal (Bs) band-
widths approach. At 10 Ghit/s, the presented SION CROW based on large RRs (FSR = 50 GHz)
requires avery low finesse (F = 4) to reach s > 0.5. A low finesse not only reduces the sen-
sitivity to fabrication imperfection, but also eases the configuration and the management of the
CROW. At the same bit-rate, silicon microrings, with typical radii < 10 um and FSRs of sev-
eral THz [10], need a much higher finesse F > 100 to achieve a comparable storage efficiency.
To date, this requirement, together with all the challenging technological implications of the
silicon platform, still prevents silicon CROWSs from providing acceptabl e system performance.

Low-loss higher-index-contrast glass technologies (Hydex 0.15 dB/cm [28], TripleX 0.05
dB/cm [29]) are expected to extend the bandwidth of CROW tunable delay-lines up to 100
Gbit/s data-streams, while keeping system performances comparable to those of the presented
SiON device. Semiconductor platformsare more likely to becomeleading technologiesat much
higher bit-rates (> 100 Ghit/s), where very large bandwidths and lower absolute delays are re-
quired, or when avery-large scale of integration has to be accomplished, asfor optical intercon-
nects. In this context, where glass technol ogies sound inadequate, slow-light in semiconductor
optical amplifiers [30] and silicon CROW [10, 13] are expected to become competitive ap-
proaches.
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