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A large bandwidth photonic delay line using passive
cascaded silicon-on-insulator microring resonators*
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This paper investigated the design and the characterization of a photonic delay line based on passive cascaded

silicon-on-insulator (SOI) microrings. We considered the compromise of group delay, bandwidth and insertion loss.

A 3-stage double channel side-coupled integrated spaced sequence of resonator (SCISSOR) device was optimized by

shifting the resonance of each microring and fabricated with electron beam lithography and dry etching. The group

delay was measured to be 17 ps for non-return-to-zero signals at different bit rates and the bandwidth of 78 GHz was

achieved. The experiment result agreed well with our simulation.
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1. Introduction

Photonic delay lines are widely applied in data
buffering, signal processing, quantum computing and
phase controlling in phased array antenna.l'~* Slow
light has emerged as an enabling technology for slow-
ing down the speed of light to achieve optical pulse
delay. Among various approaches for optical pulse de-
lays based on slow light, high-index-contrast microring
resonator is considered as one of the most potential
schemes owing to the compact size and the on-chip
integration. For a single microring resonator, a large
delay can be obtained by approaching the critical cou-
pling within the over-coupled state.[’! But it suffers
from the extreme limit of the transmission bandwidth
and the difficulty in approaching the critical coupling
point during the fabrication. Cascaded microring
structure can enlarge the group delay and increase
the bandwidth, which is regarded to be promising for
on-chip optical delays. However, it’s difficult to fabri-
cate frequency-matched cascaded microrings because
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the response of high-index-contrast microring is very
sensitive to the fabrication error and to the optical
effect of coupling frequency shifts (CIFS).[%l In order
to enlarge the bandwidth, large number of microrings
and resonance tuning schemes, such as thermo-optic
effect, have been explored to relax the fabrication re-
quirement and to control the resonance location for
frequency matching in the previous publications.!” =9
However, they lack for a comprehensive design of pho-
tonic delay line based on passive cascaded microring.
This paper investigates the detailed design of pho-
tonic delay line based on the passive cascaded sili-
con on insulator (SOI) microring, considering the to-
tal group delay, the bandwidth, as well as the inser-
tion loss. Experimentally, a large bandwidth photonic
delay line based on 3-stage passive cascaded SOI mi-
croring resonators with good frequency matching is
fabricated. The cascaded microring structure is con-
figured with double-channel side-coupled integrated
spaced sequence of resonators (SCISSOR).I') Tt ex-
hibits a group delay of 17 ps and a bandwidth of

*Project supported by the National Basic Research Program of China (Grant Nos. 2006CB302803 and 2011CB301701), the National
Natural Science Foundation of China (Grant No. 60877036), State Key Laboratory of Advanced Optical Communication Systems

and Networks of China (Grant No. 2008SH02), and the Knowledge Innovation Program of Institute of Semiconductors, Chinese

Academy of Sciences (Grant No. ISCAS2008T10).

fCorresponding author. E-mail: jzyu@semi.ac.cn

(© 2011 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

074208-1



Chin. Phys. B Vol. 20, No. 7 (2011) 074208

78 GHz at the through port.

2. Design of SCISSOR slow light

delay lines

The double-channel SCISSOR consists of a se-
ries of add—drop microrings, which are connected with
each other by the bus waveguides, as shown in Fig. 1.
The transfer properties of a finite sequence of cascaded
microrings can be obtained using the transfer matrix

method.
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drop bg ty b1 b/l bo add

input

ao t1 a1 ay a2 aN_1 an
Fig. 1. The schematic diagram of the double-channel
SCISSOR.

For a single add—drop microring, the incident field
ag (b1) and the transmitted field aq (bo) at the cou-
pling area can be related with the following transfer

matrix:
ai S11 S12 ag
bo S21 S22 b1
where
tl —atg e”’ tQ —Clt1 ei¢
S11=—————, Sy =—"7T-—7-—",
H 1 —atits ei¢ 2 1 — atits eid
ari ko el?/2
S12 = S21 =

_1 —atltgei¢’

t12 and k1 2 are the transmission and the coupling co-
efficients between the bus waveguide and the micror-
ing at the through and the drop sides, respectively, a
represents the round-trip amplitude attenuation and
¢ =n, - (2m/A) - 2mR is the round-trip phase shift in
the ring. The above S-matrix can be converted to the
following T-matrix for mathematical convenience:

ay t11 ti2 aop
by to1 too bo
where t11 = s11 — 512521/522, t12 = S12/822, to1 =
—591/522, tag = 1/s22.
The light propagation in the two waveguides con-

necting each two adjacent rings can also be described
using a transfer matrix:

G- LG e
b, 0 en=ion )\ by )

where 7 is the field loss in the waveguides connecting
each two adjacent rings and ¢, = np, - (20/A) - Ly, is
the phase shift in the bus waveguide of length L.

Therefore, the transfer matrix relation of the first
stage can be obtained from Egs. (2) and (3),

()= (e )

bll en*iaﬁbtm en*i¢bt22 bo
ag

Tl( ) (1)
bo

Then, the transfer matrix of N-stage double-channel

SCISSOR is obtained by multiplying transfer matrices
of each unit

(F)-nmn(z) o

So the power transmission and the phase shift of the
through port can be found from the total matrix
as Tipy = |a§\,/ao|2 and @y, = arg(ay/ap), respec-
tively and the group delay time can be derived as
Tehr = —O@Pyp,/Ow. Similarly, the results for the drop
port can be obtained.

A single add—drop ring function as a slow light
element when the over-coupling condition t; < ats
is satisfied at the through port. It always generates
a positive group delay at the drop port in any cou-
pling condition.®”! Therefore, each ring of the double-
channel SCISSOR should be over-coupled to make a
delay line.

When multiple identical rings that have the same
dimensions and the same coupling coefficients are cas-
caded, the resonances of each ring will locate at the
same wavelength and the group delay will be enhanced
as well as the bandwidth. However, the insertion loss
of the cascaded structure is also increased. If a small
resonance shift is introduced to each ring to make a
spread for each individual resonance, the insertion loss
will be reduced at the cost of a smaller total group de-
lay. Meanwhile, the bandwidth will be much larger.
It’s a trade-off among the group delay, the bandwidth
and the loss. Their relationship is illustrated in Fig. 2,
in which the dot lines and the dash lines are the trans-
mission and the group delay responses of the 1-stage
ring and the 3-stage identical rings, respectively. Here,
the radius of the rings is assumed to be around 10 pm
with gradual variation, thus making uniform reso-
nance spacing. The effective refractive index of the
SOI ring waveguide is set as 2.91. The propagation
loss of the SOI ring waveguide and the bus waveguide
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are assumed to be 13.89 dB/cm and 4.14 dB/cm, re-
spectively, with a = 0.99 and e~" = 0.9985. The cou-
pling coefficients are set as t; = 0.945 and to = 0.975
at the through and the drop sides, respectively. The
simulation results show that the maximal group delay
is enhanced from 35.7 ps to 121.5 ps and the band-
width increases from 0.109 nm to 0.125 nm. How-
ever the insertion loss also increases from 12.76 dB to
23.13 dB. When small differences are introduced to the
dimensions of the microrings, so that the resonance
wavelengths of individual microrings are distributed,
the bandwidth is further broadened to 0.27 nm and the
insertion loss is greatly decreased to 15.2 dB. In addi-
tion, the group delay (68.1 ps) is much larger than that
of the 1-stage ring (35.7 ps). The solid line in Fig. 2
shows the transmission and the group delay responses
of the design with resonance spacing of 0.1 nm. As
the resonance spacing increases, the bandwidth can
be further expanded, while the maximum group delay
is reduced and much large ripples emerge in both the
transmission and the group delay curves, as shown by
the dot-dash lines in Fig. 2. As a result, a balance
among the resonance spacing, the uniformity of the
transmission and the group delay is necessary.
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Fig. 2. (a) The transmission and (b) the group delay char-
acteristics of 1-stage and 3-stage double-channel SCIS-
SORs with: R =10 pm, t; = 0.945, t2 = 0.975, a = 0.99,
e~ =0.9985 and resolution of 0.001 nm.

Figures 3(a)-3(c) show the maximal group delay,
the bandwidth and the insertion loss when different

resonance spacings are introduced. Obviously, the
maximal group delay decreases monotonically with
the resonance spacing. When the resonance spacing is
too large, the maximal group delay falls to the 1-stage
ring’s level. Meanwhile, the ripple in the group de-
lay tends to increase monotonically as the resonance
spacing is increased, as seen in the inset of Fig. 3(a).
As shown in Fig. 3(b), the bandwidth increases al-
most linearly with the increasing resonance spacing.
However, when the ripple in the delay is larger than
50% of the maximal group delay, the bandwidth will
also decrease by 3 dB. Figure 3(c) depicts the de-
pendence of insertion loss on the resonance spacing.
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Fig. 3. Response curves of (a) maximal group delay, (b)
bandwidth and(c) insertion loss when different resonance
shifts are introduced.
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If the resonance spacing is large enough, the insertion
loss can be reduced to the 1-stage ring’s level of about
12.76 dB, which can also be obtained from Fig. 2.
The transmission ripple will not be negligible in such
cases. In summary, the resonance spacing should not
be too small to get the enlarged bandwidth and the de-
creased insertion loss; meanwhile, the resonance spac-
ing should not be too large so that the group delay
can be significantly enhanced and the ripples in the
delay and in the transmission are negligible.

There is another type of resonances in the double-
channel SCISSOR, the Bragg resonances, which oc-
cur at the Bragg wavelengths A\; = 2n, Ly /i (i is an
integer).m] When the total phase shift in the bus
waveguides between each two adjacent rings at the
through and drop sides is matched with the round-trip
phase shift in the ring, that is, the phase-matching
condition 2nyLy, = n, - 27 R is satisfied, the micror-
ing resonances and the Bragg resonances will coincide
with each other, thus the transmission bandwidth can
be broadened.['?! In addition, the phase-matching de-
sign can be beneficial to making flat group delays in
the bandwidth.

3. Device fabrication

The cascaded microring device was fabricated on
a commercial SOI wafer with a top silicon thickness
of 340 nm and a buried silica thickness of 2 um.
Electron beam lithography (EBL) and inductively-
coupled-plasma (ICP) reactive ion etching were used
to fabricate the device. At first, the electron-beam re-
sist polymethyl-methacrylate (PMMA) was spun onto
the wafer to create a masking layer. To improve the
fiber-to-device light coupling, grating couplers!'3 were
integrated with the cascaded microrings by tapered
waveguides conjoining. The whole device, which con-
sists of waveguides, microrings and grating couplers,
was defined with one step of electron beam lithogra-
phy (Raith150). After developing of the resist, the
device pattern was transferred into the PMMA mask.
Then, the pattern was etched into the silicon layer by
inductively-coupled-plasma (ICP) etching processes.
A scanning electron microscopic (SEM) image of the
fabricated cascaded microring structure is shown in
Fig. 4. The radii of the microrings are 10 pm. The
rib widths of the bus waveguide and the ring waveg-

uide are 460 nm and 590 nm, respectively. The gaps
between the bus waveguides and the ring waveguides
are 180 = 5 nm at the through and 190 £ 5 nm at
the drop. The slab height is about 130 nm, which
corresponds to a 210 nm etch depth.

Fig. 4. SEM images of the 3-stage double-channel SCIS-
SOR device.

4. Results and discussion

Fiber-to-fiber transmission measurements were
carried out to characterize the spectral response of the
cascaded microring devices. TE-polarized light from
a tunable laser was coupled into the bus waveguide by
using the grating couplers at the input port; and the
light was coupled out of the device by using the grating
coupler at the through port, which was then received
by a flat-top optic fiber. The measured through-port
response spectra of the 1-stage and the 3-stage double-
channel SCISSOR devices are shown in Fig. 5. Clearly,
the spectral bandwidth is broadened from 0.09 nm
(corresponding to 11 GHz) of the 1-stage device to
0.627 nm (corresponding to 78 GHz) of the 3-stage de-
vice. And the insertion loss is increased from 12.5 dB
to 22.0 dB. From the spectral parameters of the 1-
stage microring, the major optical parameters of the
single ring resonator can be extracted:['* roundtrip
attenuation factor, transmission and coupling coef-
ficients are a = 0.99, t; = 0.9449, t5 = 0.9749,
k1 = 0.3274, ko = 0.2226, respectively. These param-
eters completely describe the response of a resonator
with a loaded @ of 3900, an intrinsic @ of 14000 and
a group delay of 35.5 ps on resonance. Using these
parameters and the 0.1 nm resonance spacing design,
the maximal total group delay is 69.5 ps, which is
obtained in a simulation of the 3-stage rings with a
bandwidth of 0.27 nm (corresponding to 34 GHz).
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Fig. 5. Measured transmission spectra of 1- and 3-stage
double channel SCISSOR devices.
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bit sequence (PRBS) signals at different bit rates were
used to experimentally demonstrate the delay perfor-
mance. The experimental setup is shown in Fig. 6.
The signals was generated by a Mach—Zehnder modu-
lator (MZM), which was driven by the PRBS signals
of different bit rates from a pulse pattern generator
(PPG) . The temporal response of the optical signal
propagating through the double channel SCISSOR de-
vice was traced by an oscilloscope.

Figures 7(a)-7(e) demonstrates the measured re-
sults of the 3-stage double-channel SCISSOR for input
signal bit rates of 1 Gbps, 3 Gbps, 5 Gbps, 10 Gbps
and 12.5 Gbps, respectively. The solid curves are the
pulse waveforms when the signal wavelengths are off-
resonant with the ring; and the dash curves are the
delayed pulse waveforms when the signal wavelengths
are tuned on-resonant at the center of the transmis-
sion band (solid curve in Fig. 5). The group delay time
at different bit rates is almost the same (about 17 ps
as shown in Fig. 7(f)). Besides, the signal distortions
of the delayed waveforms are negligible even at the
highest measurement rate, which also is the limit of
our equipments. This means that the bit rate does not
reach the intrinsic bandwidth of the SCISSOR device.
With the bandwidth of 78 GHz, a maximum allowable
bit rate of 39 Gbps is expected.!”]
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Fig. 7. (a)—(e) Measured group delay time of 3-stage double-channel SCISSOR device at different bit rates and

(f) group delay time versus bit rate.
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It should be noted that the measured group de-
lays are much smaller than the simulated ones and
the bandwidth is much larger than that in the sim-
ulations. According to the simulations in Section 2,
the main reason should be that the actual resonance
shift is much larger than the design value of 0.1 nm.
In fact, according to the in-band ripples in the trans-
mission spectrum, it can be found that the resonance
shift is as large as 0.25 nm. The enlarged resonance
shift may be resulted from the fabrication variations,
including the deviations of the ring dimensions, of the
gaps and of the width of the waveguides. By properly
adjusting the optical parameters and the dimensions
of the 3 cascaded microrings, a simulated spectrum
for the through port fits well the measured spectrum,
as shown in Fig. 8(a). In the simulation, the varia-
tions of the coupling coefficients are in the ranges of
0.3274 +0.073 and 0.2226 4 0.046 at the through and
the drop sides, respectively. The deviations of the

microring radii are less than 1.6 nm. Then, using the
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Fig. 8. (a) Measured and simulated transmissions and
(b) the fitting to group delay.

adjusted optical parameters and the adjusted radii,
the group delay versus the wavelength curve can be
obtained, as shown in Fig. 8(b). The measured data
of group delay are plotted with open circles in the fig-

ure. It is clear that a group delay of about 17 ps can

be achieved in the whole bandwidth of about 78 GHz,
which agrees well with the experimental results. The
peak group delay can reach 45 ps, which is difficult to
be observed in the measurements due to the narrow
bandwidth and the light source fluctuation. The effect
of group delay dispersion may also contribute to the
minishing of the measured group delay. The ripples,
which are as large as 20 ps and respond to the splits of
several dB in the spectrum, are mainly caused by the
overlarge resonance shift. So a fabrication with better
accuracy, which means negligible splits and ripples,

may result in better performance for the group delay.

5. Conclusion

This paper has systematically investigated an op-
tical delay line based on passive SOI cascaded mi-
crorings. The performance was characterized for a 3-
stage double-channel SCISSOR device, which exhib-
ited good resonance matching, large bandwidth and
enhanced group delay compared with a single micror-
ing. In experiment, the maximum delay of 17 ps at dif-
ferent bit rates and the bandwidth as large as 78 GHz
were demonstrated. The performance of such a delay
line can be further improved by increasing the num-
ber of cascaded microrings and by optimizing the res-
onance shifting and the coupling between the micror-

ings and buses
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