
0733−8724 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JLT.2015.2480101, Journal of Lightwave Technology

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. XX, NO. X, MONTH DAY, YEAR. 1

Crosstalk in SOI Microring Resonator-Based Filters
Hasitha Jayatilleka, Student Member, IEEE, Kyle Murray, Michael Caverley, Student Member, IEEE,

Nicolas A. F. Jaeger, Member, IEEE, Lukas Chrostowski, Member, IEEE,
and Sudip Shekhar, Senior Member, IEEE.

(Invited Paper)

Abstract—We experimentally investigate the interchannel and
intrachannel crosstalk of first- and second-order microring
resonator (MRR) filters fabricated on a silicon-on-insulator
(SOI) platform. We find that there is an MRR radius that
maximizes the WDM channel count given a waveguide geometry,
a maximum tolerable insertion loss, and a minimum permissible
adjacent channel isolation. The measured power penalties due
to interchannel crosstalk of two-channel DeMUXs based on
first-order and series-coupled MRR filters are presented as
functions of channel spacing and adjacent channel isolation. Next,
we compare the intrachannel crosstalk of first-order, cascaded,
and series-coupled MRR add-drop filters. Our results show
that first-order MRR devices are unsuitable for simultaneous
add-drop operation at high data rates and small channel spacings.
Intrachannel crosstalk of cascaded and series-coupled designs are
measured as functions of the data rate and the level of detuning
between the MRRs. Low intrachannel crosstalk power penalties
are demonstrated for cascaded and series-coupled MRR filters
for data rates up to 20 Gb/s. Based on the measured results,
we present requirements for the input-to-through response of
add-drop filters that will ensure low intrachannel crosstalk.

Index Terms—Silicon photonics, optical interconnects, WDM,
add-drop multiplexers, optical filters, microring resonator,
crosstalk.

I. INTRODUCTION

S ILICON photonics devices using wavelength division
multiplexing (WDM) promise an energy-efficient solution

to the high-bandwidth demands of future data-center and
high-performance computing applications [1]–[4]. Due to
their strong confinement of light, these devices offer small
footprints and low power consumption. Recently, WDM
transmitters [5]–[7], receivers [8], [9], and switch matrices
[10] have been demonstrated on silicon-on-insulator (SOI)
platforms. Microring resonator (MRR) -based modulators
[11], filters [12], and switches [13]–[15] are of significant
interest for WDM systems because they typically offer lower
power consumption and/or smaller footprints as compared
to non-resonator-based devices (e.g., Mach-Zehnder-based
modulators, filters, and switches [7], [10], [16], [17], arrayed
waveguide grating-based filters [18], and Bragg grating-based
filters [19]).
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Fig. 1. An example of an MRR-based WDM network.

Crosstalk is a significant source of signal degradation in
WDM systems, and can be a limiting factor for the channel
capacity or the allowable number of optical add-drop elements
in a network [14], [20]–[24]. These signal impairments are
primarily due to: (1) interchannel crosstalk, where the carrier
wavelength of the crosstalk source is different than that of
the signal, and (2) intrachannel crosstalk, where the carrier
wavelength of the crosstalk source is same as that of the signal.

In order to illustrate each type of crosstalk in an MRR-based
WDM network, we consider the simple WDM network
shown in Fig. 1. Interchannel crosstalk is introduced at
the transmitter (TX) and at the receiver (RX), and both
interchannel and intrachannel crosstalk are introduced at the
optical add-drop elements. The TX consists of a series of
MRR modulators coupled to a single bus waveguide. The
interchannel crosstalk at the TX occurs as a result of the
overlap of the optical pass-bands of the modulators. This is
also called intermodulation crosstalk and has previously been
experimentally investigated in [25].

The RX consists of a wavelength demultiplexer (DeMUX),
in which a series of MRR filters are coupled to the bus
waveguide for extracting the signals at different carrier
wavelengths. Interchannel crosstalk occurs at the drop-port
of each filter as the input-to-drop response of the filter does
not completely suppress the signals at other wavelengths. The
interchannel crosstalk occuring at the drop-port of such an
MRR filter is schematically illustrated in Fig. 2(a). The input
signals are illustrated as power spectral densities (PSDs). The
signals at the through- and drop-ports of the filter are the PSDs
after filtering. The interchannel crosstalk can be reduced by
using higher-order MRR filters since the steeper roll-offs of
higher-order filters can be used to increase the suppression of
signals at other wavelengths [26]–[28]. In this paper, the order
of the filter refers to the number of MRRs in the filter (i.e., a
first-order filter has one MRR, a second-order filter has two ...).
The intrachannel crosstalk, which is introduced at the add-drop
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Fig. 2. Illustrations of (a) interchannel crosstalk occuring at the drop-port of an MRR filter and (b) intrachannel crosstalk occuring at the through- and
drop-ports of a series-coupled MRR filter.

elements, occurs as a result of the residuals of the dropped
signals interfering with the added signals, and vice versa [29].
This is schematically illustrated in Fig. 2(b) by showing the
PSDs of the signals at the four ports of a series-coupled MRR
add-drop filter. The intrachannel crosstalk can be reduced by
using higher-order MRR filters to increase the bandwidth and
the extinction-ratio of the filters’ input-to-through responses,
thereby reducing the residual of the dropped signals at the
through-ports [30], [31].

While increasing the order of a filter can reduce both
the interchannel and the intrachannel crosstalk, this usually
comes at the expense of increased device footprint and power
required for tuning and control.Telecom-grade applications
may still require higher-order filters for meeting their
rigorous filter specifications (e.g., large free-spectral ranges,
high input-to-through extinction ratios, etc.) [26], [27]. For
applications in data-centers and high performance computing
systems, where power consumption and area are major
concerns, MRR filters of lower orders may be preferred.
Therefore, understanding how the crosstalk affects the
performance of an MRR-based filter as the order or the number
of stages of a filter is increased is of significant importance.

Since filters are among the basic building blocks of a
WDM network (Fig. 1), it is useful to analyze the impact
of crosstalk on the performance of stand-alone MRR-based
filters. Once this is well understood, the effects of crosstalk
on an entire WDM network can be evaluated [2], [21],
[32]. Effects of crosstalk in MRR-based add-drop filters have
been investigated numerically [20], [33], [34]. MRR-based
add-drop filters have been demonstrated with low interchannel
and/or intrachannel crosstalk [30], [31], [35], [36]. The level
of crosstalk in the design of MRR-based filters is often
specified by the level of isolation between the WDM channels
[12], [14], [22], [28]. However, channel isolation does not
necessarily correspond directly to a crosstalk power penalty,
which is a metric that allows for the crosstalk effects to
be incorporated into the power budget of a WDM network.
The power penalty due to crosstalk is defined as the power
required at the RX to achieve the desired bit-error-ratio (BER)
for a signal when it is impaired by crosstalk relative to the
power required in the absence of crosstalk sources. Typically,
crosstalk power penalties are best obtained using numerical

and/or experimental methods [24], [25], [33]. Experimentally
comparing the effect of crosstalk on the performance of
MRR-based filters of various orders, in terms of power
penalties, provides additional insight into a filter’s suitability
for a particular application, as compared to analyses based
only on channel isolation.

In this work, which extends our results summarized in [37]
and [38], we experimentally investigate the interchannel and
intrachannel crosstalk of MRR-based first- and second-order
filters. For the purposes of this paper, any reference to
cascaded or series-coupled MRR filters refers to second-order
filters. For simplicity, we only consider second-order filters
where both of the MRRs have the same radii. In section II,
we calculate the maximum WDM channel count supported
by MRR-based DeMUXs, given a particular waveguide
geometry, a maximum tolerable insertion loss (IL), and a
minimum adjacent channel isolation. In section III, we present
measurements of interchannel crosstalk power penalties as
functions of the channel spacing and the adjacent channel
isolation for both first-order and series-coupled MRR filters.
Imposing a minimum adjacent channel isolation, for a BER of
10−9 at 25 Gb/s, we calculate the minimum channel spacing
and the maximum data capacity for DeMUXs of first-order
and series-coupled MRR filters. In section IV, we measure the
intrachannel crosstalk of cascaded and series-coupled MRR
filters by subjecting them to simultaneous add-drop operation.
We evaluate the power penalties as functions of data rate and
the level of detuning between the MRRs of the second-order
filters. While we achieve low power penalties for second-order
MRR designs, our results show that first-order MRR filters
have very high levels of intrachannel crosstalk as a result of
their narrow bandwidths.

The simulation and measurement results presented in this
paper are for the SOI platform with 248 nm photolithography
at the IME A*STAR foundry, which was used for the
fabrication of all of the devices presented in this paper. All
of the MRR designs were based on a rib waveguide geometry
with a height of 220 nm, a slab height of 90 nm, and a rib width
of 500 nm. Straight bus waveguides with equal MRR-to-bus
waveguide gaps at the through- and the drop-ports were used
to couple light into and out of the MRRs. All of the MRRs
were made wavelength tunable by integrating n-doped silicon
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Fig. 3. Response of an MRR filter showing the insertion loss (IL) and adjacent
channel isolation.

resistive heaters [39]. The heaters occupied 63% of the MRRs’
perimeters. About 50 mW of electrical power was required
by a heater to shift an MRR’s resonance by an entire free
spectral range (FSR). In all of the experiments, we used grating
couplers to couple light into and out of the chips. For the
grating couplers, typical ILs were about 7 dB and typical 3-dB
bandwidths were about 34 nm.

II. MRR FILTER DESIGN FOR A MAXIMUM CHANNEL
COUNT

In a typical WDM link based on identical MRR-based
filters (see Fig. 1), if the minimum channel spacing is limited
by interchannel crosstalk, then the maximum number of
channels is determined by the FSR of the MRRs used. One
method of increasing the number of channels is to increase
the FSR of the MRRs by reducing their radii. However,
reducing the radius of an MRR increases the bend-loss, due
to radiation, and the MRR needs to be more strongly coupled
to the bus waveguides in order to maintain a reasonable
drop-port IL. However, both increasing the coupling and
the bend-losses cause an MRR’s filter response to broaden.
Broadening the MRRs’ filter responses in a WDM system
reduces the suppression of the neighboring channels and, thus,
increases the interchannel crosstalk. This trade-off between
an MRR’s FSR and the bend-loss-induced filter broadening
is best captured by the MRRs finesse (F ), which is defined
as F = FSR/FWHM, where FWHM is the filter response’s

full-width-at-half-maximum (3-dB) bandwidth. We find that
maximizing the finesse maximizes the channel count, given a
minimum permissible channel isolation, a maximum tolerable
filter IL, and a waveguide geometry. A particular waveguide
geometry would determine how the bend-loss scales with the
bend radius. The design constraint of filter IL and adjacent
channel isolation are illustrated in Fig. 3. While the above
design parameters may change for a particular WDM link, the
method described here for finding the radius that maximizes
the channel count will still apply.

Figure 4(a) shows how the bend-loss increases as the
MRR radius is reduced. The simulated values were obtained
using the Lumerical MODE Solutions software package. For
comparison, Fig. 4(a) also shows measured bend-losses of
several fabricated MRRs. The bend-losses of the fabricated
devices were calculated from the measured through- and
drop-port spectra using the method described in [40]. The
mismatch between the simulated and measured bending
losses is likely due to the slab height being different from
the design value (90 nm) as a result of variations during
fabrication. Therefore, we also performed the simulations of
the bend-loss for a slab thickness of 95.5 nm and found that
these “re-simulated” values closely matched the measured
values [Fig. 4(a)].

Figure 4(b) shows the calculated finesse of a first-order
and series-coupled filter as a function of the radius for
the simulated (90 nm slab height) and measured values of
bend-losses, designed to the constraint that the drop-port
insertion loss be less than 0.75 dB. In addition to the
bend-losses, a 6 dB/cm doping loss and a 2 dB/cm
propagation loss were also included in the calculations in order
to model a realistic filter, which would use doped heaters for
wavelength tuning. As an additional constraint, in the design
of the series-coupled filter, the coupling coefficients were
calculated according to [41] in order to obtain a maximally
flat drop-port response.

Figure 4(c) is a histogram showing the calculated maximum
channel counts for a DeMUX using MRR filters of 6, 7, 8,
9, 10, 11, and 12 µm radii. Here, to calculate the maximum
number of channels, we have used the adjacent channel
isolation as a measure of the interchannel crosstalk [12].
The maximum channel count was obtained by increasing
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Fig. 4. (a) Measured and simulated bend-loss and (b) finesse calculated for first-order and series-coupled MRRs. (c) Maximum number of channels supported
by first-order and series-coupled MRR-based DeMUXs.



0733−8724 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JLT.2015.2480101, Journal of Lightwave Technology

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. XX, NO. X, MONTH DAY, YEAR. 4

the number of channels until the adjacent channel isolation
reached a minimum of 15 dB, which was assumed to be
the maximum permissible crosstalk [8]. When increasing the
number of channels, we changed the channel spacing such
that any two neighboring channels had the same spacing.
Figure 4(c) also shows the maximum channel count obtained
for a series-coupled MRR subjected to the same design and
crosstalk constraints (i.e., 0.75 dB IL and 15 dB adjacent
channel isolation).

The maximum channel counts calculated for both the
simulated and the measured bend-losses [Fig. 4(c)] follow the
trend of the finesses shown in Fig. 4(b). For devices with small
radii channel counts calculated using measured bend-losses
are significantly lower than those calculated using simulated
bend-losses. This is due to the large difference between the
measured and simulated bend-loss [Fig. 4(a)], and thereby the
finesses [Fig. 4(b)], when the radius is small (< 8 µm). For
the results based on simulations, the largest channel count is
obtained for a radius of 8 µm. For the case of a DeMUX based
on first-order MRR filters, this leads to a maximum of 19
channels with a channel spacing of 80 GHz. The maximum
channel count increases to 32 with a channel spacing of
47 GHz for the case of a DeMUX based on series-coupled
MRR filters.

In this section, given a minimum permissible channel
isolation, a maximum tolerable filter IL, and a waveguide
geometry, we calculated the maximum channel count for
first-order and series-coupled MRR-based DeMUXs. Under
these conditions, we found that the radius which maximized
the channel count for both first-order and series-coupled MRRs
corresponded to the radius that maximized the finesse. The

method outlined here can be used for estimating the maximum
channel count of an MRR filter-based DeMUX for a given SOI
fabrication technology. In the results presented here, the high
radiation losses of the rib waveguides, which were required in
order to make the MRRs tunable by integrating doped heaters,
limited the smallest radius that could be used.

III. INTERCHANNEL CROSSTALK

In this section, we present measured results of interchannel
crosstalk between two adjacent channels of both first-order
and series-coupled MRR-based DeMUXs to obtain power
penalties as functions of the channel spacing. Here, for
simplicity, we only look at two-channel DeMUXs. Based on
our measurements, we also calculate the power penalty for a
desired BER as a function of the adjacent channel isolation
to obtain the minimum channel spacing, and the maximum
number of channels.

Figures 5(a) and (c) show microscope images of fabricated
two-channel DeMUXs based on first-order MRR and
series-coupled MRR filters, respectively. All of the MRRs
were designed with a radii of 8 µm which maximized the
finesse according to our simulations presented in section II.
Figures 5(b) and (d) show measured spectra of the first-order
and series-coupled MRR DeMUXs, with a measured FWHM
of 32.3 GHz and 38.7 GHz, respectively. The measured FSR
for both designs was 1.55 THz (or 12.4 nm). Both designs
showed low drop-port ILs below 1.8 dB.

Figure 6 shows the experimental setup used for measuring
the interchannel crosstalk. Two independent pulse pattern
generators (PPGs), outputting 25 Gb/s non-return-to-zero
(NRZ) 231 − 1 pseudo random binary sequences (PRBS),
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Fig. 5. (a) Microscope image of a fabricated first-order DeMUX and (b) the measured spectra after tuning the channels to a 75 GHz spacing. (c) Microscope
image of a fabricated series-coupled DeMUX and (d) the measured spectra after tuning the channels to a 62.5 GHz spacing. The optical frequencies of (b)
and (d) are relative to 193.019 THz (or 1553.17 nm) and 192.888 THz (or 1554.23 nm), respectively.
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Fig. 6. Experimental setup used for measuring the interchannel crosstalk.

were used to drive two commercial LiNbO3 Mach-Zehnder
modulators (MZMs). The two optical signals were multiplexed
using a bench-top 3-dB coupler prior to the chip. The output
power of the two tunable laser sources (TLSs) and the bias and
modulation voltages of the MZMs were adjusted so that the
average optical power and the eye-height of the signals at the
input of the chip were equal. The delay between the two PRBS
sequences was adjusted to align the bit-periods of the two data
streams, which gave the worst case crosstalk [42]. The eye
diagrams measured for the data streams at the input of the chip
are shown in Figs. 8(a) and (b). Grating couplers were used to
couple light into and out of the chip. The signal output from
the chip was amplified using an erbium doped fiber amplifier
(EDFA) and filtered using an optical tunable filter (OTF). The
bandwidth of the OTF was set to 4 nm, which was much larger
than the channel spacing of the DeMUXs. A variable optical
attenuator (VOA) was used to control the received power at the
photodetector (PD). The PD was connected to an error-detector
(ED) or to a digital communications analyzer (DCA). The
BER and the eye diagrams for channels 1 and 2 were measured
after tuning the channel spacing of the DeMUXs to different
values. For each BER measurement 1.25 × 1012 bits were
transmitted. Eye diagrams measured by setting the channel
spacing of the DeMUXs to 37.5 GHz are shown in Figs.
8(c)-(f).

Figure 7(a) shows measured BER curves as functions of
the received optical power at the PD for a selected number of
channel spacings. Figure 7(b) shows the measured crosstalk
power penalties for a BER of 10−9 as functions of the channel
spacing. For each channel, the crosstalk power penalty was
calculated by normalizing the received power at a BER of

10−9 to the received power when the other channel was turned
off. A linear fit to the BER curves [Fig. 7(a)] was used to
calculate the received power required to obtain a BER of
10−9 [43]. In Fig. 7(b), the shaded markers indicate where the
lowest BER value measured was less than 10−9. The unshaded
markers indicate where the linear fits of the BER curves were
extrapolated below the lowest measured BER to estimate the
power penalty corresponding to a BER of 10−9.

For an MRR-based DeMUX, the signal power in the bus
waveguide corresponding to a certain channel is significantly
reduced after the channel is dropped by the filter tuned to the
wavelength of the channel. As a result, the crosstalk from this
channel to subsequently dropped channels is reduced. This
phenomenon can be clearly observed from the eye diagrams
shown in Figs. 8(c)-(f), where the spacing between the two
channels is set to a small value of 37.5 GHz in order to observe
the effects of crosstalk. The eye diagram of channel 1 of the
first-order MRR DeMUX [Fig. 8(c)] shows a high level of
crosstalk compared to that of channel 2. The signal amplitude
of channel 2 is reduced as a large portion of the channel
2 signal power is dropped with channel 1 as the crosstalk
signal. Eye diagrams recorded for the series-coupled MRR
DeMUX [Figs. 8(e) and (f)] show similar behaviors. However,
compared to the first-order design, the level of crosstalk is
small as a result of the larger channel isolation achieved using
the series-coupled design. As seen from Fig. 7(b), the power
penalties measured for channel 2, for both first-order and
series-coupled MRR DeMUXs, are lower compared to those
measured for channel 1.

In Fig. 7(c), we show the measured power penalties for
channel 1 of the DeMUXs as functions of the adjacent
channel isolation (which is the metric we used as a measure
of interchannel crosstalk for the channel count calculations
presented in section II). The values for the adjacent channel
isolation of the first-order and series-coupled devices were
calculated using the measured filter responses shown in Fig.
5(b) and (d), respectively. Table I shows the power penalty, the
minimum channel spacing, and the maximum data capacity
calculated for each of the DeMUXs based on the measured
results. The minimum channel spacing and maximum data
capacity values correspond to an adjacent channel isolation of

−2 0 5 10

−12

−10

−8

−6

−4

−2

Received Power (dBm)

lo
g

(B
E

R
)

 

 

1
st

−order ch1 only

1
st

−order 112.5 GHz

1
st

−order 50 GHz

1
st

−order 37.5 GHz

series−coupled ch1 only

series−coupled 50 GHz

series−coupled 37.5 GHz

(a)

−125 −100 −75 −50 −31.25

0.5

2

4

6

8

10

P
o
w

e
r 

P
e
n
a
lt

y
 (

d
B

) 

Channel Spacing (GHz)

 

 

1
st

−order channel 1

1
st

−order channel 2

series−coupled channel 1

series−coupled channel 2

(b)

5 10 15 20 25
0

2

4

6

8

10

Adjacent Channel Isolation (dB)

P
o
w

e
r 

P
e
n
a
lt

y
 (

d
B

)

 

 

1
st

−order channel 1

series−coupled channel 1

(c)

Fig. 7. (a) Measured BER vs. received optical power at the PD, (b) crosstalk power penalty of channels 1 and 2 vs. channel spacing, and (c) power penalty
of channel 1 vs. adjacent channel isolation (BER = 10−9, 25 Gb/s). The shaded markers in (b) and (c) indicate where the lowest measured BER was less than
10−9. The unshaded markers indicate where the measured BER values were extrapolated to calculate the power penalty corresponding to a BER of 10−9.
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the drop-port outputs of the first-order MRR DeMUX, and (e) and (f) were
measured at the drop-port outputs of the series-coupled MRR DeMUX.

TABLE I
DEMUX PERFORMANCE COMPARISON (BER = 10−9 , ADJACENT

CHANNEL ISOLATION 15 dB)

Power Penalty Channel Spacing Capacity

First-order 0.76 dB 96 GHz 25 Gb/s × 16

Series-coupled 0.35 dB 50 GHz 25 Gb/s × 31

First-order 

100 GHz channel spacing 

Series-coupled

50 GHz channel spacing 

13 mV/div 9.9 mV/div

Fig. 9. Measured eye diagrams at 25 Gb/s for channel 1 of (a) the first-order
MRR DeMUX (b) the series-coupled MRR DeMUX.

15 dB. The power penalty values consider crosstalk only from
one adjacent channel, and are for a BER of 10−9. Fig. 9 shows
open eye diagrams recorded for channel 1 of each DeMUX
where the channel spacing is set close to the minimum channel
spacing given in Table I. Eye diagrams for channel 2 are not
shown as channel 1 has a higher level of crosstalk as compared
to channel 2.

The differences between the maximum channel counts
shown in Table I and those shown in Fig. 4(c) are primarily
due to the differences in the measured FWHM values of
the fabricated filters as compared to the calculated values in
section II. For example, in the case of the series-coupled filter,
where the simulated FWHM value in section II was 39.8 GHz
and the measured FWHM value was 38.7 GHz, the calculated
channel counts were found to be in very good agreement,
32 and 31 respectively. For the values of minimum channel
spacing shown in Table I, the nearest non-adjacent channels
would be 192 GHz apart for the first-order and 100 GHz apart
for the series-coupled designs. As seen from Fig. 7(b), the
interchannel crosstalk for such widely separated channels is
negligible.

N
o

rm
al

iz
ed

 T
ra

n
sm

is
si

o
n

 (
d

B
)

Relative Frequency (GHz)

BW

S
u

p
p

re
ss

io
n

E
x

ti
n

ct
io

n
 R

at
io

0

0

Fig. 10. input-to-through response of a series-coupled add-drop filter showing
the extinction ratio, suppression, and bandwidth (BW).

IV. INTRACHANNEL CROSSTALK

In this section, we investigate the simultaneous add-drop
performance of (1) first-order, (2) cascaded, and (3)
series-coupled MRR filters, which are illustrated in Figs.
11(a)-(c), respectively. The signal that is inserted into the
input-port and dropped at the drop-port is referred to as the
DROP signal. The signal that is inserted to the add-port and
added to the through-port is referred to as the ADD signal.
The signal paths for the ADD and the DROP signals for
each filter are shown in Figs. 11(a)-(c). At the through-port,
intrachannel crosstalk occurs as a result of the interference
of the residual of the DROP signal with the ADD signal.
Since our filters operate at the peak of the add-to-through
response, the input-to-through response tends to have a greater
effect on the amount of intrachannel crosstalk. Figure 10
shows the important parameters of an MRR-based add-drop
filter’s input-to-through response, as used in this section.
We investigate the intrachannel crosstalk as a function of
the data rate and the detuning level between the two
MRRs of cascaded and series-coupled designs. Based on our
experimental results, we then discuss the requirements for the
input-to-through response of these add-drop filters needed to
mitigate intrachannel crosstalk.

Figures 11(d)-(f) show the measured input-to-through
and add-to-through spectra of first-order, cascaded, and
series-coupled MRR filters, respectively. The MRRs of the
cascaded and series-coupled filters were tuned by aligning
the resonance wavelengths of the MRRs to maximize the
extinction ratio of the input-to-through response. The cascaded
design used two MRRs which were similar in design to that
of the first-order MRR filter.

Figure 12 shows the experimental setup used for measuring
the BERs and the eye diagrams. Similar to section III, the
MZMs were modulated using two PPGs outputting NRZ,
231 −1 PRBS data. The output powers of TLSs and the bias
and modulation voltages of the MZMs were set to obtain equal
average powers at the input grating couplers to the chip. The
relative delay between the two data streams were also adjusted
to align the bit-periods of the input signals. Figures 11(g)-(i)
show the measured eye diagrams for each filter for ADD signal
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Fig. 11. Schematics of a (a) first-order, (b) cascaded, and (c) series-coupled add-drop filter. Measured add-to-through and input-to-through spectra for a (d)
first-order, (e) cascaded, and (f) series-coupled add-drop filter (Frequencies are relative to 193.195 THz (or 1551.76 nm), 193.356 THz (or 1550.46 nm), and
193.498 THz (or 1549.33 nm), respectively). Eye diagrams measured at the through-port for ADD signal only and ADD + DROP signals for a (g) first-order,
(h) cascaded, and (i) series-coupled add-drop filter.
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Fig. 12. Experimental setup used for measuring the intrachannel crosstalk.

only and for simultaneous ADD + DROP signals at a data
rate of 20 Gb/s. The eye diagram of the first-order MRR, as
shown in Fig. 11(g), is completely closed. We observed that
the eye diagram remained closed even after reducing the data
rate to 5 Gb/s. This is because the narrow bandwidth and
the low extinction ratio of the input-to-through response of
the first-order MRR filter is incapable of sufficiently rejecting
the DROP signal at the through-port. Open eye diagrams
were obtained for cascaded and series-coupled designs [Figs.
11(h)-(i)].

A. Intrachannel Crosstalk vs. Data Rate

As the data rate of an NRZ signal is increased, the
bandwidth of its spectrum increases. As a result, more of the
energy in the DROP signal falls outside the frequencies which
are strongly suppressed by the input-to-through response of the
add-drop filter. This increases the residual of the DROP signal
at the through-port and, hence, increases the intrachannel
crosstalk.

We measured the intrachannel crosstalk power penalties
as functions of the data rate to investigate the maximum
data rate at which the cascaded and series-coupled designs
could support simultaneous ADD + DROP signals. Figures
13(a) and (b) show the measured BERs as functions of the
received power at the PD for selected data rates for cascaded
and series-coupled MRR filters, respectively. Figure 13(c)
shows the measured intrachannel crosstalk power penalties
as functions of the data rate for a BER of 10−9. The
power penalties for ADD + DROP signals were calculated by
normalizing the received optical powers, at a BER of 10−9, by
the received optical powers required to achieve the same BER
for ADD signals. The shaded markers in Fig. 13(c) correspond
to the cases in which the minimum measured BER was below
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Fig. 13. Measured BER vs. received optical power at the PD for a (a) cascaded and a (b) series-coupled filter design at several data rates. (c) Intrachannel
crosstalk power penalty in simultaneous add-drop operation for various data rates (BER = 10−9). The shaded markers in (c) indicate where the lowest measured
BER was less than 10−9. The unshaded markers indicate where the measured BER values were extrapolated to calculate the power penalty corresponding to
a BER of 10−9.

10−9, and the unshaded markers show where the linear fits
to the BER curves were extrapolated in order to estimate the
received power giving a BER of 10−9.

The crosstalk power penalties [Fig. 13(c)], which remained
below 1 dB for low data rates, dramatically increased for data
rates above 15 Gb/s. The power penalties for both designs are
similar due to the similarity of the input-to-through responses
[see Figs. 11(e) and (f)].

B. Intrachannel Crosstalk vs. Detuning

In cascaded and series-coupled add-drop filters, the
input-to-through response is highly sensitive to the tuning
of the two MRRs of the filter. Therefore, by detuning
the two MRRs, the extinction ratio of the input-to-through
response can be adjusted without dramatically changing
the add-to-through response. In this section, we investigate
the intrachannel crosstalk of a cascaded and series-coupled
add-drop filter, as functions of the input-to-through extinction
ratio, by detuning the MRRs as described above.

Figure 14(a) shows the measured input-to-through spectra
of a cascaded MRR filter for several values of detuning.
The detuning level indicated in Fig. 14(a) refers to the

frequency difference between the two local minima of the
input-to-through spectrum, which correspond to the resonances
of the two MRRs comprising the cascaded filter. The FWHM
of the add-to-through spectrum corresponding to 0 GHz
detuning was 28.4 GHz. Figure 14(b) shows the measured
BER curves at a data rate of 20 Gb/s. Figure 14(c) shows
the measured intrachannel crosstalk power penalty for a
BER of 10−9. The power penalty values were calculated
in a similar manner to the previous section and the shaded
markers represent the cases where a BER below 10−9 was
measured. The lowest power penalty measured was 1.1 dB,
which corresponded to the 0 GHz detuning. The power penalty
dramatically increases for detunings above 6 GHz, mainly
as a result of the reduction in the extinction ratio of the
input-to-through response.

Input-to-through spectra for a series-coupled add-drop filter
measured with detuning is shown in Fig. 15(a). As the
individual resonances of the two MRRs cannot be separately
identified from the spectra, we use the extinction ratio of
the input-to-through response to express the level of detuning
between the two MRRs. When the input-to-through extinction
ratio was tuned to its maximum value, the measured FWHM
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Fig. 14. Measured (a) spectra, and (b) BER vs. received optical power at the PD for several detunings of a cascaded MRR filter design. (c) Intrachannel
crosstalk power penalty vs. detuning (BER = 10−9, 20 Gb/s). The shaded markers in (c) indicate where the lowest measured BER was less than 10−9.
The unshaded markers indicate where the measured BER values were extrapolated to calculate the power penalty corresponding to a BER of 10−9. Optical
frequency in (a) is relative to 193.209 THz (or 1551.65 nm).
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Fig. 15. Measured (a) spectra, and (b) BER vs. received optical power at the PD after tuning the extinction ratio of a series-coupled MRR filter. (c) Intrachannel
crosstalk power penalty vs. input-to-through extinction ratio (BER = 10−9, 20 Gb/s). The shaded markers in (c) indicate where the lowest measured BER was
less than 10−9. The unshaded markers indicate where the measured BER values were extrapolated to calculate the power penalty corresponding to a BER of
10−9. Optical frequency in (a) is relative to 193.607 THz (or 1548.46 nm).

of the add-to-through spectrum was 38.7 GHz. Figure 15(b)
shows the measured BER curves as functions of the received
power at a data rate of 20 Gb/s. Figure 15(c) shows the
intrachannel power penalty values corresponding to a BER
of 10−9.

In Fig. 15(c), the lowest power penalty measured was
1.5 dB, which corresponded to the highest input-to-through
extinction ratio of 25.5 dB. The power penalty values
dramatically increased for extinction ratios less than 18 dB.
Since the change in the input-to-through bandwidth for various
detunings is small, the increase in the power penalties can be
attributed to the reduction in the extinction ratio.

C. Requirements for the Input-to-Through Response of
Add-Drop Filters

Based on the experimental results presented in sections IV.
A and IV. B, we next evaluate the requirements that should be
met by an add-drop filter in its input-to-through response for
mitigating intrachannel crosstalk. In order to compare all of
the input-to-through responses of the add-drop filters presented
in the previous sections, we calculated the bandwidth (BW)
of the measured input-to-through responses at various levels
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Fig. 16. BW/data rate as a function of suppression of the input-to-through
responses.

of input-to-through suppression (see Fig. 10). The calculated
bandwidths were then normalized to the data rate used in each
experiment. The normalization of the bandwidth to data rate
allows for the comparison of the input-to-through responses of
different add-drop filters when subjected to various data rates.

Figure 16 shows the BW/data rate as a function of the
input-to-through suppression for the devices presented in
sections IV. A and IV. B. To calculate the curve corresponding
to the series-coupled filter in section IV. A (black), we used the
input-to-through response shown in Fig. 11(f) and a data rate
of 15 Gb/s, for which the crosstalk power penalty [Fig. 13(c)]
was 0.88 dB. The shaded area above this BW/data rate curve
in Fig. 16 represents the region where an input-to-through
response of a given filter would suppress the residual of the
DROP signal better than the series-coupled filter in section
IV. A. Therefore, any filter whose BW/data rate curve falls
entirely within the shaded region can be expected to achieve
less than 0.88 dB power penalty value at a BER of 10−9.

The BW/data rate curves representing the cascaded (green)
and series-coupled (blue) add-drop filters presented in section
IV. B are also shown in Fig. 16. These curves were calculated
using the input-to-through responses corresponding to a 0 GHz
detuning, which also corresponded to the input-to-through
responses with a maximum extinction ratio. A data rate of
20 Gb/s, similar to that used in the experiment, was used
to normalize the bandwidths. A significant portion of the
BW/data rate curves for these filters fall below the shaded
region. This is consistent with the observation that the power
penalties for these filters were greater than 0.88 dB. In Fig. 16,
we also show the curve corresponding to the first-order MRR
filter calculated using the input-to-through response shown in
Fig. 11(d) and assuming a data rate of 15 Gb/s. This curve
is well below the shaded region, indicating a very high level
of intrachannel crosstalk, which was confirmed by the closed
eye diagram shown in Fig. 11(g).

In this section we showed that low-crosstalk simultaneous
add-drop data transmission is challenging for first-order MRR
filters at high data rates. This is because a high level of
input-to-through suppression over a large bandwidth is difficult
to achieve using a first-order MRR design. As for the cascaded
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and series-coupled designs, where a large input-to-through
suppression can be maintained over a wide bandwidth, we
demonstrated that low crosstalk simultaneous ADD-DROP
data transmission for data rates up to 20 Gb/s can be achieved.

V. SUMMARY AND CONCLUSION

We have experimentally evaluated interchannel and
intrachannel crosstalk in MRR-based add-drop filters designed
on an SOI photonics platform. Given a maximum permissible
filter IL and a waveguide geometry, we found the radius which
maximized the finesse of the first-order and series-coupled
MRR filters. Constraining the minimum tolerable adjacent
channel isolation to a value of 15 dB, we calculated the
maximum channel count for MRR-based DeMUXs for various
MRR radii. The maximum channel count strongly correlated
with the MRR-based filter’s finesse. By using two-channel
DeMUXs based on first-order and series-coupled MRR filters,
we measured the crosstalk power penalties due to an adjacent
channel as a function of the channel spacing. The measured
crosstalk power penalties were also expressed as functions
of the adjacent channel isolation. For an adjacent channel
isolation of 15 dB, for a BER of 10−9 at a data rate of
25 Gb/s, the measured crosstalk power penalties were 0.76 dB
for our first-order and 0.35 dB for our series-coupled designs.
For a WDM DeMUX limited only by the crosstalk from
an adjacent channel, these values correspond to maximum
aggregate data rates up to 400 Gb/s for our first-order and
775 Gb/s for our series-coupled designs. By measuring the
simultaneous optical add-drop performance of cascaded and
series-coupled MRR-based filters, as functions of the data
rate and the detuning of the two MRRs, we evaluated the
requirements that should be met by the input-to-through
response of add-drop filters to ensure low power penalties.
We demonstrated intrachannel crosstalk penalties of 1.1 dB
and 1.5 dB, for a BER of 10−9 at a data rate of 20 Gb/s for
cascaded and series-coupled MRR filter designs, respectively.

The method that we outlined in section II can be used to
estimate the maximum channel count of an MRR filter-based
DeMUX for a given SOI fabrication technology. While we
have observed low interchannel crosstalk for first-order MRR
filter designs at small channel spacings (96 GHz), our results
show that simultaneous add-drop operation is challenging for
first-order filter designs at high data rates. This is because
it is difficult to maintain a high level of suppression of the
input-to-through response of a first-order MRR filter over a
wide bandwidth. Conversely, second-order MRR designs allow
for low intrachannel crosstalk at higher data rates by offering
larger input-to-through suppression over wide bandwidths.
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E. P. Ippen, F. X. Kärtner, and H. I. Smith, “Multistage high-order
microring-resonator filters with a wide FSR, low drop loss and 30 dB
in-band extinction,” in Conf. on Lasers and Electro-Opt. (CLEO), 2005,
p. CMP2.

[31] V. Sorianello, F. Testa, P. Velha, S. Doneda, and M. Romagnoli,
“Experimental evaluation of residual added signal crosstalk in a silicon
photonics integrated ROADM,” in Opt. Fiber Commun. Conf. (OFC),
2014, p. Th2A.30.

[32] J. Chan, G. Hendry, K. Bergman, and L. P. Carloni, “Physical-layer
modeling and system-level design of chip-scale photonic interconnection
networks,” IEEE Trans. Comput.-Aided Design Integr. Circuits Syst.,
vol. 30, no. 10, pp. 1507–1520, Oct. 2011.

[33] H. Simos, C. Mesaritakis, D. Alexandropoulos, and D. Syvridis,
“Dynamic analysis of crosstalk performance in microring-based
add/drop filters,” J. Lightw. Technol., vol. 27, no. 12, pp. 2027–2034,
Jun. 2009.

[34] R. D. Mansoor, H. Sasse, M. Al Asadi, S. J. Ison, and A. P. Duffy,
“Over coupled ring resonator-based Add/Drop filters,” IEEE J. Quantum
Electron., vol. 50, no. 8, pp. 598–604, Jun. 2014.

[35] F. Gambini, S. Faralli, P. Pintus, N. Andriolli, and I. Cerutti,
“BER evaluation of a low-crosstalk silicon integrated multi-microring
network-on-chip,” Opt. Express, vol. 23, no. 13, pp. 17 169–17 178,
2015.

[36] E. J. Klein, P. Urban, G. Sengo, L. T. Hilderink, M. Hoekman, R. Pellens,
P. van Dijk, and A. Driessen, “Densely integrated microring resonator
based photonic devices for use in access networks,” Opt. Express,
vol. 15, no. 16, pp. 10 346–10 355, 2007.

[37] H. Jayatilleka, M. Caverley, N. A. F. Jaeger, S. Shekhar, and
L. Chrostowski, “Crosstalk limitations of microring-resonator based
WDM demultiplexers on SOI,” in Proc. IEEE Opt. Interconnects Conf.
(OI), Apr. 2015, pp. 48–49.

[38] H. Jayatilleka, K. Murray, M. Caverley, N. A. F. Jaeger, S. Shekhar, and
L. Chrostowski, “Intraband crosstalk of SOI microring resonator-based
optical add-drop multiplexers,” in Proc. IEEE Intl. Conf. Group IV
Photonics, Aug. 2015.

[39] H. Jayatilleka, K. Murray, M. A. Guillen-Torres, M. Caverley, R. Hu,
N. A. F. Jaeger, L. Chrostowski, and S. Shekhar, “Wavelength tuning
and stabilization of microring-based filters using silicon in-resonator
photoconductive heaters,” arXiv:1507.00686, Jul. 2015.

[40] W. R. McKinnon, D. X. Xu, C. Storey, E. Post, A. Densmore, A. Delge,
P. Waldron, J. H. Schmid, and S. Janz, “Extracting coupling and loss
coefficients from a ring resonator,” Opt. Express, vol. 17, no. 21, pp.
18 971–18 982, 2009.

[41] B. E. Little, S. T. Chu, H. A. Haus, J. Foresi, and J.-P. Laine, “Microring
resonator channel dropping filters,” J. Lightw. Technol., vol. 15, no. 6,
pp. 998–1005, Jun. 1997.

[42] R. Khosravani, M. I. Hayee, B. Hoanca, and A. E. Willner, “Reduction of
coherent crosstalk in WDM add/drop multiplexing nodes by bit pattern
misalignment,” IEEE Photon. Technol. Lett., vol. 11, no. 1, pp. 134–136,
Jan. 1999.

[43] X. Zheng, F. Liu, J. Lexau, D. Patil, G. Li, Y. Luo, H. D. Thacker,
I. Shubin, J. Yao, K. Raj, R. Ho, J. E. Cunningham, and A. V.
Krishnamoorthy, “Ultralow power 80 Gb/s arrayed CMOS silicon
photonic transceivers for WDM optical links,” J. Lightw. Technol.,
vol. 30, no. 4, pp. 641–650, Feb. 2012.


