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We propose an approach to a wavelength-selective 1 × N port optical broadcast network demonstrating the approach
in a 1 × 8 port parallel optical drop filter bank utilizing adiabatic micro-ring tunable filters. The micro-ring filters
exhibit first-order 92.7� 3.7 GHz full width at half-maximum bandwidths with a 36.2 nm free spectral range, low-
drop power variation (0.11 dB), and aggregate excess loss of only 1.1 dB in all drop ports. Error-free operation at a
10 Gbit/s data rate is achieved for all eight drop ports with less than a 0.5 dB power penalty among the ports. This
wavelength-selective parallel-drop approach serves as a building block for on-chip all-to-all communication
networks. © 2014 Optical Society of America
OCIS codes: (130.3120) Integrated optics devices; (230.5750) Resonators; (230.0250) Optoelectronics.
http://dx.doi.org/10.1364/OL.39.005459

With the scaling of chip multicore microprocessor sys-
tems, communications between the cores on chip and
between the cores and memory systems off chip have be-
come the limiting factor affecting system performance [1].
Integrated photonics provide a solution for both on- and
off-chip communications, enabling massive bandwidths
with low power consumption [2,3]. In on-chip computer
networks, bus (or broadcast) topologies are among the
most widely deployed, enabling all-to-all communications
for rapid dissemination of instructions and data across a
machine. Recently, it has been proposed that wavelength-
selective all-to-all communications, with the transmit
wavelength being tied to a particular core, offer a particu-
larly compelling implementation on chip for all-to-all
networks [4]. Using integrated photonic devices, bus
topologies can be implemented by cascaded power split-
ters [5] connected to multiprocessors; however, with sim-
ple power dividers, all wavelengthsmust be dropped at all
sites along the network, limiting the potential network
topologies. Importantly, a limitation of pure all-to-all
topologies is that the optical power requirements scale
with N2, where N is the number of sites. As a result,
for large-scale implementations, limited all-to-all topol-
ogies, where the information is shared among a select
group of sites, are often more attractive. In order to imple-
ment limited all-to-all communications networks, wave-
length-selective partial drops are required [see Fig. 1(a)]
[6] with a select group of wavelengths. The most challeng-
ing component of the all-to-all communications network is
shown in Fig. 1(b). The resonant detectors can be imple-
mented by connecting drop ports of ring resonators to
on- or off-chip detectors [inset of Fig. 1(b)] but are not es-
sential for demonstrating the parallel-drop functionality.
Thus, for the rest of this Letter, the broadcast network
in Fig. 1(b) will be simplified to a parallel optical drop filter
bank with off-chip detectors.
Previously, single large-radius rings with multiple drop

ports have been utilized to act as a wavelength-selective
power divider [7]. However, the limited free spectral
range (FSR) makes that approach incompatible with

dense wavelength division multiplexed communications.
To overcome those limitations, small-radius ring resona-
tors are preferred to enable large FSRs and wide optical
bandwidth in the on-chip network.

In this Letter, we introduce a new wavelength-selective
on-chip optical broadcast network based on integrated
small-radius tunable resonant filters, which offer high
tuning efficiency and large FSR [8,9] to support densely
packed wavelength channels. The theory on how
to design an arbitrary N -stage system is presented, and
a 1 × 8 parallel optical partial-drop filter bank is demon-
strated with a 3 dB bandwidth of 92.7 GHz and standard
deviation across all eight ports of only 3.7 GHz. The
aggregate excess loss of the parallel drop is only 1.1 dB
with optical power variation of only 0.11 dB. Error-free
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Fig. 1. (a) Example approach of wavelength-selective partial-
drop filters utilized in an all-to-all communications network.
(b) One × eight on-chip broadcast network demonstrated in
this work. Inset, implementation of resonant detector at
wavelength λ1.
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operation at a 10 Gbit/s data rate is demonstrated for all
eight drop ports, with less than a 0.5 dB power penalty.
This approach will enable future applications such as
on-chip optical multi-casting and high-sensitivity trans-
mitters and receivers in on-chip wavelength division
multiplexing (WDM) networks [10].
Conventionally, optical ring-based filters utilize a sym-

metric configuration, where ring-to-waveguide coupling
strengths are the same on both the through and drop
ports. This corresponds to matched ring–waveguide sep-
arations and results in full power dropping at resonance
with Lorentzian filter responses for a first-order filter.
However, by adjusting the ring-to-waveguide separations
to be asymmetric, partial power dropping can be imple-
mented while maintaining a Lorentzian filter response
around the resonant wavelength. By cascading partial-
drop filters, wavelength-selective power dropping can
be engineered to produce equal drops with identical filter
responses through a careful adjustment of the coupling
coefficients. To prove that identical Lorentzian filter
responses can be achieved in a cascaded partial-drop sys-
tem, coupled-mode theory (CMT) in the time domain [11]
is utilized to model the micro-ring filters.
The schematic of an N -stage ring-based parallel-drop

filter bank is shown in Fig. 2(a). Assuming that the inter-
nal loss of the cavity is negligible compared to the cou-
pling strength from the waveguide, the system can be
described by the following equations:
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where ω0 is the cavity resonant frequency; A is the energy
amplitude of the cavity, which is normalized so that jAj2
represents the total energy stored in the cavity; and S is
the wave amplitude, which is normalized so that jSj2 rep-
resents the power. The superscript i represents the ith
stage, and the � and – denote the input and output to
the cavity, respectively. The time constant, τ, denotes
the amplitude decay time constant of the cavity due to
coupling to the bus and drop waveguide. For the single
input case, Si

2� is zero. For an input frequency ω,
dAi∕dT � −iωAi. To achieve even power splitting into
N drop ports, it can be derived from Eqs. (1)–(3) that
the following conditions need to be satisfied:
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for i � 1;…N − 1. Assuming that the peak power at ω0
for each port is 1∕N of the total input power and the total
decay time constant for the first stage is τ ≡ 1∕�1∕τ11 �
1∕τ12� and τ11 ≥ τ12, the explicit equations for τi1 and τi2 are8<
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for i � 1;…N − 1. Under these conditions, all the drop
ports have the same Lorentzian frequency response:
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with peak value 1∕N and a filter response bandwidth that
depends only on the chosen τ value. With a quality factor
(Q-factor) Q � ω0τ∕2, assuming eight stages of the sys-
tem and the Q-factor of the first stage to be 2000, the
Q-factors for each stage are shown in Fig. 2(b). We point
out that the 1∕N equipartition condition requires that the
ith stage drops a fraction 1∕�N − i� 1� of the optical
power still left in the bus waveguide. In order to ensure
the same bandwidth at each stage, the Q-factors of the
resonators must vary. This theory can be easily extended
to cases where the intrinsic loss of the filter is not
negligible by including the τr term in Eq. (1) to represent
the decay constant of energy due to the intrinsic loss of
the cavity.
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Fig. 2. (a) Schematic of an N -stage ring-based cascaded par-
tial-drop filter bank. Each ring supports a circulating mode with
energy amplitude A, incident wave amplitude S1�, transmitted
wave amplitude S1−, drop port output wave amplitude S2−, and
input wave amplitude S2�. τ denotes the amplitude decay time
constant of each cavity through a separate waveguide. (b) Qual-
ity factors required to maintain equal drops in an eight-stage
filter bank were calculated from coupled-mode theory (CMT)
and plotted.
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Following the theorydiscussedpreviously,wedesigned
a 1 × 8 port parallel-drop filter bank. A schematic of the
proposed device is shown in Fig. 3(a). Each of the rings
has the same resonant wavelength and shares the same
bus waveguide. The dependence of τ as a function of the
ring-to-waveguide separation is calculated using finite-
difference time-domain (FDTD) simulations. In order to
compensate for (1) variations in the thickness of the
silicon layer across the wafer, (2) variations in the width
of the waveguide due to fluctuations in the photolitho-
graphic process [12], and (3) coupling-induced frequency
shifts [13], an integrated heater is incorporated into the
device utilizing an adiabatic structure [8]. The tunable
adiabatic micro-ring resonator is shown in the inset of
Fig. 3(a) with contacts created fromdoped silicon tethers.
The proposed structure was fabricated on a 300 mm

silicon on insulator (SOI) wafer with a 220 nm silicon
layer thickness using 193 nm optical immersion lithogra-
phy. A scanning electron micrograph (SEM) of the fabri-
cated device after dry etching to remove the top SiO2
cladding is shown in Fig. 3(b). Integrated heaters are in-
troduced by p-type doping at a concentration of 1 ×
1018 cm−3 in the adiabatic ring waveguide, and contacts
are connected to the heaters by small tethers of silicon
with p� doping at a concentration of 1 × 1020 cm−3 [inset
of Fig. 3(a)]. This way, each ring in this system is inde-
pendently thermally tunable. The fabricated adiabatic
ring is 6 μm in diameter [inset of Fig. 3(b)], ensuring a
large FSR for WDM applications.
A transverse electric (TE) polarized tunable laser was

coupled into the fabricated device using a single-mode
fiber (SMF), and the transmission spectra of the through
port and eight drop ports were measured. Although all
the ring sizes and drop port responses were designed
to be identical, the resonant frequencies with no voltage
applied differed from one another due to layer thickness
and lithographic variations [12], as well as differing cou-
pling-induced frequency shifts [13] for each drop port.
The drop port responses reveal a resonance variation
of 33.5 GHz and power difference of more than 5 dB in
average wavelength of 1553.6 nm [shown in Fig. 4(a)].
The power differences mainly come from resonant wave-
length variations. Wavelengths that are not filtered by
previous stages tend to exhibit high power when they
are filtered by the current stage. By using thermal tuning,
the wavelength variation was removed. The tuning

powers for each drop port are shown in Fig. 4(b). The
corresponding spectra after thermal tuning are shown
in Figs. 4(c) and 4(d), revealing a resonance variation as
low as 1.7 GHz and a power variation of less than 0.11 dB,
which are low enough to ensure equal power distribu-
tions among all drop ports. The 3 dB bandwidth variation
was extracted to be 3.7 GHz with an average value of
92.7 GHz—wide and uniform enough to handle high-
speed data-rate transmission for all drop ports. Moreover,
the filter bank exhibits a wide, uncorrupted FSR of
36.2 nm [inset of Fig. 4(c)], enabling a large number of
communication wavelength channels. Although eight
rings and heaters are utilized in this device, the total loss
of this parallel drop is only 1.1 dB—no worse than that for
a single fully coupled filter, a result that makes sense
given that, in aggregate, the coupling of the eight-way
drop equates to the coupling of a single fully coupled ring.

This parallel-drop filter bank allows high-speed data to
be transmitted to all eight drop ports with equal power
distribution. A diagram of the experimental setup used
to characterize the filter bank performance is depicted
in Fig. 5(a). A continuous-wave tunable laser source
was first coupled into a SMF. The light was then transmit-
ted through a commercial lithium niobate (LiNbO3)
modulator with polarization controllers (PCs) before
and after the modulator to align the polarization to the
TE waveguide mode. In this work, the data were coded
with non-return-to-zero (NRZ) on–off keying (OOK) using
a pulse pattern generator (PPG) with a 231 − 1 pseudo-
random bit sequence (PRBS). The modulated light was
then coupled onto the silicon chip. By thermally tuning
the rings, all the resonant frequencies were aligned to the
same wavelength. For the input, the light of the tunable
laser was spectrally aligned to the resonant wavelength to
drop the signal to each drop port. Off chip, the modulated
optical signal was then passed through an erbium-doped

Fig. 3. (a) Schematic of the optical parallel-drop filter bank.
All the micro-rings shown in the figure have the same resonant
frequency with different couplings to the bus and drop wave-
guides. Inset, schematic of the tunable adiabatic micro-ring fil-
ter. (b) Scanning electron micrograph (SEM) of the fabricated
device. Inset: a close-up view of the fabricated tunable adiabatic
micro-ring filter.

Fig. 4. (a) Transmission spectra of the parallel-drop filter bank
before tuning. (b) Tuning power for each drop port. (c) Trans-
mission spectra of the parallel-drop filter bank after thermal
tuning. Inset: spectral response of the device showing an uncor-
rupted 36.2 nm free spectral range (FSR). (d) Close-up view of
the transmission spectra of the parallel-drop filter bank after
thermal tuning showing a power variation of 0.11 dB with
2.96 mW total tuning power.
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fiber amplifier (EDFA), a tunable grating filter (λ) with
1 nm 3 dB bandwidth, and a variable optical attenuator
(VOA). A 1∶9 power splitter was used after VOA to direct
10% of the power to a power meter for monitoring while
transmitting the rest of the power (∼90%) to a high-speed
(10 Gbit/s) PIN photodiode and transimpedance amplifier
(PIN–TIA) receiver. The signal was evaluated using a bit
error rate (BER) tester (BERT). Both the PPG and the
BERT were synchronized to the same clock.
Figure 5(b) shows the obtained eye diagrams for all

drop ports with a 10 Gbit/s data rate. The resulting dia-
grams are equally open. We then took the BER curves
and measured the power penalty for each port using a
10 Gbit/s data rate to quantify the differences between
each transmission (shown in Fig. 6). For each BER curve,
we also verify error-free operation, achieving BERs
below 10−12. The BER curves validate our initial observa-
tions about power uniformity across channels, showing
less than a 0.5 dB power penalty difference among the
channels. Although the device demonstrated has slow
roll-off with first-order filter responses, limiting the
channel spacing, with the help of high-order filter designs

[14], the same technique developed can be readily ap-
plied to narrower bandwidth parallel-drop filter banks
for dense wavelength division multiplexed (DWDM)
applications.

In conclusion, we proposed a theoretical framework
for a 1 × N port ring-based parallel optical partial-drop
filter bank and demonstrated the approach in a 1 × 8
wavelength-selective parallel filter bank based on par-
tial-drop tunable adiabatic micro-ring filters. The micro-
ring filters demonstrate low power variation (0.11 dB)
among all the outputs, and a small excess loss of 1.1 dB
in aggregate and error-free operation for 10 Gbit/s data
rates is achieved for all eight drop ports, with less than
a 0.5 dB power penalty difference among these ports. The
wavelength selectivity and large FSR (36.2 nm) enabled
by small-radius rings offer a promising solution to WDM
optical broadcasts and high-sensitivity transmitters and
receivers.
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Fig. 5. (a) Experimental setup diagram for characterizing the
data transmission performance. (b) Eye diagrams for Drop
Ports 1–8 with 10 Gbit/s data generated from an external com-
mercial LiNbO3 modulator with input laser wavelength at
1554 nm.

Fig. 6. Experimentally measured bit error rate (BER) curves
for the partial-drop broadcast system for each drop port with
10 Gbit/s data rates generated from an external commercial
LiNbO3 modulator.
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