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Abstract: A prototype free-space-wave drop demultiplexer consisting of a 
cavity-resonator-integrated grating input/output coupler (CRIGIC) and a 
different-guided-mode-coupling distributed Bragg reflector (DGM-DBR) 
was designed for constructing a high-density wavelength-division-
multiplexing intra-board chip-to-chip optical interconnection. The CRIGIC 
consists of one grating coupler and two DBRs, and can vertically couple a 
guided wave and a free-space wave with high efficiency. A two-channel 
drop demultiplexer operating at around 850-nm wavelength with 5-nm 
channel spacing in wavelength was fabricated in a thin-film SiO2-based 
waveguide. The device performance was predicted theoretically, 
characterized experimentally, and discussed. 

©2010 Optical Society of America 

OCIS codes: (130.0130) Integrated optics; (230.3120) Integrated optics devices; (230.1480) 
Bragg reflectors; (230.1950) Diffraction gratings; (230.7370) Waveguides; (130.7408) 
Wavelength filtering devices. 
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1. Introduction 

Intra-board chip-to-chip interconnection with ultra-broadband bandwidth over terabits-per-
second and high wiring density is required for near-future high-performance computing 
systems, and optical interconnection is one of the promising candidates to enable such the 
signal transmission [1,2]. Two-dimensional (2D) parallel signal transmission from a vertical-
cavity surface emitting laser (VCSEL) array in a transmitter chip to a photodiode (PD) array 
in a receiver chip is one of the most attractive techniques, taking into account that a bandwidth 
of a single channel is limited by the direct modulation speed of VCSELs and/or the electronic 
circuits. Several optical interconnect configurations for realization of such the 2D signal 
transmission have been reported so far using a multimode waveguide array as optical paths 
[3–8]. On the other hand, we have proposed and investigated another approach using 
wavelength-division multiplexing (WDM) technique for such the 2D signal transmission with 
high wiring density [9–11]. Free-space-wave add/drop multiplexers (ADMs) are utilized in 
the proposed technique for coupling between WDM guided waves and free-space waves. The 
ADM consists of a grating coupler (GC) and a different-guided-mode-coupling distributed 
Bragg reflector (DGM-DBR) integrated in a thin-film double-core-structure waveguide. Two-
channel WDM signal transmission [10] and eight-channel ADM [11] have been demonstrated 
experimentally by using the fabricated device so far. However, the channel width was a few 
hundreds micrometers, which was determined by the aperture size, i.e. the coupling length of 
GC, and did not directly match the beam size of several micrometers from a single-mode 
VCSEL. In order to realize higher wiring density, GC should have an aperture size of several 
micrometers. 

The aperture size of GC is determined by the radiation decay factor of GC in order to 
realize high efficiency. The radiation decay factor depends on and is limited by the 
modulation depth of refractive index in the grating structure. The modulation depth required 
for high-efficiency GC with several-micrometer aperture can be obtained in semiconductor 
waveguides due to their large refractive indices [12–15]. On the other hand, it is difficult to 
obtain such a short GC in a dielectric waveguide because of its relatively low refractive index. 
Recently, we have proposed and investigated a new-type GC, namely cavity-resonator-
integrated grating input/output coupler (CRIGIC), in order to realize high-efficiency vertical 
coupling with a small aperture in a dielectric waveguide [16,17]. 

This time, we tried to integrate CRIGIC and DGM-DBR in order to construct an ADM. 
The integration of CRIGICs and DGM-DBRs will enable to provide 3200 transmission 
channels within 10-mm width by combination of 8-channel WDM and 400 waveguide 
channels with 25 μm pitch. The number of transmission channels is six times as large as that 
of the previous configuration using GCs and DGM-DBRs [9]. The maximum transmission 
bandwidth of 16 Tb/s/cm is expected in the proposed interconnect configuration, provided a 
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bit rate for a signal channel is 10 Gb/s. This value matches the one required in ten years 
according to the International Technology Roadmap for Semiconductors, but it is difficult to 
realize by other interconnect configurations. We designed and fabricated a prototype two-
channel drop demultiplexer in a SiO2-based single-core waveguide operating at around 850-
nm wavelength with 5-nm channel spacing in wavelength, and characterized its performance 
and potential to clarify the feasibility of the ADM using CRIGIC for the first time. Besides an 
expected miniaturization of the aperture size, it was theoretically predicted and experimentally 
confirmed that the crosstalk noise was greatly improved in comparison with a device using 
GC instead of CRIGIC, which was attributed to the wavelength dispersion of CRIGIC. 
However, we also observed an unpredicted and undesirable diffraction by DBRs in CRIGIC, 
which should be avoided in practical devices. In this paper, we report and discuss the 
prototype design and the obtained experimental results of the two-channel drop demultiplexer. 

2. Basic configuration of free-space-wave add/drop multiplexer 

Basic cross-sectional configuration of WDM optical interconnection using the proposed 
ADMs with CRIGICs is illustrated in Fig. 1. Only two WDM signal channels are shown in the 
figure for simplicity. Optoelectronic interposers integrating an array of single-mode linearly 
polarized VCSELs and a PD array are surface-mounted with LSI chips on a waveguide. 
CRIGICs and DGM-DBRs are integrated in the waveguide, and an add multiplexer or a drop 
demultiplexer for one channel is constructed by a pair of CRIGIC and DGM-DBR. The 
fundamental and the first-order TE guided modes are utilized as a signal transmission and an 
input/output waves, respectively. A free-space wave at wavelength λ1 from a VCSEL is 
coupled by CRIGIC1i to TE1 guided wave propagating to left-hand side. The TE1 guided wave 
is contra-directionally coupled by DGM-DBR1i to TE0 guided wave. The TE0 guided wave 
passes through CRIGIC1i, and also passes through the other pair of CRIGIC2i and DGM-
DBR2i for the other wavelength channel in the transmitter side. In the receiver side, the 
propagated TE0 guided wave passes through CRIGIC1o and is contra-directionally coupled by 
DGM-DBR1o to TE1 guided wave. The TE1 guided wave is vertically coupled out by 
CRIGIC1o to a free-space wave, and detected by a PD. In the same way, a free-space wave at 
wavelength λ2 from the other VCSEL is transmitted by CRIGIC2i, DGM-DBR2i, DGM-
DBR2o, and CRIGIC2o, and is detected by the other PD. 

 

Fig. 1. Cross-sectional schematic view of WDM optical interconnection using free-space-wave 
ADMs with CRIGICs. 

3. Design of drop demultiplexer 

In order to confirm the operation principle of the new-combination of CRIGIC and DGM-
DBR, a prototype two-channel drop demultiplexer was designed for operating at around 850-
nm wavelength. The cross-sectional structure and refractive index profile of the designed 
waveguide are illustrated in Fig. 2. The waveguide consists of a 0.25-μm-thick electron beam 
(EB) resist grating layer with refractive index of 1.55, a 1.24-μm-thick Ge-SiO2 core layer 
with refractive index of 1.54, and a 15-nm-thick Si-N grating layer with refractive index of 
2.01 on a SiO2 substrate with refractive index of 1.452. CRIGIC and DGM-DBR patterns are 
formed in the EB resist and Si-N layers, respectively. 
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Fig. 2. Cross-sectional structure and refractive index profile of the designed waveguide device. 

The calculated electric-field profile of TE0 and TE1 modes are also shown in Fig. 2. The 
effective refractive indices of TE0 and TE1 modes at DGM-DBR area were calculated to be 
1.525 and 1.481, respectively. The grating period of the DGM-DBR was 281.1 nm for 845-nm 
wavelength. The coupling coefficient of DGM-DBR between TE0 and TE1 guided waves was 
calculated to be 8.9 mm–1 by the coupled mode analysis. The coupling efficiency and full-
width at half maximum (FWHM) of wavelength selectivity of the DGM-DBR were predicted 
to be 98% and 1.7 nm, respectively, with the coupling length of 300 μm. 

CRIGIC consists of one vertical-coupling GC integrated between two DBRs with phase-
shifting spaces (PSs). The concept and design principle of CRIGIC have been described in 
detail previously [16,17]. Coupling characteristics of CRIGIC were estimated by the coupled 
mode analysis. The effective refractive indices of TE0 and TE1 modes at CRIGIC area were 
calculated to be 1.523 and 1.471, respectively. GC period, DBR period, and PS length in 
CRIGIC were 574.4 nm ( = Λ), 287.2 nm ( = Λ/2), and 215.4 nm ( = 3/8∙Λ), respectively, for 
845-nm wavelength. The radiation decay factors of GC in CRIGIC for TE0 and TE1 modes 
were calculated to be 1.1 mm–1 and 4.6 mm–1, respectively. The coupling coefficient of DBR 
in CRIGIC for TE1 mode was calculated to be 28 mm–1. The coupling length of GC in 
CRIGIC was chosen to be 9.8 μm ( = 17Λ). The coupling lengths of the front and rear DBRs 
in CRIGIC were determined to be 42.5 μm ( = 74Λ) and 115 μm ( = 200Λ), respectively. The 
reflection efficiencies of the front and rear DBRs in CRIGIC for TE1 mode were predicted to 
be 83% and 99.7%, respectively. Figure 3 shows the calculated wavelength dependences of 
output, transmission, and reflection efficiencies of CRIGIC for TE1 mode. The maximum 
output efficiency was estimated to be 60%. The output efficiency was limited by a power 
distribution ratio to the output air radiation against all the radiation, which was calculated to 
be 0.61. The rest of 40% includes the substrate radiation of 38% and the transmission of 2%, 
and becomes to the loss. The output efficiency of CRIGIC can be enhanced by using a Au 
reflection layer on the substrate [17]. However, it needs the deposition of the Au and optical 
buffer layers as well as the careful control of the buffer layer thickness. This time, we did not 
use a Au reflection layer in order to avoid the unessential complexity. The output efficiency of 
CRIGIC was 11 times as high as that of a conventional GC with the same aperture size and 
the same radiation decay factor. FWHM of wavelength selectivity of the CRIGIC was 
predicted to be 0.9 nm. 
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Fig. 3. Calculated wavelength dependences of output, transmission, and reflection efficiencies 
of the CRIGIC designed for TE1 mode. 

The device characteristics of the two-channel drop demultiplexer were predicted 
theoretically. The two-channel drop demultiplexer consists of two pairs of CRIGICs and 
DGM-DBRs. The calculated wavelength dependence of the drop demultiplexer is shown in 
Fig. 4(a). Operating wavelengths for channel-1 (λ1) and channel-2 (λ2) were set to be 847 nm 
and 842 nm, respectively. The maximum output efficiencies for channel-1 and channel-2 were 
predicted to be 59% and 57%, respectively. FWHM of wavelength selectivity for each 
channel was calculated to be 0.9 nm. The bandwidth of the drop demultiplexer was broad 
enough to transmit 10 Gb/s signals. The crosstalk noise levels for channel-1 and channel-2 at 
operation wavelengths were calculated to be –16 dB and –34 dB, respectively. The main 
cause of the crosstalk noise for channel-1 is the air radiation of TE0 guided wave with λ2 
wavelength coupled by GC in the first CRIGIC (shown by CRIGIC1 in Fig. 5). On the other 
hand, TE0 guided wave with λ1 wavelength is coupled out by the first drop demultiplexer and 
hardly reaches the second CRIGIC (shown by CRIGIC2 in Fig. 5) so that the crosstalk noise 
for channel-2 is extremely small. The wavelength dependence of a two-channel drop 
demultiplexer using conventional GCs with 200-μm coupling length instead of CRIGICs was 
also estimated for comparison. The calculated result is shown in Fig. 4(b). A red curve 
indicated as channel-1 shows the output power from the first GC (GC1) assigned to 847-nm 
wavelength channel. Since the output coupling efficiency of GC1 has little dependence on 
wavelength, the forward-going TE0 signal-transmission wave is diffracted to the air radiation 
with almost constant efficiency higher than 20% in this case. At around the coupling 
wavelength of 847 nm, the backward TE1 input/output wave generated by the first DGM-DBR 
is strongly diffracted by GC1 to the output air radiation. The other blue curve denoted channel-
2 shows the output power from the second GC (GC2) assigned to 842-nm wavelength channel. 
The power of TE0 guided wave reaching GC2 is the rest of the diffraction occurred in the first 
drop demultiplexer for 847 nm. Then both the wavelength-independent air-radiation power 
due to TE0 diffraction and the output power at the coupling wavelength of 842 nm are about 
two-thirds of those for channel-1. The reason for the power drop at around 847 nm in channel-
2 is that most of TE0 guided wave is diffracted out by the first drop demultiplexer and does 
not reach the second drop demultiplexer. The crosstalk noise levels for channel-1 and 
channel-2 at operation wavelengths were calculated to be –3 dB and –21 dB, respectively. 
Thus, the great improvements in the output-power-level equivalence and signal-to-noise ratio 
are expected when a free-space-wave drop demultiplexer is constructed by using CRIGIC 
instead of GC. 

#132794 - $15.00 USD Received 2 Aug 2010; revised 2 Nov 2010; accepted 5 Nov 2010; published 17 Nov 2010
(C) 2010 OSA 22 November 2010 / Vol. 18,  No. 24 / OPTICS EXPRESS  25112



 

Fig. 4. Calculated wavelength dependences of two-channel drop demultiplexers using (a) 
CRIGICs and (b) GCs. 

4. Fabrication and characterization 

A schematic view of the fabricated two-channel drop demultiplexer is shown in Fig. 5. A Si-N 
grating layer with 15-nm thickness was deposited on a SiO2 substrate by reactive DC 
sputtering. After an EB resist was spin-coated, DGM-DBR patterns of 281.76-nm and 280.08-
nm grating periods with 0.3-mm coupling length were formed by EB direct writing for 
channel-1 and channel-2, respectively. The DGM-DBR patterns were transferred to the Si-N 
layer by reactive ion etching. A Ge-SiO2 core layer with 1.24-μm thickness was deposited by 
plasma-enhanced chemical vapor deposition. An EB-resist grating layer with 0.25-μm 
thickness was spin-coated, and CRIGIC patterns with Λ of 574.90 nm and 571.54 nm were 
fabricated by EB direct writing and developing for channel-1 and channel-2, respectively. The 
two-channel drop demultiplexer with GC patterns of 0.6-μm grating period and 0.2-mm 
coupling length instead of CRIGIC patterns were also fabricated on the same substrate for 
comparison. Input GCs of 1.3-μm grating period were also formed for exciting TE0 guided 
wave into the waveguide, as shown in Fig. 5. The distance between the input GC and 
CRIGIC1 was 15 mm, and the distance between the two channels was 0.75 mm. 

 

Fig. 5. Schematic view of the two-channel drop demultiplexer using CRIGICs. 

A tunable laser diode was used as a light source in the device characterization, and TE0 
guided wave was excited by the input GC. Figure 6(a) shows the measured wavelength 
dependence of the two-channel drop demultiplexer using CRIGICs. The output efficiencies 
for channel-1 and channel-2 are shown by open and closed circles, respectively, in the figure. 
Since the absolute power of TE0 guided wave excited by the input GC cannot be measured 
exactly in this experiment, the output efficiencies are presented by relative values. The 
maximum output efficiencies were obtained at 847.2 nm and 842.5 nm for channel-1 and 
channel-2, respectively. FWHM of wavelength selectivity was measured to be 0.7 nm for each 
channel, which was close to the predicted value of 0.9 nm. The crosstalk noise levels for 
channel-1 and channel-2 were measured to be –13 dB and –18 dB, respectively. The 
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difference between the predicted and experimental values of the crosstalk noise level for 
channel-2 is due to the measurement limit of about –20 dB. On the other hand, the measured 
wavelength dependence of the two-channel drop demultiplexer using GCs is shown in  
Fig. 6(b). The output efficiencies for channel-1 and channel-2 are shown by open and closed 
triangles, respectively. The vertical scale is equal to that of Fig. 6(a). The maximum output 
efficiencies for channel-1 and channel-2 were obtained at 847.2 nm and 842.0 nm, 
respectively. The crosstalk noise levels for channel-1 and channel-2 at operating wavelengths 
were measured to be –3 dB and –12 dB, respectively. Thus, the predicted great improvement 
in crosstalk-noise reduction was successfully demonstrated. The obtained output efficiency for 
channel-2 in the drop demultiplexer using CRIGICs, however, was considerably lower than 
the prediction. The reason for such the low output efficiency was investigated and identified 
as discussed in the next paragraph. 

 

Fig. 6. Measured wavelength dependences of two-channel demultiplexers using (a) CRIGICs 
and (b) GCs. 

A wave vector diagram of CRIGIC, which couples with TE0 mode, is depicted in Fig. 7(a). 
The radii of the upper semicircle k0 ( = 2π/λ) and the lower semicircle k0ns indicate wave 
numbers in air and in the substrate of refractive index ns, respectively. TE0 guided wave 
propagating along z-axis is denoted by an arrow k0N0, where N0 is the effective refractive 
index. The grating vectors of GC and DBR in CRIGIC are indicated by KGC ( = 2π/Λ) and 
KDBR ( = 2∙2π/Λ), respectively. Figure 7(a) indicates that the TE0 guided wave is coupled by 
GC to the air radiation and the substrate radiation waves denoted by the red allows. These 
radiations have already been considered in the predicted wavelength dependence shown in 
Fig. 4(a). Waveguide DBRs are designed to couple two contra-directional guided waves, and 
their grating vectors are just twice of the wave vectors of guided waves. Thus, the grating 
vectors are normally too large to couple radiation waves. In the current case, however, 
utilization of two guided modes made the situation complicated. DBR in CRIGIC was 
designed to couple two TE1 guided waves contra-directionally, and the wave vector of TE1 
guided wave is smaller than that of TE0 guided wave, which causes a risk of diffraction of TE0 
guided wave to the substrate radiation. This substrate radiation is illustrated in Fig. 7(a) by an 
arrow kd of which z component matches to k0N0 + KDBR. Figure 7(b) shows the calculated 
wavelength dependence of the two-channel drop demultiplexer using CRIGICs with 
consideration for such the substrate radiation losses of TE0 guided wave caused by DBRs in 
CRIGICs. The recalculated wavelength dependence is in good agreement with the 
measurement results shown in Fig. 6(a). As a result, the main reason for the imbalance in 
output efficiency of the drop demultiplexer using CRIGICs can be explained by the substrate 
radiation from TE0 guided wave coupled by DBRs in CRIGICs. In other words, it was found 
that the substrate radiation by DBRs in CRIGIC would degrade the performance of the drop 
demultiplexer seriously, and should be avoided in practical applications. One way to reduce 
the radiation loss can be a mode profile shifting by waveguide-structure modification so that 
the electric field of TE0 mode at CRIGIC layer is too small to be diffracted. For example, as is 
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described in [18], we can design a double-core structure consisting of a higher-refractive-
index main-guiding core underneath a sub-guiding core so that TE0 mode is mainly confined 
in the main-guiding core without the electric field at the CRIGIC layer on the sub-guiding 
core. Another way may be a changing the role of TE0 and TE1 modes so that the grating 
vector of DBR in CRIGIC is designed to couple two contra-directional TE0 input/output 
waves and is too large to diffract TE1 signal-transmission wave. The changing of the role can 
be easily realized by modifying grating periods and lengths of CRIGICs for TE0 mode, though 
the crosstalk noise level will slightly increase in the present structure. 

 

Fig. 7. (a) Wave vector diagram of CRIGIC that couples with TE0 mode. (b) Calculated 
wavelength dependence of tow-channel demultiplexer using CRIGICs with consideration for 
the substrate radiations by DBRs in CRIGICs. 

5. Conclusions 

We have designed and fabricated a prototype free-space-wave drop demultiplexer by 
integration of CRIGICs and DGM-DBRs for the first time. The designed device with smaller 
aperture and simpler structure than those of the previously reported devices using GCs was 
investigated theoretically and experimentally. Two-channel drop demultiplexing from a 
guided wave to free-space waves was experimentally confirmed with the predicted great 
improvement in crosstalk noise reduction. An unpredicted and undesirable diffraction by 
DBRs in CRIGIC was observed experimentally. The reason for the diffraction was discussed 
theoretically, and two possible ways were proposed to eliminate such the unwanted 
diffraction. This will be one of key issues to construct ADMs for practical applications. The 
modification of the waveguide structure is currently under study in order to improve the 
device characteristics. Moreover, the application of the proposed ADMs to channel 
waveguides is also being investigated for practical optical interconnects. 
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