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Abstract—We investigated the waveguide loss and transmission optical interconnects between smart-pixel chips because they
characteristics for optical interconnection using vertical-cavity offer a larger optical coupling tolerance.
surface-emitting lasers (VCSELs) and multimode polymeric Fig. 1 shows the model of the 128 input128 output optical

waveguide circuits with crossings. The excess loss with 100 _ . . . . . .
crossings is 2.2 dB when the image magnification from a VCSEL switch proposed in this study. The switch consists of 16 input

to a waveguide is 2.3. We obtained error-free (i.e., bit error rate 16 output banyan switch smart-pixel chips and a multimode
<10~'1) optical interconnection at 1.0625 Gbps regardless of the planar waveguide circuit. The direction of the light launched

number of crossings or the magnification. These results suggestinto the waveguide from a VCSEL is changed by 9dth a 45
the practicality of large-scale optical interconnection between i qr The Jight propagates throughout the straight and curved
VCSEL-based smart-pixel chips using multimode waveguides - . .
with more than 100 crossings. vyavegwde and trayerses the_ many crossings. Qn the opposite
] } . , side of the waveguide, the direction of the light is changed by
ticg;fjcz)\(/it);rg[;nzggggﬁg!ngIT;(ESI:IPF\?ggtIIEOLr;l wzr\?:gghi ngxe" VeI~ 90 with the other 45 mirror. The light is eventually received
’ ' by a photodetector (PD). The mirror loss was estimated to be
0.2 to 0.8 dB at 0.83:m and the 12 mm-waveguide loss with
|. INTRODUCTION S-shape curve of 6 mm radius was 0.9 dB [10].

LECTRICAL interconnects are reaching their inherent In the system shown in Fig. 1, at most 98 crossings occur

limits in terms of operating speed, packaging, and powg} one optical link between a VCSEL and a PD, where such

dissipation in multichip modules (MCMs) with CMOS Chipscrossings also cause optical loss. Since the PD needs a certain

Optical interconnects in and between chips have a high potéﬁ'—mmum gmount of gpycal POWer, the number of crossings in
tial to overcome these limits [1]. Recently, smart-pixel chipé, e link |s.|nherently limited by op.tlca'l Ioss..And' thg IOSS Vf""“e
which include optical /O and electrical signal processin er crossing depends on the optical intensity distribution in the

circuits, have been proposed [2]. In particular, there have be e So t_f;_e Io_ssnz\\/;lude ?epgnds ?]n the_VCfSEL f_ield patt_ern and
many reports on smart-pixel chips in which vertical-cavity '€ Magnification/, defined as the ratio of the image size at

surface-emitting lasers (VCSELs) are integrated as opti QF input edge of the waveguide to the VCSEL radiative size.

elements [3]-[5]. This is because of the advantages VCSE 4n such a multimode system, modal noise, which is a random

offer which include symmetrical beam profiles with smal uctuation in the received Iight intensit){, is caused t_)y the
beam divergence, the availability of two-dimensional array ,terference between propagating modes in the waveguides and

high-speed modulation, and low power consumption. y moc_ie-selective I_oss _(MSL) in the_link [11]. The modal noise
The approaches for forming optical interconnects betwegfCUrring at the optical interconnection between VCSEL-based

smart-pixel chips include the use of free-space [6], waveguio‘tci.@art'pixeI chips by multimode waveguides should be sup-

[7], and fiber bundles [8]. We have proposed optical interc:m‘?—resse.d to achieve_errorjfree Interconnects. .
nection between VCSEL-based smart-pixel chips by planarInth|s paper, we investigate the dependence of the waveguide
waveguide circuits with crossings [9]. A waveguide link is Suiﬂ_oss and trans_mission charr_:lcteristics on t_he r_1umber of crossings
able for optical interconnection between VCSEL-based sma'r'i!—the wavegw_des and the image magn|f|cat|_o_n_ from a VCSEL
he waveguide. We also discuss the possibility of optical in-

pixel chips on a single substrate because any smart-pixel i ) : ) . .
at any location on the substrate can be connected to any ot Fqnnectlon between smart—plxe! chips with VCSELs by using
smart-pixel chip with a single planar waveguide circuit Witﬁnulnmode waveguides with crossings.
45° mirrors. In particular, multimode waveguides are useful as
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Fig. 2. Experimental setup.
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Fig. 1. Model of the 128 inpuk 128 output optical switch MCM. -
. . - Core
type and has an active diameter of 1%. Polyimide was used J, /
for lateral current confinement and optical confinement. Fig. 3 40pm
shows the far-field patterns (FFPs) and the near-field pattern f
(NFP) at 18 mA (the threshold curred;,, is around 9 mA). It 1250m

is clear that the device oscillates in several transverse modes.
The VCSEL chip was mounted on a gold-coated coppeig.4. Micrograph of a polymeric waveguide with crossings.
heatsink using Au—Sn metal. The n-electrode of the VCSEL
chip and the contact pad on the heatsink were connected wgthide was larger than the incident angle from the GRIN lens,
25-um-diameter gold wire. Fig. 4 shows a micrograph of thsuch that the coupling loss, excluding Fresnel reflection loss,
polymeric waveguide with crossings. The cross angle & 9Was negligible.
and the separation between the crossings igd@5Deuterated  For the propagation loss measurement, the VCSEL was
poly-methylmethacrylate (d-PMMA) was used for the wavebiased to 18 mA (2 I;;,). The output light from the waveguide
guide core and UV curable epoxy resin for the cladding [13}vas launched into a 1-m-long 80/125 step-index multimode
The refractive indexes of the core and cladding were 1.489 afitstbr (SI-MMF). The core of the fiber was larger than that of
1.471 at 0.83:m, respectively. The relative index differencahe polymeric waveguide, and index profile of the fiber was
between them was 1.2% and the numerical aperture, NA, wstep-like, so we considered the coupling loss to be negligible.
0.229, which corresponds to the maximum input angle @b avoid Fresnel reflection, we placed matching oil between
13.2°. The width and height of the core were 40 and 42% the waveguide and the fiber.
respectively. The propagation loss of the straight waveguidesTo measure the transmission characteristics, the VCSEL was
was less than 0.02 dB/cm at 0.88. These waveguides werebiased up to 1.4 times thg,, and modulated directly by a pulse
6-cm long with 0—-100 crossings. pattern generator (PPG). The PPG generatetf a-21 PRBS
The output light of the VCSEL was coupled into an antireNRZ signal at a bit rate of 1.0625 Gbps. We set the peak-to-peak
flection (AR)-coated graded-index (GRIN) rod lens with a 0.29oltageV},, at 0.6 V. The bias current and the modulation signal
pitch, and the light from the lens was focused on the core of them the PPG were combined in a bias tee. The lower level
waveguide end. When the magnification was between 0.7—208 the driving signal input into the VCSEL was nearly equal
the spot size on the waveguide end was smaller than the wateethe threshold. We launched the output light from the wave-
guide core size and the numerical aperture (NA) of the wavguide into a 50/125 graded-index multimode fiber (GI-MMF)
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crossings (straight waveguide). Dashed line: with 100 crossings. Filled circles:
calculation with 100 crossings (assuming waveguide loss without crossings is
0.5dB). The inset shows the optical coupling between a VCSEL and waveguide
when ()M = 1 and (b)M = 2.

Crosstalk (dB)

®) ]

-35 L 1 1 i 1

T T T T T *
0 10 20 30 40 50 4 .
Number of crossings [
[ ]
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with matching oil and detected it using a 2-GHz-bandwidth
Si-avalanche photodiode (APD). Then the signal was amplified
electrically and fed to an error detector. Fig. 7. Dependence of excess loss with crossings on the number of crossings
whenM = 2.3. Solid line: experiments. Filled circles: calculation.

I1l. RESULTS AND DISCUSSION

A. Ang|e Dependence and Lexcess(M7 N) = Lwith(Mv N) - Lwithout(M) be the

] _ ) ) i propagation loss withV crossings, that without crossings,
To clarify the optimal crossing angle, we investigated thgn§ the excess loss with crossings, respectively. The dif-
cross-angle dependence of the waveguide loss. In Fig. 5 nce between the two lines in the figure is equivalent to

the waveguide loss is shown as a function of the number @f, oxcess loss with 100 CrossingSuwcess(M, N = 100).
crossings and the crossing angle, where the optical transmitif{e of the lowest values OLexcess(M, N = 100) is
was a 50/125 GI-MMF pigtailed 850-nm DFB-LD with a modeLexceSS(M = 2.3, N = 100), 2.2 dB. As described later, this
scrambler and the waveguide was 3-cm long and designeqdge) is sufficiently low for application to the interconnection
have 0-48 crossings with a 230n separation. The crossingot gyer 100 crossings. It is clear that the excess loss with
angles were 30 45°, 60°, or 90°. The loss was lowest for 90 ¢5ssings decreased a# increased. Fig. 7 shows the excess

crossing angles. Consequently, crossing angle was maintaiged ith crossings as a function of the number of crossi¥igs
at 90 in subsequent experiments. whenM = 2.3. As N increased, the excess loss per crossing

In Fig. 5 (b), the crosstalk to the neighboring waveguidgecreased. The experimental results in Fig. 6 and 7 indicate that

is also shown as a function of the number of crossings. Thg, excess loss with crossings is mode-selective loss (MSL).
waveguide separation was 2pfh and the crossing angle 80 thegse results will be compared with calculations below.

Other conditions were the same as described for Fig. 5 (a). Thgyr jnterpretation that the excess loss with crossings is MSL

crosstalk saturated at arourc0 dB. is justified by the FFP and NFP measurements. The FFPs of
waveguides without crossings and with 100 crossings are shown
in Fig. 8 (a) and (b), respectively (the currdnt& 7.0 mA, and
Fig. 6 shows the waveguide loss with and without 108/ = 1). The full width at half maximum (FWHM) of the hori-

crossings as a function of the magnificatidn. The experi- zontal FFP of the waveguide without crossings was broader than
mental configurations fodd = 1 andM = 2 are illustrated that of the waveguides with 100 crossings {8zthd 6.0, re-

in the inset of Fig. 6. Without crossings, the waveguide losspectively). By contrast, the FWHM of the vertical FFP without
which is the sum of the propagation loss and the couplirggossings and that of the waveguide with 100 crossings were the
loss, was constant at approximately 0.5 dB. By contrast, thkame (12.6). These results indicate that the loss at crossings is
waveguide loss with 100 crossings decreased monotonicallynagde-selective (lower-mode pass filter). The NFPs of the wave-
the magnification increased. L&t (M, N), Luwitnout (M), guide are shown in the insets of Fig. 8. The NFP in Fig. 8 (a),

B. Waveguide Loss
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which was obtained witd/ = 1 and! = 7 mA without cross-
ings, shows an almost uniform distribution. On the other hand, HE
the NFP in Fig. 8 (b), wherd/ = 1 andI = 7 mA with 100 g 10
crossings, shows peaks of intensity near the center of the core g
These results suggest that higher order modes are easily lost ¢ 5 08 Res ]
crossings. These FFP and NFP measurements strongly suppoz SF‘;’;CE‘;;
our interpretation. 109 |+ LN modulator
+ APD
C. Transmission Characteristics 0 (without waveguide)
Fig. 9 shows typical eye diagrams measured on a digitizing 10
oscilloscope at 1.0625 Gbps with and without 100 crossings o1
whenM = 1orM = 2.3. The eyes are openinall cases. Fig. 10
shows the measured bit error rate (BER) curves whenr= 1 10-12—
andM = 2.3. The reference curve is for a configuration where a 1013 oy 1
DFB-LD, LN modulator, and APD were connected using optical 32 31 30 29 .28 27 26 25

fibers without a lens and waveguides. We achieved error-free
transmission under all conditions. Regardless of the number of

Average optical power (dBm)

crossings and the magnification, the lines show penalties of afy. 10. BER characteristics at 1.0625 Gbps.

proximately 2 dB at BER= 10~!!. BER floors were not ob-

served. The penalty whed = 2.3 was sligh_tly larger _than W = 40 pm. A light beam forms an anglé with the » axis

M = 2.3 was more easily influenced by mechanical noise igjane forms an angle with the = axis, as shown in Fig. 11.

the measurement.

D. Discussion

The light beam represented by the solid line travels in the core.
By contrast, for the light beam represented by the dashed line,
there is no total internal reflection at the core-cladding interface

In this section we discuss the dependence of the excess lossause of the crossings. This light beam does not travel in
with crossings on the number of crossings and magnificatitime core and results in the excess loss with the crossings. The
using a geometrical-optics model. Because the waveguidpt®bability that a light beam is not reflected totally at a sidewall
core is much larger than the wavelength, we can use an &-W N/L; therefore, the probability that a light beam is
proximate geometrical-optics description. We performed theflected totally at the sidewall is— WN/L = (L—WN)/L.
calculations using the number of crossings in the waveguidelse number of times the light beaffl, ¢) is totally reflected
N = 0 - 100, length = 6 cm, and core width and heightat the sidewalls id./W/(tan6 cost) = Ltan6cost/W. The
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in Fig. 1 is a practical model. In & input x & output switch
with 16 inputx 16 output banyan switch smart-pixel chips, the
maximum number of crossings in one link(is — 16)2 /k. For
. o a 256 inputx 256 output optical switch using 16 input 16
\_/L‘ght beam direction output banyan switch smart-pixel chips, there are at most 225
crossings between a VCSEL and a PD. Since the loss of 100
z crossings is about 2.2 dB, we estimate the loss of 225 crossings
to be lower than 5 dB, which suggests that a 256 inp@#56
output optical switch is still practical.

tanBcost
tan@sin¢

IV. CONCLUSION

With the goal of achieving optical interconnection between
VCSEL-based smart pixels with a planar multimode waveguide
circuit, we investigated the dependence of waveguide loss and
transmission characteristics on the number of crossings in the
waveguides and image magnification from a VCSEL to the
waveguide. From the loss dependence on both the magnifica-
probability that a light beangé, ¢) is not lost on the way is tion and the number of crossings, we clarified that crossing
{(L — WN)/L}Ltanbcost/W Hence, the proportion of light loss is mode-selective loss. This interpretation is justified by
beams not lost on the way,, is FFP and NFP measurements and a geometrical-optics model.
The excess loss with 100 crossings is about 2.2 dB, which
is low enough to achieve the interconnection of more than
100 optical ports. We have also demonstrated error free (BER

0—0 L < 10711) optical interconnection at 1.0625 Gbps, regardless

P= 0=r/2 pt=n/2 of the number of crossings and image magnification. These
/ / F(6)dedt results suggest the practical feasibility of a large-scale optical
=0 t=0 (1) interconnect between VCSEL-based smart-pixel chips with a

wheref(6) is the intensity distribution just after the light passeBlanar mulimode waveguide circuit, such as a 256 inp@b6

through the air-core interface. Fig. 6 shows the magnificatiGi/tPut optical switch.

dependence of the waveguide loss with 100 crossings, which

we calculated using the measured FFP of the VCSEL (Fig. 3),

Snell’s law of refraction at the air-core interface, and the for-

mulal/Dy + 1/M Dy = 1/F (£ focal length,Dy: distance

between light source and lens, all magnification). Here, we

assumed that the waveguide loss without crossings is 0.5 dB (E'H

waveguide loss with crossings is the sum of the waveguide loss

without crossings and the excess loss with crossings). Similar to REFERENCES
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