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The feasibility of fabricating wireless optical components on Slicon-on-Insulator (SOI)
isinvestigated. Using arrays of grating couplers, a so-called phased array is constructed
allowing beam steering and sending light to and receiving light from free space. Using
a phased array at the receiver side also allows for more complex modulation formats
since light is now captured coherently before being detected in an integrated receiver.
Link budget calculations of such phased arrays are performed and show the feasibility
of on-chip phased arrays for distances up to a few meter and steering ranges of several
degrees.

I ntroduction

As the data rates are increasing, there is an increasing atebhnibetween wired and
wireless communications. While optical fiber communicagasily allows Gigabit-per-
second (Gbps) communication, the present mainstreamesgeommunication, based
on a radio-frequency (RF) carrier at 2.45GHz does only offgeral tens up to hundreds
Mbps due to the limited bandwidth available and interfeesoicother users. At RF side,
one is therefore looking at the 60GHz band for short rangedm) Gbps communication
since there is an unlicensed band of 5-7GHz around 60GHaal@worldwide [1]. An-
other option for high-speed wireless communication is k&8s optical communication.
Optical links are free of FCC regulations resulting in a \afty unlimited bandwidth
compared to their RF counterpart. One can then make allaptetworks where only an
electro-optic (EO) conversion is necessary at the recsider[2].

In this paper, the feasibility of on-chip optical wirelessngponents using the Silicon-
on-Insulator (SOI) platform is investigated. The SOI gath is CMOS compatible and
this allows low-cost, mass-producible optical componémtse fabricated. This could be
useful in e.g. sensor networks [3]. Link budget calculagidemonstrating in which cases
an optical on-chip link is useful are presented.

Since directive beams are needed, beam steering is desifHils beam steering is en-
abled by an optical phased array (OPA). An OPA consists ofray @f radiating aper-
tures of which the phase can be controlled. By applying atipbase ramp on the array,
the beam can be steered. An proof-of-principle OPA on SOldesn demonstrated as
well.

Feasibility study of optical links

When following an integrated approach, the radiating apests which are for example
grating couplers on SOI — are rather small (order of severaitm). Therefore, link



budget calculations are performed to study the feasitlfitthese links. The link budget
of a free-space optical link can be written analog to theskmetiwn Friis formula as:
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with G; andG; the gain of the transmitter and receiver defined as the ppereunit solid
angle radiated in a certain directi@f, @) compared to the power-per-unit solid angle
radiated by an isotropic radiatey, andn;, efficiency factorsg the separation between the
antennas an@;; the polarization mismatch factor, which will not be taketoiaccount
further. Since the beamwidth of optical beams is not necigsauch larger than the
receiving aperture and if we consider that power is radiatég in the upward direction,
the gain definition can be generalized as:
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with Q, equal to the solid angle that sees the receiver. The gain eashdwn to be
independent of element spacing, but only depends on thieréatiating aperture. When
the element spacing increases, new sidelobes appear bab#seget smaller at the same
time. The consequence of putting the radiating elementisduapart is that we now have
a multispot diffuse LAN [4]: i.e. there are several beamstdiby the OPA.

For a two-dimensional array of radiating apertures, thensity in polar coordinates can
be easily found to be the product of the far field of one apertimes the so-called array
factor [5]:
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with Ayy the aperture size)y, the number of elements ant y the spacing of the el-
ements in the x- and y- direction which will be taken to be thee for simplicity in
the following. By substituting (3) into (2) the gain of the OPAcalculated. The steer-
ing range of the OPA is defined by the size of a single elematdhis determines the
envelope of the radiated pattern.

The main noise contributions are thermal noise and shoendmsoptical wireless links,
ambient light shot noise has been recognized to be one ofrtiin noise factors al-
though at high data rates, the thermal noise becomes mooztamp [6]. Additionally, the
load resistance together with the capacitance of the aetpat a limit on the bandwidth
of the receiver which is detrimental when using large are@qatiodes. For a reciprocal
OPA link on-chip — an OPA as transmitter and receiver — tha aféhe detector can be
very small @ ~ 50um?) since it is the OPA which guides the light into a single mode
waveguide for detection [7]. Hence, this method also allfevsheterodyne detection
which can result in up to 20dB extra sensitivity. For a nocigeocal link with a large
area photodiode the received power increases, but so deesthient light noise contri-
bution and thermal noise due to the smaller load resistdrigheeeded to comply to our
specified bandwidth. When one knows the noise power, the BERasily be calculated.
The gain as a function of the total radiating aperture sizth poss as a function of
distance and needed received power for a BER oP E3 a function of the total radiating
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Figure 1: (a) Gain as function of aperture diameter, (b) Rathas a function of distance,
(c) Minimum P, as a function of aperture diameter.
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A(mmé) J]oo1 o1 1
G(dB) 472 572 672
Pr.min -38.2 -28.2 -23.2
lossesallowed(dB) || 137.2 152.6 167.7
d(m) <1l <5 <30
seering(®) 8 25 0.8

Table 1. Examples of possible links using ax1@0 OPA withPy;angmit = 10dBm.

aperture size for reciprocal links is shown in Figure 1. N relatively high powers
that are needed compared to RF sensitivities. While an RF exa@ily needs a power of
the order of nW, for optical receivers this is of the ordept¥. This is because an optical
receiver is a so-called quadratic receiver: optical poweranverted into an electrical
current and thus the electrical power scales with the dppicaer squared. Large path
losses thus cannot be tolerated [2].

The case in which the receiver is a large area photodiodeisrshs well in Figure 1(c),
clearly showing that an OPA receiver performs better. Letook at an example of
a 10x 10 array consisting of radiating apertures ofuf®x 10um at a wavelength of
A = 1.55um. Some examples of possible links are given in Table 1 wherefficiency
losses are assumed. Transmit power at 1550nm is limitedntWL8ue to eye-safety reg-
ulations. It can be concluded that links are possible forlsteering ranges, since matrix
addressing issues are limiting the number of addressadnieegits and it is the size of the
individual elements which determines the steering rangete khe very favorable link
budget for a total radiating aperture of 1rinThe steering range is however decreased
dramatically since the size of the individual elementseases [8].

Optical Phased Array on Silicon-on-Insulator

A one-dimensional OPA was fabricated on SOI with an oxidekiess of 2m and a
silicon thickness of 220nm using standard CMOS processédBCL Two etching steps
are used, one of 220nm for etching the waveguides and themodlk interference (MMI)
splitters and the second of 70nm to etch the grating coupldrs OPA itself consists of
an array of 16 grating couplers with a width of 800nm, a pendb®30nm and a duty
cycle of 0.5. The waveguides are spacedn?apart. A benzocyclobutene (BCB) layer of
approximately ftm is spun on top and a titanium electrode is sputtered withc&rbss



of approximately 100nm. The specific shape of the electrads @ linear phase ramp
on the waveguides resulting in thermo-optic steering. Byhgh® the wavelength, one
can steer in the other direction. Continuous thermo-opgierstg of 2.3 and wavelength
steering of 14.1is reported [9].
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Figure 2: 1D optical phased array on SOI, the inset shows #esared far field pattern.
Conclusions

The SOI platform offers a promising solution for low-cosnall optical wireless com-
ponents. Link budgets have been performed showing thas lamk possible for short
distances (several meters) and steering ranges of seegnaeas when the number of ad-
dressable elements is limited. A proof-of-principle 1Diogk phased array on SOI has
been presented.

Acknowledgements

Karel Van Acoleyen acknowledges the Research Foundatioandels (FWO) for a re-
search grant.

References

[1] P. Smulders, H. Yang, and I. Akkermans. On the designwfdost 60-GHz radios for multigigabit-
per-second transmission over short distantEEE Communications Magazine, 45(12):44-51, 2007.

[2] J. M. Kahn and J. R. Barry. Wireless infrared communimasi Proceedings of the |IEEE, 85(2):265—
298, 1997.

[3] I. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Caiyi Wireless sensor networks: a survey.
Computer Networks, 38(4):393-422, 2002.

[4] R. J. Green, H. Joshi, M. D. Higgins, and M. S. Leeson. Recevelopments in indoor optical
wireless systemdET Communications, 2(1):3-10, 2008.

[5] M. L. Skolnik. Introduction to Radar Systems. McGraw-Hill, 1962.

[6] K.D.Langer, J. Grubor, O. Bouchet, M. El Tabach, J. W. 8V&ki, S. Randel, M. Franke, S. Nerreter,
D. C. O'Brien, G. E. Faulkner, L. Neokosmidis, G. Ntogaridavl. Wolf. Optical wireless commu-
nications for broadband access in home area networks. lgiMak, M., editor,10th International
Conference on Transparent Optical Networks, pages 149-154, Athens, Greece, 2008.

[7] J. Brouckaert, G. Roelkens, D. Van Thourhout, and R. 8ae€Compact InAlAs-InGaAs Metal-
SemiconductorMetal photodetectors integrated on sitmeinsulator waveguideslEEE Photonics
Technology Letters, 19(17-20):1484—-1486, 2007.

[8] K. Van Acoleyen, H. Rogier, and R. Baets. Feasibility nfdgrated Optical Phased Arrays for Indoor
Wireless Optical Links. IrEuropean Conference on Optical Communication 2009, Vienna, Austria,
2009. to be published.

[9] K. Van Acoleyen, W. Bogaerts, Jadersk, N. Le Thomas, R. Houdr and R. Baets. Off-chip
beam steering with a one-dimensional optical phased amasilicon-on-insulator. Optics Letters,
34(9):1477-1479, 2009.



