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Abstract Link budget calculations are performed to study the potential of integrated optical phased arrays for Gb/s
wireless links. A link with two integrated OPAs is feasible with a beam steering range of a few degrees.

Introduction

As data rates are increasing and fiber-to-the-home is
finding its way to the customer, there is an increas-
ing bandwidth mismatch between wired and wireless
systems. Optical wireless links offer a solution due to
their huge unlicensed bandwidth and immunity to elec-
tromagnetic interference. Several review papers have
been reported on wireless indoor optical links®. Di-
rective optical beams are needed for Gb/s links and
thus adaptive beam steering is desirable. An optical
phased array (OPA) enables this beam steering?. In an
earlier paper we demonstrated an OPA on a CMOS-
compatible silicon-on-insulator platform?. In this pa-
per, the power requirements for optical links using inte-
grated OPAs are discussed. These OPAs enable single
chip wireless transceivers in e.g. sensor network appli-
cations. The case of a reciprocal link in which transmit-
ter and receiver are both optical phased arrays as well
as a non-reciprocal link in which the receiver is a large
area photodiode is discussed.

Link budget calculations

The link budget of a free-space radiofrequency (RF)
link is given by the well-known Friis formula:

A2
PT = PtMth(m) Q'rtMrGT (l)

with G and G, the antenna gain of the transmitter and
receiver, M; and M, the mismatch factors, d the sep-
aration between the antennas and Q.. the polarization
mismatch factor, which will not be taken into account
further. For an optical link, the mismatch factors can be
replaced by efficiency factors 7.,,.. The gain is defined
as the power-per-unit solid angle radiated in a certain
direction (6, ¢) compared to the power-per-unit angle
radiated by an isotropic radiator. Since the beamwidth
of optical beams is not necessarily much larger than
the receiving aperture and if we consider that power is
radiated only in the upward direction, the gain definition
can be generalized as:
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with €, equal to the solid angle that sees the receiver.
The path loss exponent in (1) is 2 since we are looking
at line-of-sight links.

Gain of an optical phased array

When considering a 2D array of radiating apertures, the
intensity in polar coordinates can be easily found to be
the product of the far field of one aperture times the
so-called array factor®:
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with A, , the aperture size, N, , the number of ele-
ments and A, , the spacing of the elements in the x-
and y- direction which will be taken to be the same for
simplicity in the following. By substituting (3) into (2) the
gain of the OPA is calculated. The steering range of the
OPA is defined by the size of a single element since this
determines the envelope of the radiated pattern. Let us
look at a practical example of a 5 x 5 array consisting of
radiating apertures of 10um x 10pm at a wavelength of
A = 1.55pum. The gain for § = 0 of the OPA as a func-
tion of the spacing is found in Figure 1. Whenever a
new lobe appears, there is a dip in the gain after which
the gain increases again due to the narrowing such that
the average gain remains constant. The consequence
of putting the radiating elements further apart is that
we now have a multispot diffuse LAN?: i.e. there are
several beams emitted by the OPA. In the inset of Fig-
ure 1, the far field pattern (0,¢ = 0) for a spacing of
10pm and 50pum is shown as well. The FWHM diver-
gence of the main beam at # = 0 equals to 1.58° and
0.32°, respectively.

Receiver sensitivity

The detector responsivity is taken to be R=0.6A/W. For
optical receivers there are two main noise contribu-
tions: thermal noise and shot noise. In optical wire-
less links, ambient light shot noise has been recog-
nized to be one of the limiting noise factors although
at high data rates, the thermal noise becomes more
important®. The shot noise spectral density is given
by 02 = 2¢(I, + I, + I,)Af with I, the signal cur-
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Fig. 1: Gain for & = 0 as a function of spacing of the array

elements for a 5 x 5 OPA of 10pum x 10pm apertures. Insets

(a) and (b) show the far field pattern in the (6, ¢ = 0) direction

for a spacing of 10um and 50um respectively.

rent, I, the dark current (~ 1nA), I, the ambient light
current and A f the effective noise bandwidth. The am-
bient light irradiated by the sun in the 21000nm-1700nm
range is equal to 285W/m?®. The thermal noise spec-
tral density is given by (4kgT/Rr)Af with kg Boltz-
mann’s constant, 7' the noise temperature and R;, the
load resistance. The load resistance R together with
the capacitance C of the detector put a limit on the
bandwidth of the receiver. This bandwidth is given
by Af = 1/2n(mr + Tre)], With 7. the depletion
width (~ 5um) divided by the drift velocity of the car-
riers (~ 105m/s) and Trc = RC. In the following,
a bandwidth of Af = 1GHz is chosen. For a recip-
rocal link, the area of the detector can be very small
(A ~ 50um?7) since it is the OPA which guides the light
into a single mode waveguide for detection. Hence,
this method also allow for heterodyne detection. For
a non-reciprocal link with a large area photodiode the
received power increases, but also the ambient light
noise contribution and thermal noise due to the smaller
load resistor that is needed to comply to our specified
bandwidth. When one knows the noise power, the BER
can easily be calculated®.

Reciprocal link

The case of a reciprocal link of d = 10m in which both
sender and receiver are an optical phased array is con-
sidered here. As explained before, the spacing of the
elements does not have an effect on our link budget.
The BER as a function of the transmitted power for a
link using two OPAs with efficiency factors 7, = 0.5 is
given in Figure 2. Although the gain of a 5 x 5 OPA of
10pm x 10pum apertures is around 41dBi, the path loss
of 158dB at A = 1.55um is too severe to overcome,
even when using heterodyne detection. When using
individual elements of 50pm x 50um, we get a BER of
10~? for P, = 4.5mW but the steering range is now re-
duced from 7.9° to 1.6° due to the larger aperture size
of the individual elements. The main trade-off is thus
steering range versus power budget.
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Fig. 2: BER as a function of transmitted power for a reciprocal
link of a 5x 5 OPA of 10pm x 10pm and 50m x 50.m for direct
and heterodyne detection (with Pr,o = 2mW) using intensity
modulation. The case of a non-reciprocal link with a large
area photodiode of 1mm? and an 5 x 5 OPA of 50um x 50um
apertures is shown as well.

Non-reciprocal link

When using a large area photodiode as receiver, two
limiting factors come into play: ambient light and diode
capacitance. The ambient light problem can be greatly
reduced by means of an optical filter. To keep the band-
width constant with increasing diode area, the load re-
sistance should decrease which increases the thermal
noise. When using a 5 x 5 OPA of 50pm x 50um aper-
tures and a large area photodiode of 1mm?, a Gb/s
link at d = 10m cannot be achieved as shown in Fig-
ure 2. An option to use this type of OPA transmitter is
explained in®, where a lens is used, which then focuses
the light on an array of small photodiodes. The receiver
then also becomes angle dependent however.

Conclusion

A link budget analysis was made of a wireless optical

link using integrated optical phased arrays. When hav-

ing a reciprocal link, a Gb/s link can be established at

the penalty of a limited steering range. A non-reciprocal

link with an OPA transmitter and a large area photodi-

ode receiver suffers especially from diode capacitance

problems limiting the bandwidth. The reciprocal link is

a very attractive option since heterodyne detection can

be used, which greatly increases the receiver sensitiv-

ity.
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