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Abstract— Optical wireless data transmission is an emerging
complementary technology compared to the radio frequency
transmission in specific fields. Silicon based solid-state optical
phased array (OPA) has a large advantage on the entire system
size, low power consumption and high speed operation. The
designed radiator of OPA has 16 channels of grating array with
each grating having 20pum length and etch depth of 70nm. Grating

array radiator has 2um pitch achieving +22.7° beam steering angle.

Radiator’s output beam has a beam divergence angle of 4° and 6°
for each longitudinal and vertical direction. With the designed
OPA, we have demonstrated a SGbps data transmission in a free-
space range of 30cm. Eye diagram was achieved at center and full
steered beam position by phase shifting. The extinction ratio of the
transmitted eye-diagram was about 7dB verifying that OPA is a
promising technology for high-speed wireless data transmission.
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I. INTRODUCTION

The optical wireless communication system has gained
interest over the years as a complementary technology for radio
frequency (RF) communication. Currently RF communication
system is mainly used, but cannot access over few Gbps.
However, the characteristics of optical radiation makes optical
wireless transmission to have high-speed data transmission,
unlimited bandwidth, high security and immune to signal
interference [1].

Indoor optical wireless transmission can use both visible and
infrared bands. Light-emitting diodes (LEDs) are one of the
visible light sources that is used for optical wireless data
transmission. But, LEDs has a limited modulation bandwidth
causing complexity for high speed transmission [2]. Infrared
light sources has large bandwidths bringing high speed
transmission easily. Considering the laser safety, 1550nm band
has the maximum power up to 7~10dBm [3]. Since the main
factors of optical wireless transmission are beam power, light
noise and free space loss, 1550nm band has the most suitability.

Using the 1550nm band light as the source of optical wireless
transmission, one of the main technology being used is
microelectromechanical systems (MEMS) [4]. However,
MEMS has an undeniable weakness in low steering range, low
steering speed, power consumptions and stability.
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OPA can be integrated on silicon using CMOS process with
small size and high performance [5]. By using the phase shifters,
OPA can steer beam in high speed with low power consumption
and large steering range. The main issue for OPA to be used in
optical wireless transmission is the emitting beam power and
the divergence angle. In this paper, we propose a wireless
transmission scheme using a designed OPA and demonstrate
high speed data transmission.

II. ARCHITECTURE AND DESIGN

We have designed a wireless data transmission scheme using
OPA. The scheme is consisted of transmitter and receiver part.
Input beam is modulated by an electrical signal and coupled
into the OPA chip. Directional output beam of OPA is diverged
in free space, reaching the receiver. Diverged beam is inserted
to PD by converging lens system. In this process, beam
divergence is the key element for the scheme to have high
performance. From the designed scheme, we were able to
specify the target beam divergence. After fixing the target, we
designed the grating radiator to achieve the target beam
divergence.

A. Wireless Transmission Scheme
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Figure 1. Principle of optical wireless data transmission using OPA

The scheme shows a free space data transmission with beam
steering OPA as shown in Fig. 1. The performance of
communication is mainly shown as bit-error-rate (BER) and
can be derived by equation (1). I, and i3,_,,ise represents the
current and the noise current of the receiver.
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BER < Eerfc( (1)

Current of the receiver (I, ) and noise current (iZ,_poise) are
obtained from equations (2) and (3), where M is the
amplification factor of PD, Ry, is the response of PD, Ay, is
the receiving area of receiver, Ty, is the efficiency of lens
system, By is the bandwidth of PD, F is the noise factor.
Distance of free-space transmission is L and the divergence
angle of the OPA’s output beam is 8;,,.
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PD’s active area has a diameter about 80um, Ty, can be
presumed as 30% and other coefficients are determined by the
product PD. Since we used the commercialized high speed PD,
model 818-BB-35 produced by Newport Corporation. Then
BER is only determined by free space beam travel range and
the emitted power of OPA. High performed wireless
transmission has BER less than 10°'2. Fig. 2 is derived by
equations (1) ~ (3), showing the required beam divergence
angle for achieving 107" BER at 1.5m and 5m range.
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Figure 2. Divergence angle needed to achieve 10”2 BER with different
emitting power at 1.5m and Sm.

The scheme is mainly focused on indoor data transmission
leading the range of beam travel to be estimated as 1.5m. Also,
the emitted beam power of OPA is about 1mW due to the chip
loss. Ata 1.5m beam travel range and 1mW emitting power, the
divergence angle of beam should be targeted as 5°.

B. Grating Array Radiator

Divergence angle of OPA’s emitting beam is determined by
the radiator’s structure which is shown in Fig. 3. To achieve
small beam divergence in y and 0, grating length and array
width should be extended respectively [6]. The parameters of
the radiator are listed at Table 1. Factors determining the beam
divergence, grating etch depth and array number are set as
variable.
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Figure 3. Structure of a grating array radiator.

TABLE 1. PARAMETERS OF RADIATOR
Parameter Value

Grating period (A) 620nm
Duty ratio (DR) 0.5
Top silicon thickness 220nm
Grating etch depth (d.) variable
Rib thickness (dr) 50nm
Grating width lum
Pixel pitch (d) 2um
Array number (N) variable

Longitudinal (y) beam divergence angle is decided by the
grating length. Grating length is mainly depended on the
grating etch depth. Deeper the etch depth, more beam leaks at
a same length bringing the actual grating length shorter. We
have simulated the etch depth’s relationship with grating length
in FDTD by a single grating radiator. Fig. 4 is the result of the
simulation showing that at each etch depth, the divergence
angle saturates at some grating radiator length. Beam
divergence angle at etch depth for 70nm, 50nm, 30nm saturates
to 5.1°, 3.0°, 2.3° respectively. Since the target beam
divergence angle was 5°, we have designed our OPA’s radiator
to have 70nm etched, 20pm long grating.

124 —&— 70nm
—&— 50nm
11 —d— 30nm
__ 104
2 °]
2
o
8 7
g 6
f=
-
& 5-
=
[= v
34
2]
10 2 30 40 50 50 7
Radiator length (um)
Figure 4. Divergenence angle for different radiator length with etch depth of

70nm, 50nm and 30nm.
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Vertical (0) beam divergence angle is decided by the vertical
length of the radiator decided by the pixel pitch and number of
array. Since the pixel pitch has been fixed as 2um, array number
decides the 6 beam divergence. Equation (4) is the theoretical
beam divergence in 6.

0 =2 (rad
= E(ra ) )

FDTD simulation of grating radiator with different array
number is shown in Fig. 5(a). The divergence angle of FDTD
simulation is compared with the theoretical value in Fig. 5(b).
Simulation results has a larger value than the theoretical value
due to the interaction between gratings. Larger the array
number, beam divergence gets smaller but the chip scale and
the complexity increases. 16 grating arrays can achieve 3.5°,
satisfying the target angle.
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Figure 5. (a) FDTD simulation results for different array number and (b)

difference between theory and simulation.

The radiator has been designed as 16 grating arrays, each
grating having a 20um length with 70nm etching. It was only
to satisfy the standard level for indoor 1.5m data transmission.

ISBN 979-11-88428-03-8&

214

III.EXPERIMENTAL SETUP

The proposed indoor high speed data transmission using
silicon OPA has been demonstrated experimentally as shown in
Fig. 6. OPA has been packaged to PCB board and phased tuned
by electrical signal. For fiber coupling, the packaged OPA was
placed perpendicular to the ground. We used a high reflective
optical mirror coated with silver for redirecting the emitted
beam, diverging parallel to the ground. PDs were placed at the
center of beam position and 22.5° out of center for fully steered
beam position.

Figure 6. Experimental setup used to demonstrate high speed data
transmission using packaged OPA.

IV.RESULTS AND DISCUSSION

A. Beam Divergence

OPA’s beam divergence was measured before the high speed
data transmission was processed. Phase tuned beam was
visualized by CCD camera from Xenics after passing a
objective lens with NA of 0.6. The divergence angle of the
beam had 4° and 6° for longitudinal and vertical direction. The
designed radiator had a 3.5° and 5.1° divergence angle in
simulation. Difference was inevitable since the phase tuning of
all channels wasn’t flawless and the fabrication error. The
steering angle of the beam was measured up to 45°.

Figure 7. OPA’s emitting beam with 4° and 6° divergence angle pictured by

CCD camera.
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B. Data Transmission

High speed data transmission in free space using OPA was
demonstrated as Fig. 6. To show the actual beam steering, PDs
were placed at the center and fully steered beam position.
Optical modulated signal was continuously emitted from the
OPA while beam steering.

Fig. 8(a) and (b) shows the 5SGHz eye diagram of the
received signal at center and fully steered positioned PD with a
free space range of 30cm. When signal is sent to the center
position PD, the other PD receives no optical power. The
emitting beam of OPA has a high directivity and low noise
signal since the extinction ration of two different directional
signal has 7.12dB and 6.04dB.

Due to the limitation of PD’s active area and concentration
lens system, we haven’t yet gained results of data transmission
over Im free space range. PD with a higher speed operation up
to 28GHz with an open window has an active area of 9um
diameter. By solving the converging lens system and up scaling
the OPA’s radiator, free space data transmission can be
available over 20GHz with longer range.

(a)
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Figure 8. 5GHz eye diagram of PD’s received signal at (a) center position,
(b) fully steered position.
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V. CONCLUSIONS

In conclusion, we have proposed a high speed data
transmission using silicon based OPA complementing the free
space transmission in currents systems. OPA has strong points
in scale and power consumptions compared to other optical
wireless communication systems. This paper has strongly
verified the possibility of OPA in wireless communication by
demonstrating a 5SGHz data transmission at a free space range
of 30cm. The demonstration also shows a low noise and high
directional beam steering. Improvements in beam power,
divergence angle and the receiver’s beam converging system
will actualize the ultra-fast data transmission in long ranges.
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