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Abstract—In this paper a novel integrated optical wireless 

receiver/transmitter is presented. The device is realized on an InP 
membrane platform where active and passive components are 
integrated monolithically. It can be reconfigured to either 
receiver mode or transmitter mode, by simple control on the 
operation mode of a photodetector (short SOA). Demonstration 
of the receiver mode in an indoor optical wireless system has 
shown 17.4 Gbps OFDM signal transmission, illustrating the 
potential of this concept. 
 

Index Terms— Photonic integrated circuit (PIC), membrane, 
indium phosphide (InP), photodetector, grating, optical wireless 
communication (OWC). 
 

I. INTRODUCTION 

HE abundant proliferation of mobile terminals is causing 
radio spectrum congestion and mutual interference, which 

seriously limit the wireless connectivity. The free space 
optical wireless communication (OWC) is an alternative 
option with the advantage of providing a huge unlicensed 
bandwidth. OWC using light emitting diode (LED) based 
visible light has however a very limited bandwidth (only a few 
tens of MHz), whereas with visible lasers the optical 
transmitted power is limited by eye safety regulations. Optical 
wireless communication can better use infrared wavelengths, 
in particular with regard to eye safety levels. According to the 
ANZI Z-136 and IEC 60825-1 eye safety standards, the lasers 
at IR wavelength (1400nm-4000nm) are allowed to emit > 200 
times more optical power as compared to visible wavelengths. 
Steering of a highly concentrated optical beam is of particular 
interest in in-door applications, providing secure and high 
capacity link [1]. 2D optical beam steering has been 
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demonstrated recently by various techniques, for instance, 
wavelength-assisted pencil beams [2] and compact grating 
array [3]. On the receiver side, in order to receive more optical 
power, a large area of light acceptance is required. A solution 
may be to use a photodiode (PD) array to increase the optical 
aperture for better reception. Imaging diversity may be 
deployed, where an array of light sources is mapped to an 
array of detectors. As shown in [4], a 7-channel diversity 
receiver equipped with a hexagonal metal–semiconductor–
metal (MSM) InGaAs photodetector array achieves a data rate 
of 5 Gb/s using multiple-input and multiple-output (MIMO) 
techniques. Alternatively, an angle diversity transceiver may 
be deployed, where the sources emit at different angles and the 
receiver has multiple detectors looking into these different 
angles [5]. To allow the independent optimization of electrical 
and optical features of the optical receiver, we proposed a 
cascaded acceptance optical receiver (CAO-Rx) in [6]. The 
present paper provides an extension of our research with 
detailed investigation on the CAO-Rx. The paper is organized 
as follows. Section II investigates: the operation principle for a 
reconfigurable CAO-Rx. Detailed characterization of the 
integrated CAO-Rx is provided in Section III. Section IV 
describes the 17 Gbps indoor optical wireless system based on 
the integrated CAO-Rx. The experimental results are then 
discussed in Section V. Finally we conclude the paper.   

II.  RECONFIGURABLE CONCEPT 

The schematic illustration of the reconfigurable wireless 
receiver is given in Fig. 1. The concept is mainly composed of 
two parts: an optical antenna and an optical translator. An 
optical coupler serves as the optical antenna. It couples the 
free-space optical beams and the guided modes in the 
waveguide. A p-i-n diode serves as the optical translator. It 
can either translate the input optical signal into electrical 
signal, or translate the input signal unchanged to its output.  

In the receiver mode (Fig. 1(a)), the p-i-n diode is reverse 
biased to act as a photodetector (PD). The reverse bias can 
ensure a high responsivity and a high speed operation of the 
PD. The PD absorbs the light which is coupled into the 
waveguide through the optical coupler, and converts it into 
electrical current. In the emitter mode (Fig. 1(b)), the p-i-n 
diode acts as a transparent gate. The diode will be transparent 
to the optical signal propagating though it, when the injected 

Membrane-based receiver/transmitter for 
reconfigurable optical wireless beam-steering 

systems 

Yuqing Jiao, Member, IEEE, Zizheng Cao, Member, IEEE, Longfei Shen,  
Jos van der Tol and Ton Koonen, Fellow, IEEE 

T



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

2

current at forward bias reaches the transparency level. 
Therefore the optical signal from the source can be transported 
to the optical coupler without extra loss, or even with extra 
gain. 

 
Fig. 1.  Schematic illustration of the reconfigurable optical wireless receiver: 
(a) receiver mode; (b) emitter mode. 

 
The most valuable advantage of this scheme is the sharing 

of the circuits for the transmitter and receiver modes. The p-i-
n diode, the optical coupler as well as the access waveguides 
can all be used in both operation modes. Therefore the device 
footprint and the fabrication complexity can be significantly 
reduced. This is very useful in the context of large-scale 
optical antenna arrays. As can be seen in Fig. 1, the core 
components of this scheme are the diode and the coupler. The 
key idea is to use a short SOA section as an efficient 
photodetector. For transmitter mode an on-chip laser should be 
integrated. In this fabricated chip, the laser can only be 
operated at pulsed mode with low output power, due to 
fabrication issues [7]. In this paper we focus on the receiver 
configuration, where the key roles of the diode and the coupler 
are demonstrated. 

III. CHIP FABRICATION 

The device is realized in the indium phosphide on silicon 
(IMOS) platform [8], where high-confinement waveguides, 
surface gratings, SOAs and lasers are integrated 
monolithically on a single thin membrane [7, 9], as illustrated 
in Fig. 2.  The thin membrane consist of both active and 
passive components, defined with different etch depths.  

The entire membrane is bonded onto a silicon wafer using 
benzocyclobutene (BCB) polymer [10]. The thickness of the 
optical buffer layer (1850 nm in total, combining SiO2 and 
BCB layers) is optimized to avoid light leakage into the 
substrate and to obtain efficient coupling between grating 
couplers and optical fibers. The III-V membrane layerstack 
consists of two vertically stacked waveguide cores, forming a 
twin-guide structure. The two waveguide cores are coupled 
with short adiabatic tapers. The lower intrinsic InP core (300 
nm thick) acts as the passive waveguiding layer. With a width 
of 400 nm, the passive waveguide can support both 
fundamental tranverse electric (TE) and transverse magnetic 
(TM) modes, and provides high optical confinement, low 
propagation loss [11, 12] and sharp bending [13]. 

The 250 nm bulk intrinsic InGaAsP quaternary layer is used 
as the active core, located on top of the passive core. Its 
bandgap corresponds to the wavelength of 1.58 µm. On top of 
it are p-doped contact layers with total thickness of 400 nm. 

The n-doped contact layers are placed in between the active 
and passive cores and have a total thickness of 100 nm. Metal 
contacts for the amplifiers and detectors are defined on top of 
the p- and n-doped contact layers using Ti/Pt/Au and 
Ni/Ge/Au metal stacks, respectively. 

The fabrication of the membrane photonic chip starts with 
the amplifier/detector sections. The ridge structures of the 
amplifier/detector are defined with electron-beam lithography 
(EBL) and reactive ion etching (RIE). The n-contact region is 
then defined and protected. To form the passive waveguides 
and surface gratings, two EBL and RIE cycles are used. 
Finally the p- and n-metals are deposited using electron-beam 
evaporation. The more detailed fabrication process can be 
found in [7, 14].  

 
Fig. 2.  Schematic diagram of the IMOS platform. 

 
Fig. 3.  Microscope picture of the fabricated receiver device. Left inset: SEM 
picture of the surface grating; right inset: enlarged picture of the detector. 
 

For a demonstration as a receiver, a circuit consisting of a 
surface grating and a PD, as shown in Fig. 3, is used.  

The surface grating is shallowly etched into the 300 nm 
thick passive waveguide. The etch depth is 120 nm. The 
grating has 20 periods with a period of 660 nm and a 50 % fill 
factor. It has a central wavelength of 1550 nm at an incident 
angle of 10°. The grating is designed to couple light between 
fundamental TE mode in the waveguide and a free-space 
Gaussian beam with a 5 µm waist. The grating coupler has a 
mode divergence similar to the guided mode output from a 
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Fig. 4.  Measured spectral efficiency of a reference surface grating 
fabricated together with the membrane optical wireless receivers. 
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single-mode optical fiber, because the emitted mode in the 
grating is similar to the mode in the fiber. We experimentally 
measured the field of view (FOV) of the grating to be about 
7.5°. Beam-steering is still feasible using such gratings with 
relatively large footprint and small FOV [15, 16]. Figure 4 
shows the measured spectral efficiency of a reference grating, 
which is identically designed and fabricated on the same chip 
as the receiver. The peak efficiency of 25 % and the 3-dB 
bandwidth of 100 nm are typical for such dielectric gratings. 
The collected light is transported to the input of the detector 
through an adiabatic taper structure and a 100 µm long single-
mode waveguide. 

A reverse-biased short SOA section with a length of 40 µm 
(30 µm SOA + 2 × 5 µm tapers) is used as the PD. The PD 
thus has the identical structure as the longer SOAs used in the 
membrane lasers [7], indicating the potential for recon- 
figurability as a transparent gate in the transmitter mode. The 
static performance of the detector is shown in Fig. 5. The 
detector maintains a low dark current (below 45 nA) for a 
reverse bias range of 0 to 3 V (Fig. 5(a)). The responsivity of 
the device (Fig. 5(b)) can reach up to 0.89 A/W at 3 V reverse 
bias, at a wavelength of 1575 nm. The responsivity at 1550 nm 
wavelength is 0.75 A/W. These responsivity values are 
corrected for the 6 dB insertion loss from the surface grating.  
The 3 dB bandwidth as well as the spectral shape of the 
responsivity curves is dominated by the spectral response of 
the surface grating. 

0 1 2 3
0

10

20

30

40

50

(a)

 

 

da
rk

 c
ur

re
nt

 (
nA

)

reverse bias (V)
1520 1540 1560 1580 1600 1620

0.0

0.2

0.4

0.6

0.8

1.0

 

 

re
sp

on
si

vi
ty

 (
A

/W
)

wavelength (nm)

 - 3 V
 - 2 V
 - 1 V
   0 V

(b)

 
Fig. 5.  (a) Dark current of the PD as a function of reverse bias voltages. (b) 
Spectral response of the PD at 3 V reverse bias. 

 
Fig. 6.  (a) Small signal frequency response of the detector. (b) Eye diagram 
of the detector at 5 Gb/s data rate. 
 

The dynamic behavior of the detector is also characterized. 
The small signal electrical bandwidth is measured with an 
Agilent network analyzer. The measured result indicates a 3dB 
bandwidth of 2 GHz (see Fig. 6(a)). This is mainly limited by 
a fabrication issue in the metal contact, which can be 
improved with optimized fabrication. Moreover, this 
bandwidth does not hinder the receiver demonstration, since 
any improvements on the detector will not influence the other 

components in the receiver. The eye diagram of the 
photocurrent, at an on-off keying (OOK) data rate of 5 Gb/s, is 
shown in Fig. 6(b). The input optical power before entering 
the grating coupler is 5.1 dBm. No electrical amplification is 
used. As can be seen a clear opening of the eye at 5 Gb/s is 
obtained. 

IV. INDOOR OPTICAL WIRELESS SYSTEM 

Figure 7 shows the experimental setup for 17.4 Gbps optical 
wireless transmission based on the CAO-Rx. A 10-dBm 
optical carrier is generated from a commercial semiconductor 
laser diode. The orthogonal frequency division multiplexing 
(OFDM) waveform, consisting of 256 subcarriers within the 
baseband bandwidth of 4.68 GHz, is uploaded in the arbitrary 
waveform generator (AWG, Tektronix 7122B @ 12 GSa/s). 
From the 256 subcarriers of the OFDM waveform, numbers 
192, 8, and 56 are designated to data, pilots and high 
frequency guard-band (HFGB), respectively. Note that the 
HFGB is used to suppress the out-of-band spectrum of the 
OFDM signal. The subcarriers of the OFDM signal are 
arranged to satisfy the Hermitian symmetry for the real-valued 
IFFT output. The period of an OFDM symbol is 22 ns, and 
thus the symbol rate for each subcarrier is 45.4 MSymbol/s. 
16-QAM is employed for the data subcarrier modulation. The 
cyclic prefix is 1/32 of an OFDM period, which corresponds 
to 8 samples in every OFDM symbol. One training symbol is 
inserted in front of 320 data OFDM symbols for the symbol 
synchronization and channel estimation. The OFDM signal 
from the output of the AWG with 1 V peak-peak amplitude is 
amplified by means of a 12 GHz broadband amplifier 
(SHF100APP). The amplified signal is then modulated on the 
optical carrier via a 10 GHz commercial Mach-Zehnder 
modulator (MZM) biased at the linear region of the power 
transfer curve. The insertion loss of the MZM is then 
compensated by an EDFA, providing the output optical power 
of about 12 dBm. The optical power is then attenuated before 
being launched to the input end of the cleaved fiber. The 
lightwave from the output end of the fiber is shone onto the 
CAO-Rx after a free space separation of about 800 µm. The 
cleave fiber is used to provide the proof of concept, since the 
CAO-Rx is still in packaging phase before being used for wide 
angle FSO link. The cleaved fiber is with 10˚ angle offset of 
the SG perpendicular. The experimental setup is shown in Fig. 
7. The lightwave signal leaves from the cleaved fiber will 
propagate in free space before it incidents on the surface 
grating. Since the engaged surface grating is polarization 
dependent, a polarization controller is used to tune the 
lightwave polarization for an optimized acceptance. An Eigen 
Light 410 is used as an optical attenuator and in-line optical 
power monitor. The electrical signal at the PD output is 
collected with a high-speed ground-signal (GS) probe 
matching the p- and n-metal pads. The 3V DC reverse bias is 
applied to the PD. The received OFDM signal is then 
separated by the DC via a bias-T, which is then amplified by a 
12 GHz broadband amplifier (SHF100APP) with bias voltage 
of 7.94 V. The resulting signal is then sampled and stored by a 
commercial real time oscilloscope (Tektronix DPO70000) for 
offline processing.  
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V. RESULTS AND DISCUSSION 

The frequency spectrum of the received OFDM signal is 
compared with the EBTB signal as depicted in Fig. 7(a). High 
frequency fading is observed, which mainly comes from the 
limited bandwidth of the MZM, the electrical amplifiers, the 
cables and the CAO-Rx itself. Such high frequency fading 
does not introduce a severe power penalty at high frequency 
subcarriers, hence the data transmission is guaranteed.  

The photocurrent from the PD and the bit error rate (BER) 
versus the input optical power at 17.4 Gbps are shown in Fig. 
8, for three different laser wavelengths (1540, 1550 and 1560 
nm). The PD has different responsivities at those wavelengths, 
as can be seen from Fig. 5(b). This results in different 
photocurrents generated in the PD. Thelonger wavelength 
(1560 nm) is closer to the peak responsivity at 1575 nm. It 
thus generates a higher photocurrent, as shown in Fig. 8(a). 
The bit error rate (BER) of the transmitted signal is therefore 
wavelength dependent (Fig. 8(b)). As the optical wavelength 
approaches 1575 nm, the BER reduces significantly. At 1560 
nm wavelength, a BER of 3.8×10-3 can be achieved at an ROP 
of about -3.75 dBm, which is below the common forward 
error correction (FEC) limit. Moreover, the BER difference 
between different wavelengths gets smaller as the optical 
power increases. The sensitivity of the CAO-Rx will further 
be improved by more accurate grating-waveguide coupling in 
the packaging phase.  

The constellations for an ROP of -1.5 dBm at 1560 nm, and 
for an ROP of -4.5 dBm at 1540 nm are shown in Fig. 9(a) and 
(b), respectively. Fig. 9(b) shows a blurrier constellation with 
a higher BER, which is due to the off-center wavelength and 
the lower ROP level. With the same settings as for Fig. 9(a), 
the bit error distribution versus subcarrier index (frequency 
axis) and OFDM frame number (time axis) are shown in Fig. 
9(c) and (c), respectively. It is obvious that the bit errors 
dramatically increase at higher frequency. However, the bit 
errors along time axis show a random distribution. This could 
be due to a slight instability in the measurement setup. 

 
Fig. 8.  (a) Photocurrent from the PD, and (b) BER as a function of received 
optical power for three different wavelengths. 

 
Fig. 9. (a) OFDM signal constellation at 1560 nm wavelength and -1.5 dBm ROP, (b)  
OFDM signal constellation at 1540 nm wavelength and -4.5 dBm ROP. Bit error 
distribution versus (c) subcarrier index and (d) OFDM frame. 
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Fig. 10.  (a) Photocurrent from the PD, and (b) BER as a function of input 
optical power, with and without the 2.24 km long optical fiber. The 
wavelength is 1550 nm. 
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Fig. 11.  (a) Photocurrent from the PD, and (b) BER as a function of beam 
incident angle, at optical power of 12.5 dBm and wavelength of 1560 nm. 

 
In an actual in-door optical wireless architecture, there will 

be optical fibers employed to deliver the optical signal into 
each room at low cost [17]. To test this scenario a 2.24 km 
long fiber was inserted between the EDFA and the cleaved 
fiber tip (see Fig. 7. The insertion loss of this fiber is 1.3 dB.
 This results in a reduction of the photocurrent from the PD, 
as shown in Fig. 10(a). However, it can also be seen that the 
fraction of the reduced current increases as the ROP increases. 
This is mainly due to the nonlinear responsivity in the p-i-n 
based PDs. The consequence of the extra loss in the 2.24 km 
long fiber is an increase in BER, as shown in Fig. 10(b). The 
power penalty induced by the increased BER also shows a 
nonlinear trend with different ROP levels. A power penalty of 
1 dB is observed at a relatively high ROP level (around -2 
dBm). The penalty reduces to approximately 0.6 dB at a 
relatively low ROP levels (< -3 dBm). This is directly 
correlated to the power-dependent responsivity of the PD. 

The performance of the device at different beam incident 
angles is also evaluated. The change of the incident beam 
angle is realized by changing the tilt angle of the optical fiber 
which launches the free-space beam. Fig. 11(a) shows the 
change of photocurrent received at the PD as the beam angle 
changes from 5° to 20°. The result clearly shows the highest 
photocurrent at the optimized 10° angle. As the incident angle 
deviates from 10°, the efficiency of the grating coupler drops, 
which directly influences the current generated in the PD. The 
angle dependency gives a direct impact on the BER of the data 
transmission, as shown in Fig. 11(b). The BER deteriorates at 
non-optimal angles. From the figure it can be seen that the 
angular tolerance of the current grating coupler is about 6°, 
when considering the FEC limit of 3.5×10-3. This grating was 
originally optimized for fiber coupling, with shallow pitches 
and a relatively large footprint in order to match the fiber 
mode. The angle coverage can be significantly enhanced by 
using a grating design with deeply etched pitches [18]. 

VI. CONCLUSIONS 

The concept of an integrated CAO-Rx for free-space optical 
wireless communication is proposed in this paper.  The 
receiver is novel in terms of its reconfigurability. It can be 
switched between receiver mode and transmitter mode by 
simply switching the operation condition of the photodetector. 
The receiver has been fabricated in an active-passive InP 
membrane platform and applied in an indoor OWC system. 

An OFDM optical wireless data transmission of 17.4 Gbps, 
and a BER less than 3.8×10-3 have been achieved at a received 
optical power of -3.75 dBm. Since the optical efficiency and 
electrical bandwidth can be optimized independently, the 
CAO-Rx concept can inherently provide a flexible solution for 
future optical wireless systems, with a high optical efficiency 
and a large electrical bandwidth. 
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