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 ABSTRACT
The widespread use of Optical LANs is dependent on the ability to fabricate low cost transceiver components. These are
usually complex, and fabrication involves the integration of optoelectronic and electronic devices, as well as optical
components. A number of UK universities are currently involved in a project to demonstrate integrated optical wireless
transceiver subsystems that can provide eyesafe line of sight in-building communication at 155Mbit/s and above, using
1550nm eyesafe emitters.
The system uses two-dimensional arrays of novel microcavity LED emitters, and arrays of detectors integrated with custom
CMOS integrated circuits to implement tracking transceiver components. The project includes design and fabrication of the
optoelectronic devices, transimpedance amplifiers and optical systems, as well as flip-chip bonding of the optoelectronic
and CMOS integrated circuits to create components scaleable to the large numbers of sources and detectors required.
In this paper we report initial results from the first seven channel demonstrator system. Performance of individual
components, their limitations and future directions are detailed.
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1. INTRODUCTION
Wireless optical channels have the potential to offer extremely high bandwidth data transmission in a spectrum that is
largely unregulated and unlicensed[1]. Line of sight Optical Wireless (OW) systems can offer high bandwidth, as there is no
multipath dispersion, and link loss can remain relatively low[2]. This is at the cost of limited coverage however, so that
complex transceiver components have to be used to maintain reliable communications over a particular coverage area. Our
approach to this is to use tracking transmitter and receiver components, and to use methods to integrate the optoelectronic,
optical and other components that are scaleable to the large numbers of devices that would be required for reliable coverage.
A number of UK universities are involved in a government funded programme that aims to do this.

2. SYSTEM OVERVIEW
2.1.Topology
Figure 1 shows the system under development. A Base Station (BS) is situated above the coverage area, and this uses a two
dimensional array of semiconductor sources that emit normal to their substrate. A lens system is used to map sources in the
emitter array to a particular angle, thus creating complete coverage of the space. The use of an array of sources both
minimises power transmitted, as sources not pointing at a terminal can be deactivated, and offers the potential for each
source to transmit different data.
Each terminal within the space has a lens system that collects and focuses the beam of light onto a particular detector within
a detector array. The resulting electrical signal is amplified and a data stream is extracted from it. The detector array allows
the angle of arrival of the beam to be determined, and hence the direction of the required uplink (from terminal to BS). The
system is therefore a combination of a tracking transmitter and tracking receiver. This has the potential to maximise the
power available at the receiver (when compared with combinations of tracking and non-tracking components). Each
detector has low capacitance and a narrow field of view, thus increasing channel bandwidth and reducing the effect of
ambient illumination.
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Figure 1. Optical wireless system

2.2 Integration strategy
Figure 2 shows the approach taken to integration. Arrays of sources that emit through their substrate are flip-chip bonded to
arrays of driver electronics fabricated in a ‘commodity’ CMOS process. This provides the transmitter functionality, and a
similar approach is taken with the receiver photodetector array.
.

Figure 2. Wireless transceiver integration
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In order to test individual components and processes a staged approach to integration has been taken. The initial
demonstration in the programme is a 7 channel demonstrator operating at 980nm. Transmitters and receivers are designed to
transmit 155Mb/s data that is Manchester line coded before transmission. Single channel CMOS transmitter and receiver
integrated circuits are wirebonded to a single channel of the optoelectronic devices, the others being wirebonded to a
package that is then connected to external circuitry via a PCB. The final planned demonstrator will use designs from these
functionally tested transmitters and receivers and incorporate them in an integrated circuit suitable for flip-chip bonded
optoelectronic device arrays.
In the following sections the individual components are detailed.

3. OPTOELECTRONIC DEVICES
3.1. Transmitter
The system requires two-dimensional arrays of surface emitters that emit through the semiconductor substrate, thus making
devices suitable for flip-chip bonding. Resonant Cavity LEDs (RCLEDs) offer sufficient modulation bandwidth for this
application and have several characteristics that make them well suited to this application[3]. The beam profile emitted from
the device can be tailored by offsetting the cavity resonance of the device from the peak emission wavelength of the
material[4]. This detuning causes a beam profile with peak emission away from the optical axis, which improves the
illumination profile at the receiver plane.
Material was grown by MOVPE, and the wafers then mapped to allow regions with the correct detuning to be identified.
These were processed into arrays using standard lithographic techniques. Devices of various sizes were fabricated on a
250µm and 400µm pitch. Figure 3 shows a typical 7 channel RCLED array. Detailed material and device structure and is

reported in [5].

Figure 3. Resonant cavity LED array

Several processing runs have been attempted in order to validate the approach to processing, using non-optimum parts of
wafers from the MOVPE process. The latest run shows high yield and good uniformity of electrical characteristics, but low
output power (due to the use of a non-optimum portion of wafer). This is in contrast to early runs that showed high electrical
power, but poor uniformity due to the use of too thin passivation and metallisation layer. Together these results make us
confident that reliable devices with sufficient power will be possible. Device efficiency was approximately 0.6% for 100mA
drive current, with output power of approximately 1mW and a slope resistance of around 3Ω for devices that gave the
maximum output optical power. These devices were modulated at up to 310Mb/s, with good modulation performance[5].
The longer term aim of the programme is to use devices operating at wavelengths beyond 1400nm in order to use higher
optical powers in the operating environment while still satisfying eye safety regulations[6]. RCLEDs operating at these
wavelengths are attractive, in that growth and processing is broadly the same as for the 980nm devices, and designs for
these devices are under development.

400µm pitch array



3.2. PIN structures

Figure 4. Hexagonal pitch PIN diode array

The detectors for the demonstrations are InGaAs/InP PIN diodes are grown on InP substrates by MOVPE, designed for
substrate illumination and operation in the range from 980nm to beyond 1500nm. The device structure is fully reported in
[5]. Devices are processed into close packed hexagonal detectors using standard techniques similar to those used for the
emitters. Figure 4 shows a typical array.
Initially devices suffered from unacceptably high leakage currents, associated with etching the top p-contact to isolate
individual detectors in the array. Etching through the I-region and passivating the etched surfaces reduces this problem
substantially, but tracks cannot be run over these trenches, so contacts are made to individual devices using wire bonds. This
will not be a problem for later flip-chip demonstrators, as contact will be made directly to the rear of these detectors.
Devices typically have a measured capacitance of 5.2pF (at 4V reverse bias) compared with a calculated value of 5.1pF for
a fully depleted I-region. The slight discrepancy is due to the reduced bias voltage (4V) compared to that required to fully
deplete the I region (estimated to be approximately 8V). Leakage current for these devices was in the range 2-140nA. The
measured responsivity was 0.39A/W at 980nm, compared with a theoretical maximum of 0.79A/W. Two factors contribute
to the reduction in responsivity: the InP substrate has significant absorption at this wavelength, and the Fresnel losses
(~30%) as light enters the semiconductor substrate reduce the illumination incident on the PIN structure. An estimate of the
likely reduction these two effects produce leads us to believe the detectors are operating efficiently.

4. OPTICAL SYSTEMS
Figure 5 shows the transmitter and receiver optical systems. The detailed design of the optical system is described in [5].

Figure 5. Optical system
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Figure 6 shows the mounted transmitter and receiver optics.

Figure 6. Transmitter and receiver optics

5. SILICON DESIGN
The silicon circuitry performs functions local to each source and detector, and global functions that deal with control,
arbitration and protocols. Our approach is to use a CMOS (0.7µm Alcatel) process as this allows high levels control
functions too be integrated with the ‘front end’ circuitry, albeit with increased difficulty in the design of the analogue stages.
Single channel transmitter and receiver circuits have been fabricated for integration into the initial demonstrator. Figure 7
shows the completed integrated circuits.

Figure 7. CMOS transmitter and receiver ICs

5.1. Single channel receiver
A single channel pre- and post- amplifier have been designed and fabricated through the Europractice IC foundry service[7].
These have a target sensitivity of –30dBm at a BER of 10-9 and a bandwidth of 217MHz connected to a capacitance of 10pF
Testing revealed several problems, and modified circuits are now being fabricated. However, addition of an emitter follower
buffer at the output of the preamplifier allows these circuits to be tested. Figure 8 shows the optical-to-electrical frequency
response of the amplifier when a 2pF PIN diode is used to source input photocurrent. The measured 3dB bandwidth is
approximately 131MHz in this situation.  The reduction compared with theory is likely to be due to the additional external
components used. Figure 9 shows an eye diagram for 155Mb/s NRZ data taken under these conditions.
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Figure 8. Frequency response of amplifier

Figure 9. Eye diagram for test preamplifier

5.2. Single channel drivers
Each source has a driver circuit associated with it. These are designed to source 100mA of current at 1.5V, which would
yield the required 2.5mW with device efficiencies of around 1.7%. Single channel driver test structures that incorporate
novel features have been designed and fabricated [8]. Packaged devices were tested using an electrical model of an RCLED,
and a separately packaged RCLED array. The electrical model used a 100pF capacitance in parallel with two diodes to
provide the appropriate turn on voltage drop, and then a series connected 1Ω resistor. DC testing with the electrical model
showed the devices could source the necessary current to drive RCLEDs, and these could be controlled as predicted. AC
tests with this model were also undertaken. The drivers incorporate novel features to improve turn on and turn off, and these
were operating as expected. However, bandwidth for both the electrical model and test RCLED array was limited to
approximately 7MHz. This was traced to the distributed nature of the large drive transistors, and a modified driver with
interdigitated designs has now been submitted.
5.3. Signal combination
In order to recover data from the incoming optical power the signal from the desired detector or group of detectors must be
routed the data recovery circuit. A three channel combiner that allows arbitrary combination of signals from three
preamplifiers has been designed and submitted for fabrication. This is fully reported in an associated proceedings paper[9].

6. SYSTEMS INTEGRATION
Initial demonstration

 Figure 10 shows the layout of the initial transceiver package. The initial demonstration receiver uses a seven channel
detector array integrated with a single channel receiver IC, with all connections made by wirebonds. The receiver IC is
connected to the central detector of the array, creating one 'fast' channel. The other channels are wirebonded to the package
and led to SMA connectors. Decoupling capacitors are attached to the base of the package to allow them to be close to the



IC. A partially assembled package, along with the external PCB is shown in Figure 12. The optoelectronic detector IC is
designed to be illuminated through the substrate, so a hole is drilled in the base of the package to allow the light to enter it.
A thin glass window is attached to the back of the package and the detector array is attached to this, so that the collection
optical system can be placed to it. Figure 13 shows this arrangement.

 Figure 10. Layout of the receiver demonstrator

Figure 12. Partially assembled demonstrator.
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6.1. Flip-chip demonstrator
Flip-chip bonding allows attachment of the CMOS directly to the optoelectronic ICs, offering low inductance and
capacitance, good thermal management and simplification of packaging. Many of the geometrical problems with the initial
approach will be solved in the flip-chip bonded demonstrator. A process route that uses bumped CMOS silicon and
optoelectronic devices is currently underway.

 Figure 13. Optomechanical layout

7. CONCLUSIONS
Optical wireless systems offer the promise of extremely high bandwidth subject only to eye safety regulation, and the rising
cost of RF spectrum makes this resource increasingly attractive. This paper describes an approach to fabricating optical
wireless transceivers that uses devices and components that are suitable for integration, and uses relatively well developed
techniques to produce them. The tracking transmitter and receiver components currently being assembled have the potential
for use both in the architecture described in this paper, and in diffuse and other network topologies.
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