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Abstract— This paper presents an optical communication sys-
tem, implementing a UWB-inspired pulsed coding technique, for
emerging high throughput bio-applications such as brain machine
interfaces. The proposed solution employs sub-nanosecond laser
pulses that, compared to the state-of-the-art, allows for high bit
rate transmissions and reduced power consumption. The overall
architecture consist of a transmitter and receiver that employ a
pulsed semiconductor laser and a small sensitive area photodiode.
This can allow for CMOS integration into a compact silicon
footprint (estimated lower than 1 mm2 in a 0.18µm technology).
The analogue circuits presented herein have been implemented
using discrete off-the-shelf components. These provide the bias
and drive signals for laser pulse generation, photodiode signal
detection and conditioning. Moreover, the digital sub-system for
data coding and decoding processes have been implemented on a
FPGA board through VHDL description language. Experimental
results validate the overall functionality of the proposed system
using a diffuser between transmitter and receiver to emulate
skin/tissue. This shows the capability of operating at bit rates up
to 250 Mbps achieving BER less than 10−9 and power efficiency
as low as 24 pJ/bit. These results enable, for example, the
transmission of a 1000-channel neural recording system sampled
at 16kHz with 16-bit resolution.

I. INTRODUCTION

Recent advances in neural microsystems have enabled
recording, detecting, and decoding neural activity within the
cortex, enabling a wide range of scientific and medical devices.
Future brain machine interface applications will utilise this
data to control external devices for actuation and communica-
tion, for example in patients that are paralysed or locked-in.
Such systems will require high bitrate transcutaneous teleme-
tries that achieve exceptional energy-efficiency to ensure ther-
mal limits are maintained. Ultimately, any power consumed by
the bio-implant or telemetry is dissipated as heat, and may lead
to tissue damage if excessive. Moreover, these systems have
stringent noise requirements, operating at low supply voltages,
with reduced size and low power consumption, minimal Bit
Error Rate (BER), good electromagnetic compatibility and
signal integrity [1]–[4].

Work reported to date in the literature, describe systems
that implement either carrier-based, narrow-band or Ultra-
wideband (UWB) Radio Frequency (RF) links. There are
however significant challenges and fundamental limitations
when high bit rates are required. This is due mainly to their
relatively high power consumption and low electromagnetic
compatibility [5]–[10]. Optical biotelemetries however that

Fig. 1. System overview for optical UWB wireless implantable biotelemetry
link implementing the pulsed data coding technique.

employ semiconductor modulated or pulsed lasers as data
transmitters and photodiodes (PDs) as data receivers, can
provide several desirable features. These include: improved
performance particularly in terms of device size, bit rate,
BER, power consumption and e.m. compatibility [2], [11]–
[15]. Further improvements of optical biotelemetry links have
been achieved by increasing transmitter (i.e. the laser) power,
employing PDs with larger sensitive area and/or by using
modified On-Off Keying (OOK) based modulations. Never-
theless, these solutions also increase the laser response time,
the signal-to-noise ratio and BER thus limiting the system
bandwidth and maximum achievable data rate. This is typically
up to 100 Mbps with 21 pJ/bit power efficiency [2], [13], [16].

In this work, we address these key challenges by developing
a novel optical telemetry that uses a pulsed data coding
technique inspired by UWB-IR systems [11]. The designed
architecture is capable to operate at 250 Mbps employing sub-
nanosecond laser pulses, much smaller than the half bit period
used in OOK modulations, that allow for a 24 pJ/bit highly
power-efficient system. The remainder of this paper is organ-
ised as follows: Section II describes the overall architecture of
the proposed UWB-inspired implantable optical communica-
tion system and the data coding technique; Section III reports
in detail the system design and its implementation; Section IV
shows the achieved experimental results and Section V pro-
vides final considerations and conclusions.



Fig. 2. Timing diagram of the UWB data coding process.

II. PULSE CODING TECHNIQUE FOR OPTICAL LINK

The overall system concept is illustrated in Fig. 1. This
shows the key sub-systems that include the implantable and
external units that contain the transmitter and the receiver,
respectively. These blocks manage the main clock signal and
bitstream to be transmitted (e.g., digitalized signals coming
from, for example, a neural recording system). The transmitter
takes, as an input signal, the main clock and bitstream to be
coded/transmitted, while the receiver provides the recovered
clock signal and the decoded bitstream. The overall system is
based on pulse modulation using sub-nanosecond laser pulses
and a very small sensitive area Si PD, allowing for a high bit
rate link and good improvement in power efficiency [11]. In
particular, the transmitter includes a Vertical Cavity Surface
Emitting Laser (VCSEL) able to generate sub-nanosecond
pulses, analogue circuits for biasing and driving the laser,
and a digital sub-system for the data coding/processing. This
block provides coded voltage pulses that are converted into
current pulses to generate the laser pulses. The VCSEL driving
current is always maintained just above its threshold value Ith
to guarantee negligible jitter/delay between the laser pulses
and the driving current pulses (i.e., a response time of tens of
picoseconds). The receiver includes a small active area very
fast Si PD to detect the laser pulses together with the analogue
bias and signal conditioning circuits, as well as a digital sub-
system for the data decoding/processing. The PD generates
a pulsed photocurrent that is converted into voltage pulses
from which the transmitted clock and bitstream are recovered.
An indicative timing diagram for the data coding process is
shown in Fig. 2. The transmissions of the main clock signal
and bitstream are combined into a single laser pulse train (i.e.,
an optical synchronised-OOK modulation). A first laser pulse
(i.e. sync. pulse) is always generated at the beginning of each
bit period, independently from the symbol to be transmitted,
allowing for the transmission of the main clock needed for the
transmitter-receiver synchronisation (i.e. the clock recovery).
Then, at half a period, if the symbol {1} must be transmitted,
a second laser pulse (i.e. data pulse) is generated, while for the
transmission of the symbol {0} the VCSEL driving current is
maintained at its minimum level Imin > Ith.

III. SYSTEM DESIGN AND IMPLEMENTATION

The top-level system architecture for the overall commu-
nication system is shown in Fig.3. This employs a VCSEL
(λ=850nm, 2.2mA threshold current, VCSEL-850 by Thor-
labs) and a high-speed Si-based PD (47ps response time,

Fig. 3. Implementation and experimental set-up of the proposed optical
communication system.

250µm active area diameter corresponding to a 49000µm2

and with 1.5mm diameter coupling ball lens, FDS-025 by
Thorlabs).

The VCSEL is controlled by a biasing/drive circuit based
on current mirrors, shown in Fig.4. This converts voltage
pulses into current pulses driving the laser and allowing for
the regulation of both the pulsed current amplitude and the
DC current level through two resistive trimmers Rtrim1 and
Rtrim2, respectively.

The PD bias/conditioning circuit is shown in Fig. 5. This
uses a transimpedance amplifier topology based on a Dar-
lington architecture, converting the pulsed photocurrent into
voltage pulses. These analogue circuits have been designed
and simulated in AWR Microwave Office and implemented
on prototype Printed Circuit Boards (PCBs) with discrete off-
the-shelf components (high frequency operations transistors
for RF applications) operating at 3.3 V single supply voltage.
The laser circuitry employs BFP720 low noise Si-Ge bipolar
RF transistors. To achieve very high gain, the PD circuitry
is implemented through a cascade of four ERA-1SM+ InGaP
HBT wideband monolithic Darlington pair (i.e. a series of four
circuits highlighted in the red dashed box in Fig. 5).

Fig. 6 shows simulation results indicating a high gain (i.e.
the S21 parameter with a maximum level equal to 45 dB),
a satisfactory input/output impedance matching and a good

Fig. 4. Schematic of the laser bias and drive circuit.



Fig. 5. Schematic of the PD biasing/conditioning circuit.

(a) (b)

Fig. 6. Simulation results of the PD biasing/conditioning circuit: (a) S
parameters; (b) stability factor k.

stability factor k (always high than 1). The generation of the
bitstream, master clock, data coding (i.e. pulse train genera-
tion), decoding (i.e. recovery of bit stream and clock) and an
ad-hoc BER evaluation architecture have been implemented
on Xilinx VIRTEX-6 ML605 FPGA board.

Fig. 7, 8, 9 show the logic block-level implementation of
the coding, decoding and clock recovery digital sub-systems
within the transmitter and receiver, respectively. More specif-
ically, in Fig. 7, the coding sub-system receives the main
clock and bitstream as inputs, generating a pulse train (i.e.
pulsed coded data) containing both the pulses for the clock
recovery and the pulses related to the transmitted bit stream
(i.e. 0 and 1 bits). The voltage pulses are generated by suitably
processing the 250 MHz master clock signal, having a 50%
duty-cycle, through a phase shifter and a digital logic gate
network (i.e., NOT, AND, etc.) combined with the bitstream
through a multiplexer (MUX). Fig. 8 shows the internal
implementation of the clock recovery architecture composed
by a flip-flop (FF) that is sensitive only to the rising edges of
the synchronisation pulses. This is guaranteed by introducing a
fixed delay time (DELAY) that reset the FF after the transition
of a data pulse and before the next synchronisation pulse. In
this way, the resulting generated clock signal shows a duty-
cycle greater than 50%. Therefore, a duty-cycle correction
(DCC) block is employed so to provide a recovered clock
having exactly a 50% duty-cycle. The clock recovery block
is included into the decoding sub-system shown in Fig. 9.
On receiving the pulse train (i.e., the pulsed coded data), this
provides the recovered clock and performs the data decoding
so generating the recovered bit stream. This consists of a
control unit verifying the clock recovery and allowing for its
synchronisation with the received pulse train by adjusting their
relative phase shift through a programmable time delay block
(SYNC). In this way, it is possible to robustly decode and

Fig. 7. Logic block description of coding sub-system.

Fig. 8. Logic block description of the clock recovery sub-system.

regenerate the bitstream through the S/H block that is sensitive
to both rising and falling edges of the clock signal. The control
unit generates a signal to verify the correct synchronisation
between the clock and the pulse train, whilst simultaneously
providing the recovered bitstream.

IV. EXPERIMENTAL RESULTS

The experimental setup is shown in Fig. 3. Several mea-
surements have been performed to fully characterise the
system operating at 250 Mbps (i.e. a bit period of 4 ns).
In particular, to evaluate power consumption and BER, a
Pseudo-Random Bit Sequence (PRBS) of length 231-1 (i.e.
the bitstream) generated by the FPGA has been used. The two
XYZ translation stages have been employed to optically align
the VCSEL and the PD along the X- and Y-directions and
vary their relative distance along the Z-direction. Moreover,
a 1.5 mm thick diffuser ED1-C20-MD by Thorlabs has been
inserted between the VCSEL and the PD to emulate skin
or tissue through a well-characterised, reliable and feasible
optical device used as a standard reference. Fig. 10 (from
LeCroy WaveMaster 8600A, 6 GHz, 20 GS/s digital oscillo-
scope) shows an example of the experimental timing diagram
with the main system signals demonstrating that the decoded
(i.e. received) PRBS correctly matches with the transmitted.
This shows a time delay of less than 12 ns due to clock

Fig. 9. Logic block description of the decoder sub-system.



TABLE I
SYSTEM CHARACTERISTICS AND COMPARISON WITH STATE-OF-THE-ART

Parameter [unit] [8] [12] [7] [10] [9] [13] [2] [6] [11] This work

Year 2004 2007 2010 2011 2013 2014 2015 2015 2016 2017
Bit-rate [Mbps] 80 40 136 10 135 100 100 67 128 250
Power [pJ/bit] 563 108 22 98 10 21 32 30 36 24
BER <10-14 <10-5 <10-3 - - <10-7 - <10-7 <10-9 <10-9

Fig. 10. Experimental main signals of the implemented architecture operating
at 250 Mbps and transmitting a pseudo-random bitstream. In the inset, the eye-
diagram of the decoded bitstream is shown.

recovery and data decoding processes. Furthermore, this also
shows the eye diagram (in inset) of the recovered bitstream.
By correctly adjusting the drive current amplitude and the
laser pulse duration, experimental measurements validated the
capability of the implemented system to achieve a BER less
than 10−9 with a total power consumption lower than 6 mW.
This corresponds to a power efficiency of 24 pJ/bit, setting
900 ps laser pulse duration (through the phase shifter block
of Fig. 7) with a maximum pulsed driving current lower than
8 mA (through Rtrim1 of Fig. 4) and a DC bias current Imin =
2.25 mA (through Rtrim2 of Fig. 4). These results have been
obtained considering a maximum distance of 3 mm between
VCSEL and PD along the Z-direction, including the diffuser
that reduces the laser power by a factor 10, and for an optical
misalignment up to ±0.5 mm along X- and Y-directions.

V. CONCLUSION

This work reported on an optical communication scheme
using UWB-inspired pulse coding towards a transcutaneous
biotelemetry. It has been shown that the system is capable of
transmitting up to data rates of 250 Mbps with 24 pJ/bit energy
requirement and a minimum BER value of 10−9. The achieved
bit rate allows for the transmission of raw data coming from
1000 intracortical neural recording channels or extracellular
electrodes, sampled at 16kHz with 16-bit resolution [17].
Table. I compares the here reported system performances with
those ones of the state of the art reported in the literature. The
present solution achieves the highest bit rate with comparable
values of BER and power efficiency. These results have been

obtained by implementing the system on prototype PCBs and
FPGA board using a relatively high threshold current VCSEL.
We expect the system to lend itself to CMOS integration
allowing for a significantly lower VCSEL threshold current
thus reaching power efficiency lower than 10 pJ/bit.
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