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Abstract— There has been extensive modelling of the optical
wireless channel, and the optimum modulation scheme for a par-
ticular channel is well-understood. However, this modelling has
not taken into account the trade-offs that transmitter and receiver
selection usually involve. For a particular type of transmitter, the
modulation bandwidth and available power are closely related, as
are receiver bandwidth, active area and sensitivity. In this paper,
we present a design approach that takes this device selection into
account. The paper details a general design method for an optical
wireless communication system using a holistic design approach
(i.e. considering channel, modulation schemes and device con-
straints). The paper shows results for particular examples, show-
ing a substantial increase in margin (or data-rate) is available us-
ing this approach. For instance, by using this approach mutually
optimising both modulation schemes and device constraints, it is
found that for an optimally chosen Gallium Nitride micro-LED
and a commercial photo receiver pair, a 20 dB SNR margin (or ~3
times data-rate improvement) can be obtained compared with a
more typical approach mainly concerning the modulation scheme
optimisation.

Index Terms— Optical Communications, VLC, Visible light com-
munication, OWC, Optical wireless communication, OFDM, WLED,
RC LED, Equalisation, Technology-curve, LiFi, micro-LED

1. INTRODUCTION

Optical wireless communication (OWC) and visible light com-
munications (VLC) are rapidly growing research areas [1-4].
Recent research has focused on increasing the available data
rate. These include work on high-level modulation, spatial-mul-
tiplexing, wavelength-multiplexing, and/or channel equalisa-
tion [5-6]. In the past several years, projects have investigated
custom devices for VLC, such as in reference [7] where cus-

tomised micro light-emitting diodes (ULEDs) with an order s of

magnitude higher bandwidth than commercial LEDs and white
LEDs (WLED) were investigated. There has been extensive
work on different modulation schemes, comparing the band-
width and power required for each. The method shown in [§]
estimates the power and bandwidth requirements for different
intensity modulation direct detection (IM-DD) schemes.
However, it does not include the device and technology con-
straints at the transmitter and receiver, and does not consider
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techniques compensating a band-limited channel, such as
equalisation. To the best of our knowledge, we for the first time
present a holistic design method optimising such parameters in
the selection of the optimum communication scheme.

In section II, we introduce the ‘Technology-curve’ showing
the available bandwidth and signal-to-noise ratio (SNR) trade-
off for a particular set of transmitter and receiver technologies.
In section III, a detailed method to select the optimum pair of
communication scheme and device parameters is presented.
Two examples are shown to illustrate the method: A typical
VLC lighting scenario, where illumination is combined with
communication, as this has wide application, and a point-to-
point communications link, of a type widely used to assess com-
munications performance. This latter link example shows how
the method can be used where there is limited choice in devices.
Conclusions are drawn in section IV.

1. TECHNOLOGY-CURVE

A. Motivation

The available SNR for a particular bandwidth (BW) channel
is a function of the transmitted power, link loss, and the receiver
sensitivity. For a particular emitter technology, such as Gallium
Nitride (GaN) LEDs, there is often a trade-off between emitted
power and modulation bandwidth. For instance, increasing the
total active area of a standard LED can increase the maximum
output power but reduce the modulation bandwidth by increas-

ing the total capacitance. Another example is GaN ULEDs,

which are LEDs with pixel dimensions < 100 um, where the
pixel dimensions are typically small enough that capacitance
effects do not dominate; instead the modulation bandwidth is
determined by the injected carrier lifetime. Because smaller

MLEDs can be driven with higher current densities, due to re-

duced current crowding and improved heat dissipation [9], they
can reach higher modulation bandwidths than their larger area
equivalents as the carrier lifetime decreases with current density

[7]. As aresult the general trend for JLEDs is also that smaller

devices emit lower power but have larger bandwidths. Similarly,
for a receiver such as a typical Silicon photodetector the band-
width is inversely proportional to the detection area, as the de-
vice’s capacitance and thus RC constant increases with area.
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Fig. 1. (a) Source power-bandwidth trade-off from GaN nLEDs with measured points and fitted line, and (b) detection area-bandwidth trade-off
from Hamamatsu S8664 series with data points from datasheet and fitted line

However, increasing the detection area increases the power col-
lected, equivalent to an increase in available SNR. There are a
number of approaches used to maintain bandwidth whilst in-
creasing detection area, most using arrays of receivers that are
combined in different ways [10-12]. There is also work on
waveguide receiver arrays (for instance [13]). Whilst the ap-
proach set out here assumes a typical relationship for a capaci-
tance limited system, any parameterised relationship relating
collection area and sensitivity to bandwidth can be used. So, for
a particular set of technologies such as a GaN LED and Silicon
photodetector the available SNR will depend on the bandwidth
of the channel. If this technology dependent trade-off between
BW and SNR (known in this paper as a Technology-curve) can
be formulated, it becomes possible to optimise a communica-
tion system using a particular technology, achieving the highest
SNR margin or the highest data-rate for a given channel band-
width.

B. Derivation of the Technology-curve

To investigate the characteristic of light sources, WLEDs are

considered since they typically demonstrate a strong variation
in modulation BW versus LED size, and are therefore suitable
test cases to study [7]. Fig. 1 (a) shows the available source
power (Ps) vs. the maximum -3 dB (electrical) BW for a series
of GaN pLEDs. A power-law fit is used to generalise this result,
so that
Fs = Csource (BVVsource)_kS (1)

Values of Csource = 4.8%10'° and ks = 1.67 brings the mini-
mum squared error and is in reasonably good agreement with
the measured results. Although the power-law fit is not the most
accurate, it captures the power-bandwidth dependency well.
More complex fitting over more limited ranges are options to
increase fitting accuracy if required. The devices whose data is
shown in Fig. 1(a) are from the same die and the same epitaxial
wafer. However, the size is different, and it means different RC
time constant and current density, both affecting the BW. Fig.
1 (b) shows the detection area and BW trade-off for a particular
set of commercial detectors (Hamamatsu S8664 series). A sim-
ilar power-law fit is used to relate bandwidth to the detection
area.

Aq = Cgetector (BVVdetector)_ku1 2

As shown in the Fig. 1 (b), Caetector = 2% 108 and k4 = 1.69 repre-
sent the relationship reasonably well. Then, the effect of these
trade-offs on actual SNR and BW is investigated.

The received electrical signal amplitude (S;eceiveq) fOr a typ-
ical optical link is given by (3).

Sreceived = 3)
Lambertian Effective o,
intensity solid angle Receiver's
gain
m+1 m Gopt,rx Agy
?Ps cos™(0) -cos(P)———— MR- Gymp

D2

Equation (3) consists of three terms: Lambertian intensity
from the source, the receiver’s effective solid angle and its gain
(from optical power to voltage). For the radiant Lambertian in-
tensity, 0 is the radiating angle and m is the Lambertian order
[6], with the total radiant flux (Ps). For a receiver with a photo
sensitive area (4q), located at distance D away from the source,
the effective solid angle is determined by the receiving an-
gle (@) and the receiver optics gain (G, ). The received op-
tical power is then converted to an electrical signal by receiver’s
responsivity (R), typically followed by a transimpedance struc-
ture with a gain of G, M represents an avalanche gain when
avalanche photo diodes (APD) are considered (otherwise M =1).
The electrical SNR can be estimated as (4.1) and (4.2). The first
noise term (Ngep) consists of a signal dependent shot-noise
term, with an allowance for excess noise if the receiver uses an
APD. The second noise term (N;,q) includes all other signal
independent noise such as the thermal noise and additional
noise from the receiver chain.

S2 .
SNR = received 4.1
2qsreceivedlvlz_HCBVV + NindBW ( )
I T G 42)
Ndep(Ps - Ag)BW + NjnqBW '
, where
1 Gopt,
Cink = = cos™(0) cos(®) oner

, Gr = M * R - Gamp, and q is the electronic charge, and x is the
excess noise index. In this case BW represents the receiver
bandwidth, and in the subsequent analysis, it is assumed that
BWietector = (BWsource) = BW. For a particular technology
where there is design freedom optimum performance will be
achieved when the bandwidths are matched so this is the case
chosen here. With restricted device availability worst-case
modelling is still feasible by setting the total BW = min
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(BWisource, BWetector) since an additional SNR margin is ex-
pected from the non-limiting side._Equation (4.2) shows a typi-
cal SNR equation [8,14] rewritten in terms of P, and A,, which
are the main controlling variables for the trade-off analysis.
Equations (1) and (2) show the variation in P; and detector area
A, with bandwidth. These can be combined with (4.2) to create
a relationship that shows how SNR changes with BW.
Equation 5.1 shows how SNR gain between two different
BW channels (BW, and BW)) created using the same technol-

0ogy (SNRgin = 222) is related to the change in BW of the
channel (ABW = ];vv\? ). As shown in equation (5.2), the trade-
0

off can be simplified by assuming either only the signal depend-
ent noise is significant, or that signal independent noise domi-
nates. For both these cases the exponent term (Kysem = kg +
kq) governs the overall trade-off between SNRi, and ABW.
Therefore, when the Ksysiem from a particular set of devices is
known, one can draw a trade-off curve representing a selection
of different device sets.
Equation 5.2 has a (ABW)~! power term in addition to
Ksystem- This is due to the reduction in effective noise BW as
the BW changes. The noise BW is the BW over which the
AWGN noise spectral density must be integrated to create noise
power equal to the noise power of the system. The SNR-BW
requirements curves, as derived in [8] for example, generally
take this into account as they normalise to the same data-rate.
In other words, the requirement curves effectively include the
expected increase (or decrease) in SNR due to the BW decrease
(or increase) by applying various multi-level modulation
schemes. For this reason, equation 5.3 defines SNR g5y, with the
ABW ™ term removed, so that only additional gain in SNR due
to the transmitter and receiver technology changes with BW re-
duction is taken into account. We define the line drawn by the
SNRg,in as the ‘Technology-curve’ and Kygrer, as the ‘Tech-
nology-curve coefficient’.

C. Requirements and assumptions

The model requires the link budget to be known for a single
set of conditions, typically OOK for a particular data rate and
BER. Also, it requires the variation in transmitter power with
bandwidth and that in receiver sensitivity with bandwidth
(using bandwidth to determine the noise and collection area as
dependent variables). For the ‘Technology-curve’ based design
method, the assumptions are that (i) the transmitter bandwidth
power variation follows a power law, (ii) the receiver aperture
is over-filled by the illumination from the transmitter, so that an
increase in receiver area causes a proportionate increase in
power, (iii) bandwidth of the receiver is mainly limited by the
detector capacitance, and reduction in bandwidth creates an
increase in detection area inversely, (iv) receiver noise consists
of signal dependent shot-noise and signal independent amplifier
noise, as well as signal independent ambient light noise.

These assumptions are reasonable and valid for many
practical cases. ‘Technology-curve’ enables a holistic design
method, rather than referring to particular devices. If we
consider various device and system parameters, the shape
and/or the slope of the ‘Technology-curve’ may change.
Therefore, it may not be able to express the device constraint
with purely the single system parameter ‘Ksysem’. However, if
it is possible to describe the change in available SNR with
bandwidth mathematically, or even graphically, ‘Technology-
curve’ based optimisation still works.

III. OPTIMISATION USING THE TECHNOLOGY-CURVE

A. Holistic design

Fig. 2 shows the available SNR (SNR g, ) from the technol-
ogy-curves and the required SNR (SNRmod) according to the rel-
ative BW for selected modulation schemes. SNRyoq and rela-
tive BW are normalised with respect to those of OOK as follows:
L-level pulse amplitude modulation (L-PAM) [8] and L-level
pulse position modulation (L-PPM) [8], Asymmetrically
clipped optical orthogonal frequency division multiplexing
(ACO-OFDM) [15], and a symbol-spaced zero-forcing deci-
sion-feedback equaliser in bandlimited Gaussian channel
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Fig. 2. Relative SNR and BW from Technology-curves and various communication schemes for a BER of 1073, for the same data-rate
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Fig. 3. (a) Optimum number of bits for L-PAM, and (b) achievable SNR margins from Technology-curve with different Ksystem

(Equaliser) [16]. Detailed implementation methods and proper-
ties of the schemes can be found in the references. Fig. 2 also
shows the technology-curves for different values of Kgysiem.

These are also normalised to OOK, setting SNRo and BWy to
the values required for OOK (assuming a bit-rate equal to BW,
and an SNR of 9.8 dB for a BER of 103). It can be seen that,

depending on Kgen and the dominant noise process (signal
dependent or independent) there is a considerable increase in
available SNR as the BW reduces. This is due to the
characteristics of the transmitter and receiver devices as
characterised by Kysem. However, the decrease in BW requires
more complex multilevel modulation schemes to keep the data



rate constant, and the required SNR increases as shown in the
required SNR points for L-PAM and ACO-OFDM scheme. The
purple lines indicates the required SNR when the equaliser is
applied to the L-PAM scheme. Knowing the margin between
the available and required SNR allows an optimum modulation
scheme to be chosen.

Fig. 3 (a) shows the optimum number of bits per symbol for
L-PAM. The optimum level maximising the SNR margin is
chosen, given various technology-curve coefficients. Fig. 3 (b)
shows the maximum achievable margins for different Kysiem at
these optimum, given 0 dB margin for 2-PAM. Using the Kys.
em=23 curve for the signal independent noise case the largest gap
between the L-PAM curve showing the required SNR and the
dotted red line showing Ksysem Occurs for 32-PAM, indicating
that for a system which had 0dB margin for OOK, the margin
had increased to close to ~20 dB for 32-PAM operating at 5
bits/symbol and a bandwidth of 1/5 of that required for OOK.
(This margin is obtained by the extra emission power, increased
collection area and lower noise due to reduced receiver band-
width.) It can be used to either improve the geometric charac-
teristics of the link (such as coverage area), the robustness, or
increase the rate. This approach assumes a variable device set,
and if bandwidth is fixed the available SNR is known and anal-
yses of the type in [8] are appropriate to determine the maxi-
mum rate.

B. (Example-1) Optimisation using the holistic design.:
Information broadcasting system using a white LED (WLED)
illumination.

In this example, multiple sources broadcast the same infor-
mation and a single detector is used for signal reception. The
aim is to find the optimum device-communication scheme pair
and predicting the maximum achievable data-rate. The total lu-
minous flux, the layout of WLEDs and the divergence angle are
designed to generate an illumination level > 400 lux in a typical
room [17]. As this is a requirement, the total source power is
fixed and 4,=0.

Table 1. Information broadcasting system design

“Given conditions below, design the fastest optical wire-
less broadcasting system in a typical room”

Source type WLEDs (phosphor + GaN LED)
[luminance 400 lux

Detector APD: Hamamatsu, S8664 series, K, = 1.69

Type

Additional Blue optical filtering loss: 3 dB
constraints Signal independent noise: 1.5 nA/\Hz [18]

<Step-1> Establish the reference Technology-curve.

Receivers with area-bandwidth relationships corresponding
to Hamamatsu S8664 series detectors are considered, as shown
in Fig. 1 (b). Under the conditions stated in Table 1, using the
SNR equation in (4.2), it is found that the signal independent
noise is dominant. Therefore, the BW and SNR relationship can
be characterised by the Technology-curve with Ky s¢em =1.69
as below.

SNR

gain

= ABW_ - stem = ABWG 338 (6)
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Fig. 4. Relative SNR and BW to find the optimum communication
scheme and device pair using Technology-curve

<Step-2> Determine the scheme with the best margin.

Fig. 4 shows the technology-curve and the reference OOK
scheme. The reference SNR is 9.8 dB (for a target bit-error-rate
of 10 and bit-rate=BW). It can be seen from Fig. 4 that 8-PAM
offers a 4 dB increase in margin, ACO-OFDM 10 dB, and
equalised 4-PAM 20 dB.

<Step-3> Identify the optimum device and scheme pair and the
maximum data-rate.

So far, the results are independent of any link geometry,
bandwidth, and are purely a function of the technology used for
transmitter and receiver-the only link specific assumption made
is that there is sufficient SNR (9.8 dB) to support an OOK link,
and that bit-rate=BW. The final stage is to apply the general
result and obtain real device parameters. The equalised 4-PAM
uses 1/10 the BW of OOK, and the 20 dB margin found in Step-
2 can be used to increase the reference OOK data-rate. This is
achieved using the conditions in table 1 and applying equation
(4.2) to find the actual OOK SNR and finding the data rate at
which this is -10.2 (= 9.8 - 20) dB, 412 Mbit/s in this example.
This means although 412 Mb/s OOK using 412 MHz BW can-
not be supported as it is, reducing the device BW to 41.2 MHz
creating a 20 dB SNR gain recovers the SNR. Hence, the 412
Mb/s equalised 4-PAM using 41.2 MHz BW works with 0 dB
of margin. This data-rate is almost 3 times that of the reference
OOK case where the 9.8 dB SNR (for BER=10") is achieved at
140 Mb/s. The optimum detector size (27 mm?) is also found
for the BW of 41.2 MHz from Fig. 1 (b). As the channel band-
width is known, the final step in the design is to fix the number
of sources required using power-bandwidth data of the type
shown in Fig 1(a).

C. (Example-11) Finding the optimal device from limited
choices

In reality, commercially available receivers have a limited
selection of size, gain and noise (A4, Gr and Njyg), so it can be



difficult to find real devices with precisely optimum values. The
concept of Technology-curve based analysis, however, can still
be helpful to find the optimal devices by visualising supportable
communication schemes and corresponding SNR margins. In
this example, a method to choose the optimal receiver from two
candidates in a point-to-point link is described. Although it is
possible to compare more than two candidates, two were chosen
due to the availability of the experimental devices. The target
and device properties are summarised in Table 2.

Table 2. Point to point link design

“For a 10 Mb/s point-to-point link,
find the optimal receiver and L-PAM pair, leading to the min-
imum required irradiance”
Wavelength: 650 nm
BW: 100 MHz
. RC-LED Pretep: 1| mW
Transmitter RC-LED: 1 T
(RC650) Irradiance by link-
distance (See Fig. 7)
BW: 10 MHz
. Adetector: 7.3 mmz
Receiver-I[19] G 3.5x 10° V/W
. Ning: 1.1x10° V2/Hz
Receiver
candidates BW: 3.6 MHz
Adetector: 150 1’1’11’1’12
Receiver-11[20] G 2.5x 103 V/W
Ning: 1.1x107° V2/Hz
Additional Margin for 1.5 dB (optical)
requirement | +- 45 degree FOV 3 dB (electrical)

For this example, a resonant cavity LED (RC-LED) with
radiant power (Prc.Lep) of ImW is considered. There are two
candidate receivers with different BW and the effective area as
shown in Table 2. The target is to find the optimal receiver and
L-PAM pair, leading to the minimum required irradiance for 10
Mb/s point-to-point link. The design steps are as follows.

<Step-1> Establish the reference Technology-Curve.

Since the selection of the device is limited, stair-like curves
are drawn in Fig. 5. The clear trade-off between BW and SNR
of the two candidates shows that receiver-II (indicated with ‘0”)

has 23 dB more SNR than receiver-I (with ‘¢’), whilst having
a 1/3 the BW of receiver-I.

<Step-2> Determine the scheme and device pair with the high-
est margin.

The modulation schemes under the curve can be supported
by either of the devices, and the difference between the curve
and the SNR requirement represents the margin. For instance,
receiver-I at point (a) can support only OOK, but receiver-II at
(b) can support 8,16 and 32-PAM for the same data-rate. The
scheme leading to the highest margin is chosen to be optimal,
which is 8-PAM in this example.

<Step-3> Find the minimum required irradiance with the addi-
tional requirement of +- 45 degree FOV.

Since the optimum scheme-receiver pair (8-PAM with re-
ceiver-II) is known, the minimum required irradiance with the
additional margin for the FOV requirement can be calculated.

dB O Receiver|
50 & Receiver I
\ L-PAM
Supportable schemes and margin:
32-PAM (1dB margin)
40 16-PAM (6dB margin)
8-PAM (11dB margin)

64

00K

Required SNR (for schemes)
Available SNR (by technology curve)

(a)

Region supported i, Region supported
by Receiver Il by Receiver |

0

0.1 0.2 0.3 0.5 1
Relative Bandwidth

Fig. 5. Relative SNR and BW for L-PAM and Technology-curves to
choose the best receiver for the target in Table 2

The irradiance level leading to a 25 dB SNR (22 dB for 8-PAM
and 3 dB for FOV) is derived to be 0.01 W/m?. Therefore, alt-
hough using OOK with receiver-I acquires only ~2 dB SNR
from the same irradiance level, the optimum pair can construct
a reliable communication link meeting the target.

To experimentally validate this, first, the irradiance vs dis-
tance (Fig. 6 (a)) from an RC-LED with a collimating aspheric
lens (Fig. 6 (b)) is measured. It is shown that at 20 m, an irradi-
ance of 0.01 W/m? is achieved. Then, using an arbitrary wave-
form generator (Agilent 81150) modulating the RC-LED with
random bit-sequences encoded to 2-PAM (OOK) and 8-PAM.

(c) Receiver|
OOK (10Mb/s)

T imePeny,
e,

10°

(d) Receiver I
SPAM (10Mb/s)

Irradiance (W/m?)

107 *
10 15 20 25
Link distance (m)

Fig. 6. (a) Measured irradiance (W/m?) by link distance, (b) picture
showing the transmitter based on RC-LED, (c¢) measured 10Mb/s
OOK eye-diagram using Receiver I and (d) 10 Mb/s 8-PAM eye-dia-
gram using Receiver II.



After capturing the received signal from an oscilloscope (Ag-
ilent MSO6104), the performance of the two receivers at 10
Mb/s is tested. As predicted in the optimisation process, whilst
the receiver-I with OOK shows a complete eye-closure in the
eye-diagram (Fig. 6 (¢)) the receiver-I1I with 8-PAM shows a
clear eye-opening (Fig. 6 (d)). This is mainly due to the re-
ceiver-II receiving ~20 times more signal compared to the re-
ceiver-1. There was no error in the bits decoded from the 8-PAM
signal. From the received signal statistics, the SNR margin for
10 BER is calculated to be ~3 dB, which is in a good agree-
ment with the predicted value.

IV. CONCLUSIONS

For the optimum design of an OWC system, a comprehensive
modelling approach is essential. This paper achieves this by in-
troducing a ‘Technology-curve’ which shows the relationship
between SNR and BW for a particular device technology set.
Previous work such as [8] compare modulation schemes by an-
alysing the bandwidth and power requirements. To complete
the optimisation, however, available resources such as SNR and
bandwidth provided from devices must be included. To the best
of our knowledge, for the first time, a method to incorporate the
available resources in the modelling with an effective and intu-
itive way using a single parameter was introduced. Further, it
was shown that the optimum communication scheme is strongly
dependent on transmitter and receiver capabilities represented
by the ‘Technology-curve’, and specific examples of optimal
link design were presented to validate the approach. Future
work includes i) advancing the Technology-curve model by ac-
commodating more practical constraints such as device dy-
namic range and frequency dependent noise, and ii) adding
more communication schemes such as other optical-OFDMs,
multi-input-multi-output (MIMO) and wavelength division
multiplexing (WDM) schemes.
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