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1. INTRODUCTION
The internet-of-things (IoT) [1] relies on interconnecting billions
of devices and is currently being considered as on one of the
main drivers for the information and communication technology (ICT) industry. The fifth generation (5G) wireless networks
regard massive machine-type communications (mMTC) as being one of the core application scenarios along with ultra reliable low latency communications (URLLC) and the extreme
mobile broadband (eMBB) [2]. The mMTC networks deals with
many low-power devices sporadically transmitting low data rate
information in applications such as smart-grid [3], large-scale
environments [4], structure monitoring [5], asset tracking [6],
healthcare [7] and others.
Established IoT radio frequency (RF) communication technologies include WiFi, SigFox, cellular, IPv6 over the low-power
wireless personal area networks (6LoWPAN), ZigBee, Bluetooth,
RF identification (RFID) and Z-wave [8]. In addition, several
alternative technologies at higher bands are being investigated
including optical wireless communications (OWC) [9]. OWC
rely on transmitting information in the visible and infrared (IR)
wavelength ranges over the free space channel in both indoor
and outdoor environments. The OWC technology combines
the very large bandwidth of optical fibers and the flexibility of

RF wireless systems, inherent security at the physical layer, no
interference with existing RF networks and limited adverse effects on the environment and living organisms. These aspects
can be of high practical interest in special environments such as
health-care [10] or industry [11].
OWC use cases in IoT are starting to attract attention including smart manufacturing [12], information proclaiming to the
public [13], underwater IoT [14], intelligent transportation [15]
and health-care [16]. Over the past years, we have seen the focus
shifting from infrared (IR) systems to visible light communications (VLC), where light emitting diode (LED) lamps are used
to provide both illumination and communication. In indoor
applications, VLC is used for the down-link while the up-link
is provided by some other technology [17]. Although WiFi is
a likely candidate, one can reap the full benefits of OWC by
using the IR for the uplinks. Up until now, IR systems have been
considered cooperatively in the down-link [18] or the up-link
for high-speed applications [19]. Considering the growing use
of IoT devices in 5G and potentially in 6G wireless networks,
and the potential use of the OWC technology, it essential to systematically evaluate its performance taking into account many
application scenarios. IoT scenarios include a large number of
interconnected nodes, e.g., sensor nodes (SNs) which will be
battery-powered, thus making the energy efficiency a critical
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factor in order to ensure longer battery replacement time. It is
therefore important to analyze the implications of transceiver
energy consumption. The main contribution of this work is the
evaluation of the hybrid VLC/IR system for low-cost, low-speed
indoor IoT communications in line with the 5G mMTC networks.
We develop physical layer and energy usage models for SNs that
send data to one or several master nodes (MNs) using low-cost
IR LEDs in the up-link while MNs coordinate the SN transmissions at the down-link using VLC. Although similar physical
layer communication models for such systems have been reported in the literature e.g., [2, 20], in this work in addition to
various architectural characteristics such as transceiver positions,
noise sources, etc, we include various application-specific parameters such as the nature and duration of the SN read-out,
node battery life and the duration of the transmit cycle stages.
The proposed complete end-to-end model is implemented in
Python, and is freely available on the web under an open-source
license [21]. For the first time, we consider two scenarios where
the SN transmitters (TXs) are either narrow-beam or wide-beam
and discuss their pros and cons within the context of IoT applications. We show that, the narrow-beam scenario is more suited
for the case where the SNs are placed in fixed locations with
SN/MN alignment being during installation, but at the cost of
higher transmit power PT and the increased energy usage. On
the other hand using wider beams enables higher level of SN
mobility. Using this model, we discuss the performance of the
VLC/IR network in both scenarios. In summary, the work reported here advances the state-of-the-art in the field of OWC by:
i) evaluating the communication performance and energy usage of low-cost VLC/IR for indoor IoT SN scenarios compatible
with mMTC; ii) considering two distinct application scenarios
related to the width of the optical beams; and iii) providing an
open-source platform for further investigations of IoT-related
OWC applications. To the best of authors’ knowledge, no previous works have been reported in the literature covering these
aspects.
The rest of the paper is organized as follows: in Section 2,
we present the VLC/IR system in detail, while in Section 3 we
outline the physical layer model. Section 4 discusses energy
consumption and Section 5 provides indicative results for both
the narrow and the wide-beam scenario considering the multiple access control (MAC) protocol performance as well. Some
concluding remarks are given in Section 6.

2. THE HYBRID VLC/IR SYSTEM
The proposed hybrid system is most suited for interconnecting
battery-powered SNs with MNs in an indoor environment, as
illustrated in Fig. 1a. For the up-link, cost-effective IR LEDs are
used between the SN and the MN, whereas for the down-link,
LED-based VLC is utilized for coordinating SN transmissions
and sending back the acknowledgment signals. The schematic
diagram of the SN subsystems is depicted in Fig. 1b. At the
receiver (RX), we use an optical rejection filter for limiting ambient light noise, a PIN photodiode and a transimpendance
amplifier (TIA). At the TX, the sensor information is used for
intensity modulating the IR LED(s) via the driver circuit. The
node also contains the actual sensor(s) and the micro-controller
unit (MCU). The MCU incorporates all the node intelligence
including deciding when to put the node in a sleep mode in
order to save power.
The MN architecture is similar except for the transmitting
and receiving bands being interchanged. MN uses an LED for
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Fig. 1. (a) The hybrid VLC/IR network architecture and (b)

the SN subsystem.
simultaneous communication and illumination with a sufficient
coverage area to cater for all SNs. Note that in the case of larger
rooms, multiple VLC LEDs can be used to ensure that all SNs are
connected with at least one MN. Depending on the application
considered, SNs could use narrow beam IR LEDs for the up-link,
especially in cases where SNs are placed at fixed locations. In
this case, the MN/SN alignment can be carried out once when
the SN is installed. Alternatively, for SNs with mobility, one
could use wider beam IR LEDs to provide higher tolerance in
the MN/SN alignment at the cost of reduced received power PR ,
i.e., worsened signal-to-noise (SNR) ratio. This requires the use
of IR LEDs with higher PT at the SNs to ensure sufficient SNR.
Note that, angle diversity RXs could also be used to deal with
SN mobility [22].
The MN is connected to the mains and hence there is no need
to consider its power consumption in detail, whereas SNs are
powered by batteries with a limited lifetime, which can be a crucial issue. As stated earlier, in the case of narrow beam IR LEDs,
the required PT will be lower thus leading to a reduced power
consumption and an extended battery life. For wider beam IR
LEDs, the battery life will be reduced due to the higher currents
needed to obtain the same PR at the MN. Here, we consider both
scenarios in greater detail in the following sections.

3. THE PHYSICAL LAYER MODEL
In this section we describe the various aspects of the physical
layer used in our study. We pay particular attention to the spectral characteristics of the SN transceiver shown in Fig. 1b, the
LED power/current characteristic, the channel gain, the noise
contributions at the RX and the estimation of the SNR. We also
provide some indicative mathematical models for describing
several aspects of the system, e.g., the optical power spectrum of
the LEDs, etc. It is relatively straightforward to adapt different
mathematical formulations or data measured experimentally.
A. LED TX

Fig. 2 shows the transmission spectra considered for the SN and
the MN nodes. For the IR LED transmission spectrum of the SN,
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Fig. 2. Normalized transmission spectra for the LEDs consid-

Fig. 3. Polynomial fitting of the inverse power-current charac-

ered.

teristic of an IR LED.

we assume a Gaussian profile ST (λ) ∝ exp(−(λ − λI )2 /σI2 ) with
√
the central wavelength λI = 870 nm and σI = ∆λI /(2 ln 2),
where ∆λI is the full width at half maximum (FWHM) and is
assumed to be 40 nm. For the white phosphorescent LEDs, we
must account for the blue and broader phosphor components
[23]. We model the visible LED spectra as:

obtained by fitting the values with a second-order polynomial.
The coefficients obtained by least-square fitting the curve of
a Vishay TSFF5210 IR LED are: α0 = 5.61 × 10−4 mA, α1 =
5.32mA/mW and α2 = −17.40mA/mW2 .
Note that, Eq. (5) applies for both VLC and IR LED assuming
different polynomial coefficients αi , but as we shall discuss next,
the power-current characteristic is primarily important for the
SNs, since it determines the current drawn from the node’s
battery. The up-link power budget determines the required
optical power at the SNs. Eq. (5) can be used to estimate the
required driving current for the IR LEDs.

ST (λ) ∝ e−(λ−λB )

2

/σB2

+ e−(λ−λP )

2

/σP2

(1)

where λB and λP are the peak wavelengths for the blue and
phosphor components at 470 and 600 nm respectively, while
σB and σP are related to the FWHMs ∆λB and ∆λP of the
√ blue
and the phosphor
component
respectively,
σ
=
∆λ
/
(
2
ln 2),
B
B
√
σP = ∆λP /(2 ln 2). In this work we assume ∆λB = 20 nm and
∆λP = 100 nm. The spectrum matches a typical transmission
spectrum of a warm white LED [23]. The total transmit power is
given by:
PT =

Z ∞
0

ST (λ)dλ

(2)

The radiation pattern of the LED determines the power budget between the nodes. The radiant optical intensity Ie , measured in W/sr, can be modeled using a generalized Lambertian
pattern [24]:
m+1
Ie = PT
cosm φ
(3)
2π
where φ is the angle between the transmission direction and the
direction of maximum transmission nS , m is the order of the
pattern related to the angle of half intensity, Φ1/2 through:
ln 2
m=−
ln (cos Φ1/2 )

(4)

In this work, we assume m = 1 (i.e., Φ1/2 = 60◦ ) for the VLC
TX and two values for Φ1/2 for the IR LEDs: 10◦ for the narrowbeam SN (m ≈ 45) and 60◦ (m = 1) for the wide-beam SN.
The LED power/current characteristic PT = g( ID ) determines the energy usage. At small current values, PT increases linearly with ID , but at higher current, the plot becomes non-linear.
In this work we are more interested on the inverse power-current
characteristic ID = f ( PT ) and use a polynomial approximation:
ID ≈ α0 + α1 PT + α2 PT2 + · · ·

B. Channel gain

Assuming a TX and a RX positioned at rS and rR respectively,
with corresponding orientations along the unit vectors nS and
nR , the channel gain is given as [25]:

(5)

where αi are obtained by least-square fitting. Fig. 3 shows
the power-current plot of an IR LED and the approximation

h ( rR , nR , rS , nS , m ) =

m+1
cosm φ cos θ AR rect
2πR2



θ
FOV


(6)

where
cos θ =

nR · ( rS − rR )
R

(7a)

cos φ =

nS · ( rR − rS )
R

(7b)

R = | rS − rR |

(7c)

and FOV and AR is the field-of-view and area of the RX, respectively. Eq. (6) can be used for calculating the channel gain
for both the up- and down-links. We have made the following
assumptions: (i) a single MN with m = 1, located at the center
of the ceiling rMN = ( L/2, W/2, H ) and the SN is located at
various positions on the floor rSN = ( x, y, 0) of a room with
height H = 3m and length and width L = W = 5m; (ii) the
MN is pointing downwards nMN = (0, 0, −1) and SN is pointing towards the MN, nSN = (rMN − rSN )/|rMN − rSN |; and (iii)
AR = 1cm2 and FOV = π/2 for both the SN and MN. The
simulated channel gain distributions for the down-link (MS to
SN) and up-link (SN to MS) are illustrated in Fig. 4 along the
0 = ( x, x, 0) of the SN plane. Note that, the up-link
diagonal rSN
gain is higher by ≈ 13dB due to the larger m value of the SN TX.
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Rp is considered and the values of the coefficients pi are given
in Table 1. Fig. 6 shows the actual Rp and its polynomial fitting. Note that, outside the wavelength range we have assumed
Rp = 0.
Table 1. Polynomial coefficients [A/W]

p0

p1

p2

p3

p4

p5

1.7

−12.8

36.0

−45.2

27.5

−6.4

Fig. 4. Down-link and up-link channel gain along the diagonal

of the SN plane
C. Optical RX
C.1. Wavelength response

At the RX side, we must account for the spectral response of the
optical rejection filter SR (λ) required to limit ambient light interference. Fig. 5 shows a suitable optical rejection filter response,
which is described by a super-Gaussian of order p = 3 as given
by:

 !
λ − λR 2p
SR (λ) ≈ exp
−
(8)
σR
where λR is the center wavelength, and
√ σR is related to the 10dB
2p
bandwidth BR through σR = BR /(2 ln 10). We assume λR , BR
at 870 and 300, and at 435 and 230nm for the VLC and IR rejection
filters, respectively. These characteristics match reasonably well
with the commercial RXs e.g., Excelitas VTB5051BH and Vishay
BPV10NF. In addition, we also need to consider the wavelength

Fig. 6. Responsivity model assumed in this paper.

C.2. Spectral matching

The received power at the input and output of the optical filter
is given by, respectively:
Pin = hPT

(10a)

PR = hcopt

(10b)

where the coefficient copt is given by:
copt =

Z ∞
0

SR (λ)ST (λ)dλ

(11)

The generated photocurrent is obtained through:
iR = hcel

(12)

where the coefficient cel describes the matching of the transmission spectra ST (λ) to the overall wavelength response
Rp (λ)SR (λ) of the photo-detector and is given by:
cel =
Fig. 5. Normalized optical filter characteristics considered at

the RX side.
dependence of the detector responsivity Rp (λ). In this work, we
have used polynomial fitting on values of Rp of a commercial
silicon PIN photodiode (e.g., Vishay BPV10NF) extrapolated
from the datasheet, which is given as:
i =5

Rp ( λ ) =

∑

i =0


pi

λ
λsc

i
(9)

where the scaling wavelength λsc = 710nm is taken as the middle of the wavelength range between 330 and 1090nm in which

Z ∞
0

Rp (λ)SR (λ)ST (λ)dλ

(13)

Since ST is normalized according to Eq. (2), copt and cel are
proportional to PT . It therefore makes sense to define the normalized coefficients c̄opt = copt /PT and c̄el = cel /PT . In this context,
c̄opt is the fraction of the incident optical power that reaches
the optical filter output while c̄el is the effective responsivity
accounting for the rejection filter of the RX and Rp (λ).
Based on Figs. 2, 5 and 6, we have obtained the values c̄opt
and c̄el as given in Table 2. Also shown is the channel gain,
assuming that the RX is positioned in the middle of the floor
i.e., rSN = ( L/2, W/2, H ). Using the normalized coefficients, we
have:
PR = hc̄opt PT
(14a)
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(14b)

Assuming PT equal to 6W and 25mW for the MN and SN respectively, we have PR = 22.2µW and PR = 2.0µW at the MN and
SN and iR = 6.7µA and ≈ 1µA, respectively.

Table 2. Down-link and up-link parameters

Channel

TX

RX

h

c̄opt

c̄el [A/W]

0.95

0.32

0.99

0.49

down-link

MN

SN

3.53 × 10−6

up-link

SN

MN

8.13 × 10−5

Fig. 8. Ambient light photocurrent Iamb .
C.3. Ambient light shot noise

The optical wireless system performance is mainly impaired
by the natural and artificial ambient light sources including
sunlight, lamps, etc. Depending on the actual environment
conditions, the ambient light power at the RX can be many
orders of magnitude larger than the received signal. Assuming a
surface W such as a window allowing through the ambient light
with spectral irradiance s(r, λ) measured in W/m2 /nm, then
the power spectrum of the ambient light samb (λ) measured in
W/nm at the input of the RX filter is given as [25]:
samb (λ) =

Z
W

h(rR , nR , rS , nS , 1)s(rS , λ)drS

(15)

The total ambient power at the filter output Pamb and the corre-

Fig. 7. Spectral irradiance model for sunlight

Table 3. Ambient light spectral matching

RX

c̄opt

c̄el [A/W]

MN

0.19

0.09

SN

0.46

0.13

Boltzmann’s constant, hP is Planck’s constant and f 0 is the optical frequency. The constant SC is set so that the peak irradiance
is equal to 2W/m2 /nm.
In Table 3, we show the values of c̄opt and c̄el for the ambient
light for the MN and SN RXs obtained as Pamb /Pin and Iamb /Pin ,
respectively, where Pin and Pamb are the ambient light powers
at the input and the output of the optical filter while Iamb is
the generated photocurrent. The MN is less susceptible to the
ambient light noise since its RX operates in the IR range, where
the sunlight spectral irradiance level is much lower. Fig. 8
shows the ambient light photocurrent Iamb assuming an window
1 × 1m located at the south wall, centered at rw = ( L/2, W, H/2)
emitting ambient light with the spectral irradiance shown in
Fig. 7. The RX is again considered at various positions in the
floor with its direction aligned to the MN located at the middle
of the ceiling. Artificial light sources may also contribute in
the ambient light level. Under daylight conditions, we expect
that this contribution will be much smaller than sunlight. For
example in the case considered just after equation Eq. (14b), we
obtained a photocurrent of the order of µA even at a high lamp
power of 6W compared to the order of mAs shown in Fig. 8. The
ambient light-induced shot-noise at the RX has a power spectral
density (PSD) given as:

sponding photocurrent Iamb are determined by:
Pamb =
Iamb =

Z ∞

Z ∞
0

Sshot ( f ) = 2qe Iamb
samb (λ)SR (λ)dλ

(16a)

samb (λ)SR (λ)Rp (λ)dλ

(16b)

0

where qe is the electron charge. For the peak Iamb of 0.46mA in
Fig. 8, we have Sshot = 146pA2 /Hz.
C.4. RX amplifier

Fig. 7 shows the spectral irradiance samb of sunlight adopted
in this paper. We assume a simple black-body radiation model
[26] which is given by:
s ( λ ) = SC

(18)

2hP f 03
1
c2 ehP f0 /kB TB − 1

(17)

where TB is the absolute temperature of the black body, assumed
to be 5800K [26] in our calculations, c is the speed of light, kB is

We next consider the TIA of the RX. Fig. 9a shows a typical
operational amplifier circuit [27] that can be used in the subsequent analysis. In the figure, CD and RD are the resistance and
junction capacitance of the photodiode, respectively while RF
and CF are the feedback resistance and capacitance. The internal
voltage and current noise sources are vn and in , respectively
while the feedback resistance noise is vrn and iR is the generated
photocurrent. Assuming no noise sources, an infinite open-loop
gain for the amplifier and the negative port virtually grounded
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the transimpendance is given as:
Gi = −

vOUT
RF
≈ − ZF = −
iIN
j2π f CF RF + 1

(19)

where iIN is the current at the input of the TIA and ZF is the total
impedance of the feedback circuit. The 3dB bandwidth of the
amplifier is B = (2πCF RF )−1 . To analyze the noise at the output
of the amplifier, we have assumed zero input (iR = 0) and use
Thevenin’s theorem to simplify the feedback circuit as shown in
Fig. 9b. In this figure ZD = RD ||( j2π f CD )−1 and the equivalent
impedance is Zeq = ZF = RF ||( j2π f CF )−1 .
CF

−

iIN
iR

CD

RD

Fig. 10. PSD for various noise components

vrn

RF

in

where Vrms and Irms are the root mean square densities of the
voltage and current noise with the corner frequencies of f cv and
f ci , respectively.
Fig. 10 shows the PSD components
in Eq. (22)√assuming
√
typical values Vrms = 15nV/ Hz, Irms = 400fA/ Hz, RF =
1MΩ and CF = 6.36nF resulting in B = 2.5kHz.

vOUT

vn

+

(a)
veq

Zeq

D. Signal-to-noise ratio

−
ZD

in

vn

vOUT

Assuming a simple on/off keying (OOK) modulation scheme,
the signal to noise ratio can be calculated as:

+

SNR = γ2 =

(b)

Fig. 9. RX TIA: a) full and b) equivalent circuits for noise anal-

ysis
The equivalent and the output voltage are given, respectively
as:

vrn
Z
= F vrn
1 + j2π f CF RF
RF


ZF
Z
= vrn
− in ZF − vn 1 − F
RF
ZD

veq =
vOUT

(20a)

In the last equality we have assumed that ZD  ZF . The PSD of
the amplifier noise in Eq. (21) is obtained as:
Samp ( f ) =

SRF ( f )
S (f)
+ SI ( f ) + V 2
| ZF |
R2F

(22)

where SV ( f ), SI ( f ) and SRF ( f ) are the PSDs of vrn (t), in (t) and
vn (t), respectively. SRF ( f ) is described by a standard white noise
PSD which is given by:
SRF ( f ) = 4kB TK RF

(23)

SI ( f ) and SV ( f ) contain a white and a flicker noise component
and are given by:


f cv
2
SV ( f ) = Vrms
1+
(24a)
f


f ci
2
SI ( f ) = Irms 1 +
(24b)
f

iR
2σn

2
(25)

where σn2 is the total noise power in terms of standard deviation
accounting for both the shot and amplifier noise sources given
by:
Z

σn2 =
Samp ( f ) + Sshot ( f ) d f
(26)
B

where the bandwidth in terms of the data rate Rb is given as:

(20b)

The equivalent input current noise nI = −vOUT /Gi is written
as:


vrn
1
1
vrn
vn
nI =
− in − vn
−
≈
− in −
(21)
RF
ZF
ZD
RF
ZF



B=

Rb
emod

(27)

and emod is the spectral efficiency of OOK which is assumed to
be 0.4b/s/Hz. The bit error ratio (BER) is given by [25]:
Pe = Q (γ)

(28)

where Q is the Marcum-Q function [28] and γ is given by Eq. (25).
This completes the specification of the physical layer model used
in this work.

4. ENERGY USAGE
The estimation of the energy usage is important at SNs, since
they use battery cells to power the sensor, MCU, TX and RX. To
extend the battery life, we need to put each SN in a sleep mode
when no data is being transmitted. Fig. 11 shows a typical cycle
where, following a wake-up period tWU , the MCU reads data
from the node’s sensor for a duration of tRO and then transmits
to the MN for a duration of tRX . Next, the SN waits for the MN
acknowledgment for a period of tTX . The node then enters a
sleep for a period of tSL . The duration of each cycle is:
tCY = tWU + tRO + tTX + tRX + tSL

(29)

The actual values of the currents in Fig. 11 will depend on the
implementation of transceiver circuit and MCU specifications.
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harvesting means in SNs. This can be relevant for SNs with
mobility where energy harvesting methods such triboelectric
generators can be employed [30].

I
tTX
tWU
IWU

tRO
IRO

tRX
ITX

7

5. SYSTEM DESIGN AND PERFORMANCE
tSL

IRX

ISL

In this section, we estimate the performance of the hybrid optical
wireless network based on the physical layer and energy usage
models outlined in Section 3 and 4 respectively. We assume a
threshold BER0 = 10−3 , which is in the range of the forward
error correction limit with γ0 = Q−1 (BER0 ) ≈ 3.1 and SNR0 =
γ02 ≈ 9.8dB. The required transmit power is estimated from the
power budget using Eq. (14b) in Eq. (25) and is given as:

t

Fig. 11. SN cycle.

PT0 =

2γ0 σn
hc̄el

(32)

A. Narrow beam TX for the SNs

Fig. 12. Battery life dependence of a SN with respect to ITX .

[29]. Commercial MCUs may consume as low as ISL ≈ 400nA
in the sleep mode. We assume the following: tWU ≈ 20ms,
tRO ≈ 40ms and IWU ≈ IRO ≈ 1.3mA. The current drawn
during the transmission phase will be mainly due to the LED
and reach as high as 100mA, depending on the LED type and the
required PT . We set ITX ≈ 12 ID + IWU where ID is the drive DCcurrent and the factor 12 reflects equal number of binary one and
zero, with zero power transmission for the zeros. The duration of
the transmission phase for the up-link is tTX = Ldata /Rub , where
Ldata and Rub is the length and the data rate of the transmitted
message, respectively. In the listening phase, we expect IRX to be
approximately equal to the quiescent current of the TIA, which
can be as low as 1µA, and the current drawn from the MCU.
0
Hence IRX ≈ IWU . The listening phase lasts tRX = Ldata
/Rub ,
d
0
where Rb is the data rate of the MN and Ldata the length of the
acknowledgment message.
The charge QCY drawn from the battery in each cycle is given
by:
QCY = iWU tWU + iRO tRO + iTX tTX + iRX tRX + iSL tSL

(30)

If QTOT is the supply battery capacity, then the battery life of
each node is given by:
tBL ≈

QTOT
t
QCY CY

(31)

Fig. 12 depicts the dependence of the battery life with respect
to the current ITX in the transmission phase for two different cycle periods 1, 10, and 60s. We have assumed Rub = Rdb = 1kb/s,
0
Ldata = Ldata
= 200bits, and QTOT = 220mAh, which can be
provided even by a coin-cell battery. From the figure, we clearly
observe the strong effect of ITX on the battery above 1mA. Battery life extension can be achieved using some additional energy

We first consider the narrow beam SN TXs, with Φ1/2 = 10◦
and assuming their directions are aligned with the MN. For
Rub = Rdb = 1kb/s, we determine σn2 using Eq. (26) taking into account Eq. (27), which yields B = 2.5kHz for emod = 0.4b/s/Hz.
We assume a single window as discussed in Section C.3 and
use a simple trapezium rule to calculate Eq. (26). At the MN,
we obtain σn2 = 6.41 × 10−20 A2 , where the dominant contribution is the shot noise (= 6.05 × 10−20 A2 ), which is higher than
that of the amplifier noise (i.e., 3.63 × 10−21 A2 ). In Fig. 13a, we
show the required ID calculated using Eq. (5), along the diagonal
0 = ( x, x, 0). We also show the obtained t
rSN
BL for tCY = 10 and
60s. We note that, the battery life is very long due to the small
ID of the order of 1mA, which are much smaller than currents
drawn from commercial Zigbee and WiFi modules in transmission phase (tenths of mA) [31]. For tCY = 60s (transmission of
one reading per minute), tBL > 700 days for all SNs considered
in the diagonal. The channel gain is higher near the center of
the floor, leading to smaller PT and consequently increased tBL
is increased for the central nodes. For a shorter tCY = 10s (one
sensor reading every 10 seconds) tBL is reduced but still remains
>100 days for all nodes in the diagonal. Fig. 13b shows the
distribution of the SN SNR for the VLC down-link for PT = 1W.
We observe higher SNR values for all positions considered on
the RX plane. Since the VLC MN is connected to the mains and
no battery is used, this implies that the down-link is excellent
throughout the duration of tBL .
In view of potential mMTC applications, it is also interesting
to calculate the maximum number Nmax of devices that can
be connected assuming that the channel utilization approaches
unity, i.e. there are no idle periods between the SN transmissions.
Since each node occupies the channel for an interval of tac =
tCY − tSL per cycle duration tCY , the estimate for Nmax is Nmax =
tCY /tac . Using this estimate, we obtain Nmax ≈ 130 and ≈ 21 for
tCY = 60s and 10s, respectively. Further increases in Nmax can
be obtained by increasing the specified data rate at the expense
of higher PT and hence lower battery life.
B. Wide beam sensor TXs

We now discuss a different scenario where wider beam TXs are
used at the SNs. This has the effect of relaxing the need for aligning the SNs with the MN at the expense of higher transmit power.
We assume that: (i) the order of the SN TX is m = 1 (Φ1/2 = 60◦ );
and (ii) SNs are aligned vertically, i.e., nSN = (0, 0, 1). Fig. 14a
plots ID and tBL for SNs across the floor diagonal. Compared
to the narrow-beam case, ID is now higher, since PT must be increased to compensate for the degraded link budget due to both
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Fig. 13. (a) Required SN driving current and battery life, and
(b) the achieved down-link SNR for the narrow beam sensor
TXs.

Fig. 14. (a) Required SN driving current and battery life, and
(b) the achieved down-link SNR in the wider beam scenario.

6. CONCLUSION AND OUTLOOK
the misalignment between the SNs and the MN and the wider
radiation pattern of the SNs. The values of ID become comparable to the current values in of RF modules [31]. The battery
life is reduced considerably but still remains high enough to be
considered in practical applications especially when tCY = 60s,
where tBL > 100days for all SN positions. The down-link SNR
is plotted in Fig. 14b. The misalignment between the SNs and
the MN degrades the SNR compared to Fig. 13b, but remains
higher than 30dB overall, thus implying excellent coverage at
every position in the SN plane. We also note that, Nmax is the
same with that calculated in Section 5.A since the sensor cycles
are identical.
C. MAC performance

We finally briefly discuss the impact of MAC performance on
the SN battery life. In a typical MAC protocol such as the carriersense multiple access with collision avoidance (CSMA/CA) [32],
we define the normalized (dimensionless) throughput S as the
fraction of time the channel is being used to successfully transmit
the payload bits. Using S, we obtain a more realistic estimate for
tTX = Ldata /(SRub ). As S decreases, tTX increases thus implying
a decrease in tBL . Fig. 15 illustrates the impact of S on SN battery
life for the narrow and wide-beam SNs, assuming tCY = 60s.
The curves labeled (C) and (E) correspond to SNs at the center
and edge of the floor diagonal respectively. The influence of S is
more severe in the wide-beam scenario since ITX is higher and
thus tBL is more sensitive to the duration of the transmission
period tTX . For a typical value of S = 0.8 [32], we obtain a
decrease of 18.7 and 15.7% for the central and edge wide-beam
SNs that reduce to 11.9 and 10.9%, respectively for the narrowbeam SNs.

The results of Section 5 indicate the suitability of the hybrid IR /
VLC network for the low data rate IoT applications compatible
with 5G mMTC. The narrow beam scenario implies an improved
power budget due to the lower free space loss, provided the
transceivers are carefully aligned. As mentioned in the introductory section, this is suitable for applications where the SNs
are placed at fixed locations and alignment is ensured during
installation. On the other hand, the wider beam scenario offers
higher degree of SN mobility. Since we considered commodity
(sub-euro) IR LEDs at low data rates and battery capacities that
can be found in commercial coin cell batteries, we expect that the
cost of implementing the actual SN components will be very low,
thus rendering the solution economically viable. These arrangements can be used in a variety of application scenarios including
hospital or remote patient monitoring, where OWC systems are
embedded in wearables, high-precision location tracking in indoor environments such as malls and exhibits, asset tracking in
warehouses, smart home automation and energy management
systems and others. Depending on the mobility requirements
of these applications the narrow-beam scenario can be considered, which significantly increases the battery life of the nodes.
Although a full-blown comparison with other RF technologies
is out of the scope of this paper, a first comparison indicates
that the hybrid VLC/IR approach can lead to reduced power
consumption (see discussion on Sections 5.A and 5.B), especially
in the narrow beam scenario. Considering the other merits of
OWC and namely zero interference with existing RF networks,
the limited adverse biological effects and the inherent security,
we believe that the VLC/IR system can be a viable candidate for
mMTC IoT applications.
For the evaluations carried out in this paper, we developed
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(a)
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Fig. 15. Impact of S on tBL for: (a) the narrow-beam and the
(b) narrow-beam scenarios. In the legends, (C) and (E) corresponds to SNs at the center or the edge of the floor diagonal,
respectively

a full physical layer communication and power consumption
model and the implementation is available on the web [21] under
an open-source license. The model accounts for the various
architectural parameters including node positioning, transceiver
spectral characteristics, ambient and amplifier RX noise and
the nature and duration of the SN read-out and transmit cycle
stages. The model was implemented in Python, which will
enable other researchers to evaluate this technology in various
specific scenarios. There are several research questions that need
addressing. For one, we need to ascertain that communication
is possible even in the absence of non line-of-sight between the
SN and the MN. This can be achieved due to the multipath
nature of the optical wireless channel. We plan to address this
in a future publication using a ray tracing simulation model
for the impulse response of the channel. We may also consider
scenarios where there are multiple lamps in the room that are
used for MN and each SN communicates with the MN, which
is closer by. We may also consider SNs with multiple IR LEDs
pointing at different directions with a single transmitter being
active, depending on the MN position and orientation. We
briefly touched on the impact of the MAC protocol on the SN
battery life. We plan to address MAC protocols based on time
and frequency division multiple access (TDMA and FDMA) [33]
as part of future research works. Finally, we need to consider the
details of the hardware implementation and demonstrate this
technology in practical use cases.
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