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Index Time Division Multiple Access
(I-TDMA) for LiF1 Systems

Hanaa Abumarshoud and Harald Haas
LiFi Research and Development Centre, Institute for Digital Communications, School of Engineering
University of Edinburgh, King’s Buildings, Mayfield Road, Edinburgh, EH9 3JL, UK
Email: {hanaa.abumarshoud, h.haas}@ed.ac.uk

Abstract—As a key enabling technology for next generation
wireless connectivity, light fidelity (LiFi) is envisioned to support
seamless multi-user access. In this paper, we propose a novel
time-domain based multiple access scheme referred to as index
time division multiple access (I-TDMA). Our results indicate
that I-TDMA provides significant spectral efficiency enhancement
compared to ordinary TDMA in a two-users scenario, with
minimal added hardware and computational complexity.

Index Terms—LiFi, visible light communication, multiple ac-
cess, spectral efficiency.

I. INTRODUCTION

Light fidelity (LiFi) has been shaping up to be a promising
solution to a fully networked optical wireless connectivity.
Utilizing visible light communication (VLC) for downlink
transmissions, LiFi attocells use the untapped license-free vis-
ible part of the electromagnetic spectrum to form an additional
network layer capable of supporting and complementing the
conventional radio frequency (RF) networks. To this end, LiFi
attocells are expected to provide multiple mobile users with
high data-rate simultaneous network access [1].

Different multiple access schemes have been proposed
for LiFi systems, including time division multiple access
(TDMA), carrier sense multiple access (CSMA), space di-
vision multiple access (SDMA), code division multiple ac-
cess (CDMA), orthogonal frequency division multiple access
(OFDMA) and non-orthogonal multiple access (NOMA) [2].
TDMA provides a straightforward method for multi-user ac-
cess in LiFi systems, where the LiFi attocell allocates distinct
time slots to different users, allowing interference-free trans-
missions with reduced achievable spectral efficiency [3]. In
CSMA [4], the LiFi attoccell continuously senses the channel
prior to transmission in order to avoid possible collisions. Nev-
ertheless, it was shown that CSMA-based systems are highly
susceptible to the hidden terminal situation which results in
significant degradation in the achievable system performance.
Also, CSMA involves significant signalling overhead needed
for request-to-send/clear-to-send (RTS/CTS) symbols.

SDMA-based LiFi attocells, are capable of simultaneously
serving multiple users using the full spectrum and time-
resources [5]. This is achieved by replacing the single-element
transmitter with an angle diversity transmitter, which con-
veys separate beams to users existing in different locations.
While SDMA provides considerable spectral efficiency gain
compared to TDMA, it has the disadvantage of increased

computational complexity due to the need for careful design
of the angle diversity transmitter, as well as user-grouping
algorithms. Moreover, SDMA fails to operate in scenarios
where users are located at adjacent positions due to the high
inter-channel interference (ICI).

CDMA-based systems, exploit optical orthogonal codes
(O0C) to allow simultaneous network access for multiple
users. The corresponding achievable spectral efficiency is,
however, limited by the large size and poor correlation char-
acteristics of the OOC sequences [6] . In the same context,
OFDMA can provide spectrum-efficient multiple access by
sharing the available spectrum resources based on orthogo-
nal frequency division multiplexing (OFDM) [7]. It is well-
known that there are no fast fading characteristics in the VLC
transmissions, which implies that high signal-to-noise (SNR)
statistics exist at low-frequency subcarriers. As a result, ap-
propriate user-scheduling techniques are needed in OFDMA-
based LiFi systems to ensure fairness among users. Moreover,
the attained spectral gain comes at the expense of complicated
processing at the transmitter and receiver terminals to perform
the IFFT/FFT operations and cyclic prefix addition as well as
Hermitian symmetry and clipping techniques required due to
the nature of the VLC channel. NOMA is another spectrum-
efficient scheme that has been recently proposed for LiFi
systems [8]. It is based on multiplexing users in the power
domain so that each user can utilize the full spectrum and
time resources. The superior spectral efficiency enhancement
offered by NOMA comes with an inevitable degradation in
the corresponding error performance due to the reduction
of received signal-to-interference-and-noise ratio (SINR) at
users’ terminals [9], [10].

In this paper, we propose a novel multiple access scheme,
denoted as index TDMA (I-TDMA), which multiplexes users
in the time domain in a manner similar to TDMA. The pro-
posed I-TDMA harnesses the randomness of data sequences
in order to create a new degree of freedom [11]. This allows
considerable spectral-efficiency gains compared to TDMA
with minimal added circuitry that keeps it of low-complexity
compared to the other multiple access schemes discussed
earlier. The main characteristics of the proposed I-TDMA
scheme can be summarized as follows:

¢ Time-domain multiple access with significant spectral

efficiency enhancements compared to TDMA.

e Minimal added complexity that involves using an XOR

adder at transmitting and receiving terminals.





o I-TDMA can be dynamically adapted to match the users
individual data-rate requirements by changing a single
parameter.

The remainder of this paper is organized as follows: Section
IT illustrates the system and channel model. Section III de-
scribes the proposed I-TDMA scheme. Simulation results and
related discussions are presented in Section IV, while Section
V concludes the paper.

II. SYSTEM AND CHANNEL MODEL

We consider an indoor LiFi system with a single access
point (AP) that simultaneously serves two users located within
its coverage area, by means of the proposed - TDMA scheme.
The line-of-sight (LOS) path gain from the AP to user U; is
given by:

b = Ro(0i)Tu(0:)g(9i) cos(i), 0 < ¢y < e n

’ 0, (bi > ¢c
where A; is the receiver photo-detector (PD) area, d; repre-
sents the distance between the AP and the i-th user, ¢; is
the angle of emergence with respect to the transmitter axis,
¢; is the angle of incidence with respect to the receiver axis,
¢ is the field of view (FOV) of the receiving PD, T(¢;) is
the gain of optical filter and g(¢;) is the gain of the optical
concentrator, which is expressed as:

e 0<¢; < e
;) = sin?(¢.) 2
9(¢i) {0’ b > o, 2

where n denotes the corresponding refractive index. Moreover,
R,(p;) in (1) is the Lambertian radiant intensity of the LED,
which is calculated as:

(m+1)

Ro(pi) = om

cos™ (¢3), 3)

where m is the order of Lambertian emission, expressed as:

)
™= Tncos(pr2))” @

with ¢y /5 denoting the LED semi-angle at half power. At the
user terminal, the received signal at time, ¢, can be written as:

yi(t) = vhi(t) PLepzi(t) + niy )
where ~ is the detector responsivity, Ppgp is the LED total
transmit power and n; denotes zero-mean additive white
Gaussian noise (AWGN) with variance:

2 _ 2 2
Opn = 0in t Oty (©)

where ash and afh are the variances of the shot noise and
thermal noise, respectively [12].

III. THE PROPOSED SCHEME

I-TDMA allows two users to be multiplexed in the time
domain, taking into account the spectral efficiency require-
ments of each user. A new degree of freedom is exploited to
allow the transmission of the information-bearing signal, si,
for U; in a much smaller number of effective time slots. This,
in turn, produces vacant time slots that are used to convey
information to Usy. Fig. 1 shows the block diagram of the
transceiver front-ends, let s;(¢) denote the b data bits of s; to
be sent over the VLC link to U; during the symbol duration
t, a b-order sequential number generator (SNG) is used at
the transmitter to generate a binary sequence, gr(t), which is
fed into a bitwise XOR adder together with s;(¢). The output
of the XOR adder is used to determine whether the symbol
duration ¢ will be used to convey information for U; or U,
by checking the following condition:

gr(t) @ s1(t) € Ay, @)

where X3 = {0,...,M — 1} contains the M constellation
symbols of the modulation scheme associated with U;. If (7)
is satisfied, z1(t) = gr(t) ® s1(t) is transmitted conveying
data to U;. However, if (7) is not satisfied, no transmission is
intended for U; and the communication channel is utilized
for the transmission of x5(t) intended for Us. Hence, the
transmitted signal at any time ¢ can be represented as:

z5(t)
Two conventional M-order and N-order modulators are
used at the transmitter for generating the constellation symbols
of the signals of U; and Us, respectively, where M < 2° and
N is arbitrary. At U;, when the symbol duration, ¢, is intended
for a U; transmission, an M -order demodulator recovers 21 (t)
from the received signal, y;(¢). A total of b — log, (M) zeros
are added to £ (¢) at the most significant bits before it is fed
into a bitwise XOR adder together with a binary sequence,
g1(t), which is synchronized with gp(¢) at the transmitter.
The resulting symbol:

51(t) = g1(t) ® #1(t), )

is the information-bearing symbol of interest. Thus, a b-bits
symbol has been conveyed to U; via the transmission of a
log, (M) bits symbol, where log, (M) < b. When the symbol
duration, ¢, carries a transmission intended for Us, the received
signal at Us, denoted as y»(t), is directly decoded to recover
Zo(t). An example of how information may be communicated
using [-TDMA is depicted in Table I. The modulation order
of the two users is assumed to be 4, i.e., M = N = 4.
The bit stream s; is intended to be transmitted to U; and
is divided into 3-bits symbols, i.e., b = 3, while the bit stream
9 compromising 2-bits symbols is intended to be transmitted
to Us. In time slot ¢1, the XOR operation s1(t1) @ gr(t1)
yields 110 which does not satisfy the condition in (7). Hence,
no transmission is intended to U; and time slot ¢; is used
to transmit a symbol to Us. For time slot to, the sequence
gr(t2) is updated and an attempt is made again to transmit
the same symbol to Uy, i.e., s1(t2) = s1(t1) = 101. The

(7) is satisfied
otherwise.

®)





TABLE I
TRANSMISSION SCENARIO

b=3 s1 =101 111100110011 000 100 ...
~~
N=4 | z2=_11 0110001110011110...
~~
M =4 | X, ={00,01,10,11}
time slot t1 to ts tq ts te tr ts to t10
s1(t) 101 | 101 | 111 | 100 | 110 | 011 | 00O | 100 | 100 | 100
gr(t) 011 | 100 | 101 | 110 | 111 | 000 | 001 | 010 | O11 | 100
gr(t) ® s1(t) 110 | 001 | 010 | 010 | OO1 | O11 | 001 | 110 | 111 | OOO
transmit to Uy ? no yes | yes | yes | yes | yes | yes no no yes
x1(t) - 01 10 10 01 11 01 - - 00
transmit to Uz? | yes | no no no no no no | yes | yes | no
x2(t) 11 - - - - - - 01 10 -
. X0 5,0
A e ) i | :
b-order SNG basisr X0
modulator
g,
b-order SNG
s,(t)
(1) satisfied? Tx front-end
N-order X0 A o
modulator y,(0) Neorder Xt
{<}7 Uz frontend B jemodulator
Fig. 1. Transmitter and receiver front-ends of the proposed I-TDMA scheme

XOR operation is performed on s;(t2) and gr(t2) and the
resulting symbol 001, which is equivalent to 01, falls within
X1, so x1(t2) = 01 is transmitted to U;. At the receiver, Uy
recovers the 2-bits symbol &1 (t2) = 01 and adds zeros at the
most significant bit to perform the XOR operation 001 & 100
which yields the information symbol s;(t2) = 101. Hence,
a 3-bits information symbol is conveyed to U; at ¢y via the
transmission of a 2-bits symbol. The procedure is repeated for
the information-carrying symbols in the bit stream. It can be
seen that in this particular example a total of 27 information
bits have been conveyed to both users over 10 time slots via
the transmission of 2-bits symbols, while ordinary TDMA can
transmit only 20 information bits over the same period using
the same modulation order. It is worth noting that, by varying
the values of b, M and N, it is possible to change the data
transmission rates for U; and Us and the respective spectral
efficiencies as will be discussed in Section IV.

A. Users Scheduling

We have discussed so far how a b-bits data sequence could
be conveyed using log, (M )-bits symbol, where log, (M) < b.
Since the proposed idea is based on the randomness of the data
sequences, users time scheduling is not fixed. Hence, there
is a need for a mechanism to convey the users scheduling
information so that each user knows when a transmission is
intended to it. To this end, we assume that the proposed I-
TDMA scheme utilizes power domain multiplexing to convey
the index of intended user. As a result, the transmit signal can
be expressed as:

y(t) = Pi7(t) + Pox(t), (10)

where 7(t) caries an OOK symbol in which levels 0 and
1 indicate U; and U,, respectively. Also, P, > P, and
Pi? + P,? = P2, with Pupp being the total LED transmit
power. Hence, after decoding the scheduling signal 7(¢), the
user can determine if the current symbol is intended to it. If
this is the case, successive interference cancellation (SIC) is
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Fig. 2. Achievable data rate of the proposed I-TDMA scheme compared to
TDMA for different values of b.

implemented by subtracting 7(¢) and decoding the data symbol
x(t). The power levels allocated to the scheduling signal and
data signal are determined based on fixed power allocation
strategy, which is commonly used for power-domain multi-
plexing in non-orthogonal multiple access [10]. In fixed power
allocation, power levels can be determined as P, = aP;, with
a denoting the power allocation factor (0 < o < 1).

IV. RESULTS AND DISCUSSIONS

In this section, we present Monte Carlo simulation results
to validate and evaluate the proposed I-TDMA scheme. If not

otherwise specified, simulation parameters shown in Table II

are used.
TABLE II
SIMULATION PARAMETERS
Description Notation Value
LED power PLED 025 W
bandwidth B 20 MHz
transmitter semi-angle ©1/2 30 deg
FOV of the PDs Pe 45 deg
physical area of PDs A 1.0 cm?
refractive index n 1.5
gain of optical filter Ts() 1.0
responsivity ol 1 A/W
power allocation factor @ 0.3
TABLE IIT
SPECTRAL EFFICIENCY ENHANCEMENT OFFERED BY I-TDMA
Case b m 72 MNtotal ToNtotal
M =4, 3 1.50 b/s/Hz | 1.00 b/s/Hz 2.5 b/s/Hz 25%
N =4 4 | 1.60 b/s/Hz | 1.20 b/s/Hz | 2.80 b/s/Hz 40%
5 | 1.11 b/s/Hz | 1.56 b/s/Hz | 2.68 b/s/Hz 33%
M—4 3 | 1.50 b/s/Hz | 1.50 b/s/Hz 3 b/s/Hz 20%
N=¢ 4 1.60 b/s/Hz | 1.80 b/s/Hz | 3.40 b/s/Hz 36%
5 | 1.11 b/s/Hz | 2.33 b/s/Hz | 3.44 b/s/Hz 38%
M=s 4 | 2.00 b/s/Hz | 1.50 b/s/Hz | 3.50 b/s/Hz 17%
N =8 5 | 2.00 b/s/Hz | 1.79 b/s/Hz | 3.79 b/s/Hz 27%
6 | 1.33 b/s/Hz | 2.33 b/s/Hz | 3.66 b/s/Hz 22%

First, we study the effect of varying the parameters M, N
and b. We consider a single transmitting LED that serves two
user terminals, namely U; and Uy, by means of I-TDMA.
Table III shows the individual and total achievable spectral
efficiencies as well as the percentage of spectral efficiency
enhancement compared to using TDMA for the same M
and N values. As shown, for given M and N values, the
spectral efficiencies of the two users can be dynamically
adapted by changing the number of bits, b, taken as an input
to the XOR operation. Also, it is evident that the proposed
scheme provides spectral efficiency enhancement compared
to TDMA. For example, for the case of M = 4, N = 4,
both users would exhibit a spectral efficiency of 1 b/s/Hz
under TDMA with a total system spectral efficiency of 2
b/s/Hz. Yet, the proposed I-TDMA scheme always exceeds
the expected achievable system spectral efficiency with up to
40% improvement for the case of M =4, N =4, and b = 4.

Next, we compare the achievable data rates of the proposed
I-TDMA and ordinary TDMA. Fig. 2 shows the achievable
data rates of the two users as well as the sum rate when the
modulation order of both users is set to M = N = 4, under
different values of b. As expected, -'TDMA exhibits lower
data rates compared to TDMA in low SNRs. This is due to
the SIC process which allows the user to decide whether the





current symbol is intended to it or not. It is well known that
SIC does not perform well in low SNR scenarios due to noise
enhancement that limits the probability of correct decoding
of the first step and the resulting error propagation. Also,
since the first detection step in SIC carries user scheduling
information, I-TDMA could be susceptible to high detection
errors in low SNR regimes. It is recalled, however, that VLC
links typically operate in high SNR scenarios due to the
short separation between the optical front-ends as well as the
existence of dominant LOS path. Consequently, [-TDMA has
the potential to allow high spectral efficiency gains in LiFi
networks. As shown in Fig. 2(a), when b = 3 bits is used,
I-TDMA outperforms ordinary TDMA in terms of the sum
rate for SNR values higher than 35 dB with about 25% rate
enhancement, which is in line with spectral efficiency values
shown in Table III. Moreover, it is noted that the data rate of
U; in I-TDMA is higher than TDMA, which is predictable
given that U; is capable of receiving a higher number of
bits per transmitted symbol in I-TDMA given successful SIC.
Also, the achievable data rate of Uy in I-TDMA is lower than
TDMA since Us receives the same number of bits per symbol
in both schemes and is prone to SIC errors in I-TDMA. Fig.
2(b) shows a better scenario, where b = 4 bits is used. It is
evident that increasing the number of bits taken as input to the
XOR operation allows for higher achievable sum rates. Also,
it is noted from Fig. 2(b) that using b = 4 results in both users
having higher rate performance compared to the corresponding
TDMA results, with U; still having better rate performance
than Us. Fig. 2(c) shows the scenario when Us is prioritized
over Uy, which is realized by choosing a higher number of data
bits to be input for the XOR operation, i.e., b = 5. This implies
that more data bits are conveyed to U; at a certain symbol
duration which, in turn, increases the total time dedicated
for Uy transmissions, yielding high data rate performance at
U,. It is noted that regardless of the way [-TDMA allocates
the time resources among the two users, it always exceeds
the expected achievable rate region of TDMA in the high
SNR region. Furthermore, I-TDMA provides the advantage of
being adaptive to the spectral efficiency requirements of the
individual users by only changing the value of b.

Finally, we investigate the error performance of the pro-
posed I-TDMA scheme. Fig. 3 shows the symbol-error-rate
(SER) versus the achievable data rate for two-user scenario. It
is clear that I-TDMA provides significant rate enhancement
compared to TDMA for a given SER value in high SNR
scenarios. For example, using b = 4 bits results in about 40%
rate enhancement compared to TDMA for SER values lower
than 1072

V. CONCLUSION

This paper presented the idea of -TDMA; a novel multiple
access scheme that provides significant spectral efficiency
enhancement compared to TDMA. Simulation results showed
that the proposed scheme can achieve up to 40% spectral effi-
ciency enhancement for a two-users scenario in the high SNR
regime. We believe that an extension to higher modulation

orders as well as the optimization of the number of bits taken
as input to the XOR operation will reveal further substantial

improvements in the data-rate region of time-domain based
multiple access systems.
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Fig. 3. SER performance for the proposed I-TDMA scheme compared to
TDMA.

ACKNOWLEDGEMENT

We gratefully acknowledge support from the Engineering
and Physical Sciences Research Council (EPSRC) under grant
EP/P003974/1 (INITIATE). Professor Haas acknowledges sup-
port from the EPSRC under Established Career Fellowship
grant EP/R007101/1.

REFERENCES

[1] H. Haas, L. Yin, Y. Wang, and C. Chen, “What is LiFi?” Journal of
Lightwave Technology, vol. 34, no. 6, pp. 15331544, March 2016.

[2] D. Karunatilaka, F. Zafar, V. Kalavally, and R. Parthiban, “LED based
indoor visible light communications: State of the art,” Commun. Surveys
Tuts, vol. 17, no. 3, pp. 1649-1678, 2015.

[3] Q. Mao, P. Yue, M. Xu, Y. Ji, and Z. Cui, “OCTMAC: A VLC based
MAC protocol combining optical CDMA with TDMA for VANETS,” in
2017 International Conference on Computer, Information and Telecom-
munication Systems (CITS), July 2017, pp. 234-238.

[4] S. K. Nobar, K. A. Mehr, and J. M. Niya, “Comprehensive performance
analysis of IEEE 802.15.7 CSMA/CA mechanism for saturated traffic,”
IEEE J. Opt. Commun. Netw., vol. 7, no. 2, pp. 62-73, Feb. 2015.

[5] Z. Chen and H. Haas, “Space division multiple access in visible light
communications,” in Porc. IEEE International Conference on Commu-
nications (ICC), June 2015, pp. 5115-5119.

[6] M. Shoreh, A. Fallahpour, and J. Salehi, “Design concepts and perfor-
mance analysis of multicarrier CDMA for indoor visible light commu-
nications,” IEEE J. Opt. Commun. Netw., vol. 7, no. 6, pp. 554-562,
June 2015.

[7]1 B. Lin, X. Tang, Z. Ghassemlooy, C. Lin, and Y. Li, “Experimental
demonstration of an indoor VLC positioning system based on OFDMA,”
IEEE Photon. J., vol. 9, no. 2, pp. 1-9, Apr. 2017.

[8] H. Marshoud, V. M. Kapinas, G. K. Karagiannidis, and S. Muhaidat,
“Non-orthogonal multiple access for visible light communications,”
IEEE Photon. Technol. Lett., vol. 28, no. 1, pp. 51-54, Jan. 2016.

[9] L. Yin, W. O. Popoola, X. Wu, and H. Haas, “Performance evaluation of

non-orthogonal multiple access in visible light communication,” IEEE

Trans. Commun., vol. 64, no. 12, pp. 5162-5175, Dec. 2016.

H. Marshoud, P. C. Sofotasios, S. Muhaidat, G. K. Karagiannidis,

and B. S. Sharif, “On the performance of visible light communication

systems with non-orthogonal multiple access,” IEEE Trans. Wireless

Commun, vol. 16, no. 10, pp. 6350-6364, Oct. 2017.

D. A. Basnayaka and H. Haas, “A new degree of freedom for energy

efficiency of digital communication systems,” IEEE Trans. Commun.,

vol. 65, no. 7, pp. 3023-3036, July 2017.

T. Komine and M. Nakagawa, “Fundamental analysis for visible-light

communication system using LED lights,” IEEE Trans. Consum. Elec-

tron., vol. 50, no. 1, pp. 100-107, Feb. 2004.

[10]

(11]

[12]






Registration: http://www.ieeevtc.org/vtc2019spring/registration.php
Final Paper Submission: http://www.ieeevtc.org/vtc2019spring/final-submission.php
Visa support: http://www.ieeevtc.org/vtc2019spring/visa.php

Any additional comments on your paper can be found on the TrackChair site at the URL at the
top of this email. Please take any new comments into account where appropriate in preparing
your final manuscript.

Note that it is the VT Society policy that each paper must have either a full IEEE member or
non-member registration (not a student registration). Authors submitting more than one paper
must pay a full registration for the first paper, plus an extra paper charge for each additional

paper.

Thank you for submitting your paper to VTC2019-Spring. We look forward to seeing you in
Kuala Lumpur!

Rodney Clint Keele, IEEE VTS / The University of Oklahoma

http://www.trackchair.com/account/43331
This message was sent using TrackChair.


http://www.ieeevtc.org/vtc2019spring/registration.php
http://www.ieeevtc.org/vtc2019spring/final-submission.php
http://www.ieeevtc.org/vtc2019spring/visa.php
http://www.trackchair.com/account/43331

