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Abstract— Generalized light emitting diode (LED) index
modulation (GLIM) has been proposed as an effective multiple-
input multiple-output (MIMO) orthogonal frequency division
multiplexing (OFDM) scheme for visible light communications
(VLC) systems. In this letter, we propose a magnitude and wrap-
phase OFDM (MW-OFDM) scheme for MIMO VLC systems.
The proposed MW-OFDM system relies on the conversion of
complex signals into polar form with the magnitudes and wrap-
phases to decrease the restriction on the number of LEDs
compared to the conventional GLIM-OFDM. Furthermore, max-
imum likelihood and best linear unbiased estimators of the
proposed scheme are derived. The proposed MW-OFDM scheme
improves the average bit error rate and provides a significant
reduction in the decoding complexity, compared to the GLIM-
OFDM. Moreover, a half number of LEDs are required for
the proposed scheme to deliver the same spectral efficiency in
a comparison with the GLIM-OFDM. Numerical results are
presented over MIMO VLC channels to elaborate the superiority
of our proposed scheme.

Index Terms— Visible light communications, multiple-input
multiple-output, orthogonal frequency division multiplexing,
maximum likelihood estimator, decoding complexity.

I. INTRODUCTION

ISIBLE light communications (VLC) is a new wireless
technology which has been proposed as a complemen-
tary or alternative solution to radio frequency-based coun-
terparts. VLC has distinct advantages such as operation in
unlicensed spectrum, high energy efficiency, and high data
transmission rates [1]. The VLC systems utilize light emitting
diodes (LEDs) at the transmitter side to deliver the informa-
tion, whereas the photodetectors (PDs) are used at the receiver
side. Thus, LEDs can be used for wireless transmission
purposes in addition to their basic purpose of illumination.
VLC systems build upon intensity modulation and direct
detection due to LEDs’ characteristics [2]. Therefore, initial
studies for the VLC systems are focused on simple modula-
tion techniques, such as on-off keying and pulse modulation
techniques, to deal with the limitations of LEDs [3]. However,
the selectivity of the VLC channels significantly deteriorates
the VLC system performance due to severe inter-symbol
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interference (ISI). This motivates the use of optical orthogonal
frequency division multiplexing (OFDM) techniques, such
as DC-biased optical OFDM (DCO-OFDM), asymmetrically
clipped optical OFDM (ACO-OFDM) and unipolar OFDM
(U-OFDM), to overcome the ISI [2, Ch. 12], [4]. In DCO-
OFDM, ACO-OFDM and U-OFDM, the Hermitian symmetry
of the fast Fourier transformation (FFT) is required to obtain
a bipolar signal. To solve the bipolarity problem, the DCO-
OFDM utilizes the DC bias subsequent to the inverse FFT
(IFFT) operation. Whereas the ACO-OFDM eliminates the DC
bias at the expense of sacrificing half of the spectral efficiency,
compared to DCO-OFDM. In U-OFDM, the positive and
negative samples of the bipolar signal, resulted from the IFFT
operation, are transmitted separately into two different OFDM
frames [5]. As a result, the U-OFDM achieves a better bit error
rate (BER) at the expense of sacrificing half of the spectral
efficiency in a comparison with the DCO-OFDM. In [6]-[8],
the polar OFDM (P-OFDM) technique has been proposed for
single-input single-output VLC systems, where each complex
sample resulted from IFFT is converted into magnitude and
wrap-phase to be transmitted sequentially, which limits the
spectral efficiency. The P-OFDM achieves twice of spectral
efficiency compared to the ACO-OFDM, and improves the
energy-efficient of the VLC systems. The concept of using the
magnitude and phase transmission through the multiple LEDs
has been studied for single-carrier VLC systems in [9]-[11].

Recently, generalized LED index modulation (GLIM) has
been proposed as a promising scheme for multiple-input
multiple-output (MIMO) OFDM VLC systems [12]-[14].
In the GLIM-OFDM scheme, the real and imaginary parts of
complex samples are transmitted from separate two groups
of LEDs and only one LED is active from each group.
In other words, the GLIM-OFDM utilizes the index modu-
lation concept for the active LEDs to transmit the real and
imaginary parts of complex OFDM signals, where the indices
of active LEDs indicate the sign of both parts. At the receiver
side, the GLIM-OFDM utilizes a conditional maximum a
posterior probability (MAP) estimator to estimate those real
and imaginary parts. The GLIM-OFDM scheme achieves a
higher spectral efficiency and better BER performance than
the existing MIMO OFDM schemes since it does not require a
Hermitian symmetry or DC bias. However, the GLIM-OFDM
scheme suffers from a restriction on the number of LEDs,
where it requires four LEDs to transmit one sample. Moreover,
the signs of the real and imaginary values are estimated by
considering all possible active LED pair scenarios which leads
to an increase in the complexity of the VLC systems.

In this letter, we propose the so-called magnitude and wrap-
phase OFDM (MW-OFDM) scheme for MIMO VLC systems.

1558-2558 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: ULAKBIM UASL - KOC UNIVERSITY. Downloaded on July 11,2021 at 04:55:50 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-1243-3941
https://orcid.org/0000-0001-5566-2392
https://orcid.org/0000-0001-5945-0813

AL-NAHHAL et al.:

Information
bit-stream

M-QAM

Modulator LALLL

Estimated
bit-stream

M-QAM N-FFT

Fig. 1. Block diagram of the proposed MW-OFDM for MIMO VLC system.
We derive the maximum likelihood estimator (MLE) and
the best linear unbiased estimator (BLUE) for the proposed
scheme. The proposed MW-OFDM decreases the restriction
on the number of LEDs and achieves better BER performance
in comparison to GLIM-OFDM. This is made possible by
exploiting the conversion of a complex sample into its polar
form with a magnitude and a wrap-phase. As a result, the pro-
posed MW-OFDM requires a half number of LEDs to obtain
the same spectral efficiency as well as decreases the decoding
complexity, compared to the GLIM-OFDM.

The rest of the letter is organized as follows: Section II
presents the system model for the proposed MW-OFDM
scheme. In Section III, we derive the MLE and the BLUE,
and present the decoding complexity analysis for the proposed
scheme. Section IV presents numerical results to evaluate and
demonstrate the superiority of our proposed scheme compared
to the existing schemes in the literature. Finally, concluding
remarks are provided in Section V.

II. MW-OFDM SYSTEM MODEL

The block diagram of the proposed MW-OFDM scheme for
a P x L MIMO VLC system is presented in Fig. 1, where P
and L are the number of PDs at the receiver and LEDs at the
transmitter, respectively. In the proposed MW-OFDM scheme,
N log, (M) information bit-stream is modulated using M -ary
quadrature amplitude modulation (M-QAM), where N rep-
resents the number of the OFDM subcarriers and M is
the modulation size. Subsequently, the modulated symbol is
directly processed by the IFFT operation without using the
Hermitian symmetry. After parallel-to-serial (P/S) operation,
each complex OFDM sample resulting from IFFT, i.e., xx, k =
0, ..., N —1, is converted into polar form with a magnitude
of 1, = |z, and a wrap-phase of z, o = arg(zy) € [0, 27].
Then, the resultant magnitude and wrap-phase of each OFDM
sample are transmitted simultaneously through LEDs.

The received signal y = [y1, ..., yp]T € RE*L over Px L
MIMO VLC channel is given by

y =Hx+w, (1)
where H = [hy, ..., hy] € RP*L is the MIMO VLC
channel matrix and h; is the [-th columnof H, [ =1, ..., L.
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The elements of H are given by h, ; which represents the
channel gain of the VLC wireless link between p-th PD and
[-th LED, where =1, ..., Land p=1, ..., P. Here, x =
(@10, @10, -, Trjoms Tr2e]T € REXD s the transmitted
vector with magnitudes of x;, and wrap-phases of ;¢ for
the OFDM samples for i = 1, ..., L/2, and []"denotes
the transpose operation. In (1), w € RP*! represents the
vector of real-valued additive white Gaussian noise samples
and each element has zero-mean and variance of o2, Thus, (1)
becomes

y=hizi, +hoxig+...+hp q2p)0, +hrrppe+w

L2
= Z (hoi—12 r + hojwig) +w.

i=1

)

As an example, assume that the k-th complex OFDM sam-
pleis z;, = —1.5+ 32 for L = 2. In the proposed MW-OFDM
scheme, x, is converted into a polar form with a magnitude of
Tk, = 2.5 and a wrap-phase of xj, g = 2.2143 rad. Therefore,
the transmitted vector takes the form of x = [2.5 2.2143}T.
On the other hand, the transmitted vector for GLIM-OFDM
is x = [01.52 O]T. Consequently, the proposed scheme
achieves spectral efficiency of log, (M) bits per channel
use (bpcu) with a half number of LEDs, compared to the
GLIM-OFDM.

The average electrical received signal-to-noise ratio (SNR)
is given by [12], [13]

1 | PL 2
e($33 )

p=11=1

Y= 3)

where ¢ denotes the electrical-to-optical conversion factor that
is taken as a unity and I represents mean optical intensity that
is emitted from LEDs. The M-QAM constellation is assumed
to be normalized in order to have unit-energy symbols [13].

The magnitudes and wrap-phases follow the Rayleigh dis-
tribution and uniform distribution, respectively. Consequently,
the average value of I in (3) can be obtained as

E[zk ] + E [zk,0]

I = ,
2

“)
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where |E [-] denotes the expectation operator. Thus, the average
value of [ is

1 [e'e] 2 1 2
= 5 [/0 x%exp (—%) dx, + %/0 xedxe]

1 0
_§< §+7T>. 5)

To ensure that the magnitudes and wrap-phases of the
OFDM samples stay within the dynamic range of the LEDs,
2k, and 29 are scaled as [7]

Ty . = S1Tkr TR g = S2Th,0, (6)
where zj . and xj , are the scaled values of xj, and xy 0,
respectivély. Here, s; and s, are the magnitude and wrap-
phase scaling factors, respectively, and expressed as
Imax - Imin Imax - Imin
S1l=——F 1 2= — 7> @)
max {zx,, } max {9}
where I, and I,,;, define the maximum and minimum LED
current, respectively. Thus, after normalization, the value of [

in (3) becomes
1 ™
I_§<81\/;+827T>. (8)

III. MW-OFDM ESTIMATOR ANALYSIS
In this section, the MLE and BLUE are derived for the
proposed MW-OFDM. Moreover, the decoding complexity is
analyzed and compared to the GLIM-OFDM schemes.

A. Maximum Likelihood Estimator

Let A = [z14y ..., acL/QJ]T define the set of magni-
tudes of transmitted OFDM samples. Furthermore, let © =
[T1,6, ..., TL /2,9]T denote the set of wrap-phases for trans-
mitted OFDM samples. Consequently, (2) can be rewritten as

y=H,A+Hy0 +w, )

where H,. and Hy are the odd and even columns of H, respec-
tively. Therefore, the MLE for A and © can be obtained as

{/i, é} = arg max p(y[4, ©),

where p(y |4, ©) is the probability density function (PDF)
of y, given A and ©, and considering that A and © are
independent. Since the PDF of y given A and © is N (H, A+
Hy0, 012”), and after simple manipulations, the MLE in (10)
becomes

(10)

{/i, @} = arg I/Ill’iélMMLE (4, ©), (11)
where MME(A; ©) is MLE metric that is defined as
MMEE (4, 0) = |ly — H, A + Hy0|>. (12)
Using ||a]|® = aTa, (12) becomes
MME (4, 0) =y'y + ATHIH, A + 6" HyH,©
+2A"THIHyO — 2y"H, A — 2y"HyO. (13)

Taking the derivative of MME(A] ©) in (13) with respect
to A and © and setting the results to zero, the MLE can be
formulated as

x(MLE) — [A~1p] " (14)
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where [z]* := max([0, z]) and X = [A O]" is the vector of
estimated magnitudes and wrap-phases. In (14), A and b are
calculated as

A = |:HIHT HIHG

_ T T,1T

After this point, the estimated magnitudes A ‘and wrap-
phases O are converted into complex samples as Aexp(JO).
Subsequently, the classical steps of the OFDM, such as the
serial-to-parallel (S/P), FFT operations and M-QAM demod-
ulator are used to obtain the estimated information bit-stream.

B. Best Linear Unbiased Estimator

As a low complexity alternative, we also consider the BLUE
which does not require the knowledge of a complete PDF. The
BLUE can be obtained by using only the knowledge of the
mean and covariance of the PDF [15, Ch. 6]. To find the BLUE
of x := [A O], the received signal model in (9) should be
reformulated in a general linear model as

y = Hx + w, (16)
where H := [H, Hg], w ~ N(0,02I),0 = [0 ... 0]
denotes a zero vector and I represents the identity matrix.

Following the Gauss-Markov theorem in [15, Ch. 6] the BLUE
of x can be expressed as

~ ~\ 1 ~ *
s - [(fo20 ) EGED Y] L an

It is worth noting that the BLUE for a general linear
model and Gaussian data is identical to the minimum variance
unbiased (MVU) estimator [15, Ch. 6]. On the other hand,
the MLE for linear model and Gaussian data attains the
MVU estimator [15, Ch. 7]. Consequently, the BLUE in (17)
achieves the same BER performance as the MLE in (14).
Howeyver, the difference between the MLE and BLUE is that
the MLE requires the knowledge of the complete PDF while
the BLUE requires only the mean and covariance of the PDF.

C. Decoding Complexity

In this subsection, the decoding complexity of the conven-
tional GLIM-OFDM schemes in [12]-[14] is compared to the
proposed MW-OFDM scheme. The decoding complexity can
be measured by the required number of real additions and
real multiplications [13]. In our complexity analysis, the sub-
traction and division operations are respectively considered as
equivalent to addition and multiplication operations.

For the benchmarking 4 x 4 GLIM-OFDM in [12], [13],
the overall real multiplications and additions are respectively
calculated as

Mul4><4 GLIM = (24P + 68) N, (18)

Addyxa gL = 24PN. 19)

The overall required operations for the 8 x 8 GLIM-OFDM
in [14] are respectively expressed as

Mulsys gLm = (656 P + 594) N, (20)

Addgxs gLiv = (592P + 304) N. 1)

For the proposed MW-OFDM, the cost of forming A and
b in (15) for N OFDM subcarriers requires P(L? + L)N
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real multiplications and (P —1)(L?+ L) N real additions. For
solving an L x L linear system equation utilizing the Gauss
elimination, the required operations of real multiplications and
additions are (L3+3L?—L)/3 and (3L3+3L?—5L)/6, respec-
tively [16]. Consequently, the overall real multiplications and
additions for P x L MW-OFDM in (14) can be respectively
given as

1 1
Mulyw = §L3N +(P+1)L°N + (P - §> LN, (22)
1 4 1\ ., 11
Addww = SI°N + (P =5 ) I°N+ (P = | LN. (23)

As a performance metric to demonstrate the saving in the
decoding complexity of the proposed MW-OFDM over the
existing ones, we define the reduction ratio as

|C= CECMW|% ,
where Cyw represents the decoding complexity (i.e., multipli-
cations or additions) of the proposed MW-OFDM scheme, and
C= denotes the decoding complexity of the compared scheme
with = € {4 x 4 GLIM-OFDM [12], [13], 8 x 8 GLIM-
OFDM [14]} using (18)-(23). For example, for P = 4 and
L = 2, the reduction ratio is calculated as I' = 80% using
the proposed MW-OFDM scheme compared to 4 x 4 GLIM-
OFDM in [12], [13]. The reduction ratio becomes I' = 96%
using the proposed scheme with P = 8 and L = 4 in
comparison with 8 x 8 GLIM-OFDM in [14].

I = (24)

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, BER performance comparisons of the pro-
posed MW-OFDM scheme using the MLE given in (14) and
conventional GLIM-OFDM schemes using the MAP estimator
are provided with respect to the average electrical received
SNR given in (3). In addition, the BER performance of the
MIMO U-OFDM scheme is included in the comparisons.
BER results comparisons versus the average received SNR
are presented for different spectral efficiencies (in bpcu) over
MIMO VLC channels. The number of the FFT subcarriers
is considered as N = 256 [13] and the channel state infor-
mation is assumed to be perfectly known at the receiver
side. To ensure a fair comparison, a fixed transmit power
is considered for the proposed MW-OFDM and conventional
optical MIMO-OFDM schemes. In other words, the average
value of the emitted optical intensity I for the proposed
scheme and conventional optical MIMO-OFDM schemes are
considered to be equal, and I = 1/2,/7. Consequently, the
values of s; and s, are chosen to be 1/\/§7r and 1/27r3/2,
respectively. The VLC channel matrices for two scenarios of
4 x 4 MIMO setups and one scenario of a 8 x 8 MIMO setup
are given as [5], [13]

0.3489 0.3288 0.3104 0.3288
0.3288 0.3489 0.3288 0.3104
0.3104 0.3288 0.3489 0.3288 |’
0.3288 0.3104 0.3288 0.3489

0.5356 0.6831 0.3838 0.5762
0.3354 0.3440 0.5461 0.5121
0.3414 0.3161 0.5987 0.6031 |’
0.6958 0.5614 0.4428 0.2052

H, =107° x (25)

H, = 107% x (26)
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Fig. 2. BER performance of the proposed MW-OFDM and conventional

optical MIMO-OFDM schemes for 2 (straight), 3 (dashed) and 4 (dotted)
bpcu over channel Hj .
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Fig. 3. BER performance of the proposed MW-OFDM and conventional

optical MIMO-OFDM schemes for 2 (straight), 3 (dashed) and 4 (dotted)
bpcu over channel Ha.

H; = 107°% x

0.377 0.483 0.446 0.523 0.400 0.466 0.273 0.430
0.455 0.407 0.395 0.427 0.384 0.362 0.304 0.141
0.236 0.243 0.300 0.136 0.356 0.384 0.388 0.382
0.316 0.202 0.300 0.119 0.353 0.164 0.349 0.478
0.211 0.206 0.270 0.266 0.327 0.362 0.428 0.426
0.240 0.224 0.285 0.343 0.304 0.338 0.426 0.450
0.391 0.501 0.388 0.413 0.345 0.344 0.312 0.122
0.490 0.397 0.401 0.389 0.350 0.338 0.315 0.153

27)

Figs. 2 and 3 present the average BER performance of the
proposed MW-OFDM with P = 4 and L = 2, compared to
the conventional 4 x 4 GLIM-OFDM in [12], [13] and 4 x 4
MIMO U-OFDM for spectral efficiencies of 2, 3 and 4 bpcu.
In Fig. 2, the BER results of the schemes are provided over
H, given in (25), while Fig. 3 describes the BER curves over
H, given in (26).

It is observed from Figs. 2 and 3 that the proposed MW-
OFDM can achieve much better BER performance compared
to the conventional optical MIMO-OFDM (i.e., GLIM-OFDM
and MIMO U-OFDM) schemes. For instance, at the BER of
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Fig. 4. BER performance of the proposed MW-OFDM and conventional
optical MIMO-OFDM schemes for 4 (straight), 6 (dashed) and 8 (dotted)
bpcu over channel Hg.

1075 in Fig. 2, the required SNR values for the GLIM-OFDM
and MIMO U-OFDM schemes are respectively: 48.5 dB and
61.3 dB in order to provide spectral efficiency of 2 bpcu; 53 dB
and 67 dB for spectral efficiency of 3 bpcu; 55 dB and 69.4 dB
to obtain spectral efficiency of 4 bpcu. Whereas by using the
proposed MW-OFDM scheme, the required SNR values to
obtain 2, 3 and 4 bpcu are decreased to 31, 39 and 43.5 dB,
respectively. This indicates that the proposed scheme can
improve the BER performance by 17.5 dB, 14 dB and 11.5 dB
for spectral efficiencies of 2, 3 and 4 bpcu, respectively,
compared to the GLIM-OFDM. While the proposed scheme
enhances the BER performance by 30.3 dB, 28 dB and 25.9 dB
in a comparison with the MIMO U-OFDM for these reference
bpcu values. In Fig. 3, the proposed scheme enhances the BER
performance to provide these three reference bpcu values at
the BER of 10~ respectively by 11 dB, 7 dB and 4.5 dB in a
comparison with the conventional GLIM-OFDM; and 13.7 dB,
10.5 dB and 9 dB compared to MIMO U-OFDM.

In Fig. 4, we depict the BER performance of the proposed
MW-OFDM scheme with P = 8 and L = 4, compared to
the 8 x 8 GLIM-OFDM in [14] and 8 x 8 MIMO U-OFDM
over Hj3 given in (27). The BER results in Fig. 4 are obtained
for the spectral efficiencies of 4, 6 and 8 bpcu, where two
samples are simultaneously transmitted using 4-QAM, 8-QAM
and 16-QAM, respectively. It can be shown from the results
in this figure that the proposed MW-OFDM scheme achieves
a better BER performance than both the GLIM-OFDM and
MIMO U-OFDM for the same spectral efficiency. For instance,
the proposed scheme improves the BER performance by 11,
7 and 6 dB for the spectral efficiencies of 4, 6 and 8
bpcu, respectively, compared to the GLIM-OFDM scheme.
Whereas the proposed scheme significantly enhances the BER
performance in comparison to the MIMO U-OFDM.

It can be observed from these results that the proposed
scheme significantly outperforms the conventional optical
MIMO-OFDM schemes for different spectral efficiencies and
over different MIMO VLC channels scenarios. Furthermore,
the proposed scheme offers a significant reduction in the
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decoding complexity at a required half number of LEDs
compare to the existing GLIM-OFDM schemes as indicated
in Section III-C.

V. CONCLUSION

In this letter, a novel MW-OFDM scheme has been proposed
to overcome the restriction on the number of LEDs and
enhance the average BER performance in a comparison with
existing GLIM-OFDM schemes. The proposed MW-OFDM
transmits the magnitudes and wrap-phases of the complex
OFDM samples, while a low complexity MLE and BLUE have
been derived. At the same spectral efficiency, the proposed
MW-OFDM scheme can achieve a BER performance improve-
ment up to 17.5 dB and reduce the decoding complexity up
to 96%, while requiring only a half number of LEDs in a
comparison with the existing GLIM-OFDM schemes.
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