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Abstract. In this paper, a novel optical orthogonal frequency division
multiplexing (O-OFDM) scheme based on real-imaginary coeflicients sep-
aration is proposed for visible light communications (VLCs) to mitigate
nonlinear distortion of light-emitting diodes (LEDs). In the proposed
scheme, the transmitted signal in the frequency domain does not need
to be Hermitian symmetric, and real and imaginary parts are separated.
Signals are introduced to keep the clipped information due to the high
peak to average power ratio of OFDM, and a procedure to recover the
clipped information is proposed. The transmit strategy and receive algo-
rithm of the proposed scheme are presented in detail. Simulation results
show that compared with traditional O-OFDM schemes, the proposed
scheme can achieve better bit error rate performance under LED nonlin-
ear constraints and reduce the requirement for the linear dynamic range
of LEDs.
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1 Introduction

Optical wireless communications which employ light-emitting diodes (LEDs) as
transmitters and photodiodes (PDs) as receivers have received increasing atten-
tion in both academia and industry due to its inherent high efficiency and secu-
rity [1]. Intensity modulation and direct detection (IM/DD) is the most com-
monly used scheme in optical wireless communications [2,3]. In IM/DD systems,
the transmitted signals must be nonnegative, and most radio frequency (RF)
modulation schemes cannot be directly used.

Recently, orthogonal frequency division multiplexing (OFDM) has been
employed in visible light communication (VLC) systems to compat inter-symbol
interference (ISI) and achieve high spectral efficiency. To statisfy the requirement
in IM/DD system, a number of O-OFDM schemes have been proposed. The
simplest method is direct-current biased optical orthogonal frequency division
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multiplexing (DCO-OFDM) [4]. Asymmetrically clipped optical OFDM (ACO-
OFDM) [5], unipolar OFDM (U-OFDM) [6] and flip OFDM [7] can achieve
higher power efficiency than the conventional DCO-OFDM at the expense of
losing half of the spectral efficiency. In [8], a real and imaginary coefficients
separation OFDM (RIS-OFDM) scheme, which is based on real and imaginary
coefficients separation, is proposed in multiple-input multiple-output (MIMO)
systems with better performance and lower complexity.

However, there is one common in all of the above schemes that they did not
consider the nonlinear distortion by LEDs [9]. By applying a digital predistortion
[10], the nonlinear transfer characteristic of LEDs can be modeled as double-side
clipping. Unfortunately, the linear region of LEDs is still not large enough in a
practical scenario and the nonlinear distortion is still a serious problem which
degrades the system performance due to the high peak-to-average-power ratio
(PAPR) of O-OFDM. ACO-OFDM specified recoverable upper clipping system is
introduced in [11], which fully utilizes the structure of ACO-OFDM to mitigate
the nonlinear distortion at the expense of increasing the receiver complexity.
Also, its spectral efficiency is low due to the inherent characteristics of ACO-
OFDM. In polar OFDM (P-OFDM) [12], a polar coordinate transformation is
conducted with abilities to acheive relatively high spectral efficiency and better
bit error rate (BER) performance under practical conditions of fixed power and
LED nonlinear constraints.

In this paper, we develop a novel O-OFDM system based on real-imaginary
coefficients separation and recoverable clipping to mitigate the nonlinear dis-
tortion due to LEDs. The proposed system fully utilizes the structure of coef-
ficients separation and dynamic range of LEDs. Simulation results show that
the proposed scheme achieves better BER performance under LED nonlinear
constraints and reduces the requirement for the linear dynamic range of LEDs
compared with DCO-OFDM, ACO-OFDM and P-OFDM.

The rest of the paper is organized as follows. In Sect. 2, the simplified LED
nonlinear model is given. The transmit strategy and receive algorithm of the
proposed scheme are described in detail in Sect. 3. Then simulation results are
presented and discussed in Sect. 4. Finally, Sect. 5 concludes this paper.

2 Nonlinear Model of LED

Because of the p-n junction and the saturation effect of the LEDs, there is a
nonlinear relation between the input and the output of the LEDs. However, by
applying predistortion techniques [10], The nonlinear transfer characteristic of
LEDs can be modeled as double-sided clipping. The simplified LED model in
[13] is employed in this paper, and can be expressed as

I, x < I,
G[l‘]: x, IL<(E<IH, (1)
IH,$<IH

where G [-] denotes the simplified LED nonlinear model, and [I1,, I ] is the linear
region of LED.
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To quantify the dynamic range of LEDs, the clipping ratio (CR) is defined
as [12]

Iy -1 DR
CR (dB) = 10log g ——= = 10log g2, (2)
opt

opt

where Py is the transmitted optical power and DRygp denotes the dynamic
range of the LEDs.

3 Proposed O-OFDM Scheme

In this section, a novel O-OFDM system based on real-imaginary coefficients
separation and recoverable clipping is proposed to improve BER performance
when the linear region of LED is constrained.

3.1 Transmitter

The block diagram of the proposed system is illustrated in Fig. 1. At the trans-
mitter, the modulated information symbols are only mapped onto the odd sub-
carriers and the even subcarriers are set to zero. Then, the complex data signal
in the frequencey domain X = [0, X(1),0, X (3)---,0, X (N —1)] is input into the
inverse fast Fourier transform (IFFT) module, where N is the size of IFFT. In
contrast to schemes such as ACO-OFDM, X dose not need to be Hermitian sym-
metric. After IFFT, the time domain signal z(n) has odd symmetry property,
that is

N N
x(n)ziaj(n+?);n:071323”'35717 (3)
where x(n) is complex.

Due to the odd symmetry, half of the output signals can be considered as
redundant information which can be employed to separate the real and imaginary
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Fig. 1. Block diagram of the proposed system
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parts of x(n) = xr(n) + jzr(n), where zr(n) and x;(n) are real, and the real
and imaginary parts of x(n), respectively. The process is described as
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Fig. 2. P1 and P, versus DRrgp /o when DC = (Ig + I1)/2

Although the signals x5,(n) can be transmitted after adding the DC bias, it
will suffer severe clipping distortion due to the dynamic range of LEDs. There-
fore, we introduce z.(n) to make the clipped information recoverable. However, if
we keep all clipped information, z.(n) will be as long as z,,(n), which will cost
too much. Fortunately, the structure of real-imaginary coefficients separation
provides us a better solution. Note that the possibility of zg(n) and 2;(n+ %)
being clipped at the same time follows

1 Iy-DC 2
P = 1——/ e 2dxr| , (5)
V7o Ji,—pe

where o2 is the variance of X (k). Figure2 plots P, and P, versus DRygp/o,
where DC is set to the middle of the linear range of the LEDs, P, denotes the
possibility of zr(n) being clipped, and the possibility of z;(n+ %) being clipped
is equal to Ps. It can be seen that when DRy gp/o > 2, the possibility of zg(n)
and xy(n+ %) being clipped at the same time is smaller than 0.025, which is very
small. Therefore, we can just keep one of the clipped information by comparing
the absolute value, and the larger one will be kept. To recover the original signal
successfully at the receiver, the polarity of z.(n) will be determined by which
part was clipped from, e.g. when it is clipped from xg(n), z.(n) will be positive,
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otherwise, when it is clipped from x;(n + %), x.(n) will be negative. As can be
seen that the length of z.(n) only need to be % since the structure of coeffi-
cients separation is fully utilized. The recoverable clipping reposition process is
illustrated as Fig. 3, which can be mathematically expressed as

—ler(n)], ler(n)] <fex(

_ Jler(n)l, ler(n)| = ler(n)]
ze(n) = { n)| (6)

where n = 0,1,2,-- -, % — 1, eg(n) and e;(n) denotes the clipped information
of zr(n) and x;(n) respectively, which follow

l‘R(ﬂ) - )\maxy .QTR(TL) > )\max

eR(n) = 07 )‘min < JIR(’II) < )\max (7)
.’L’R(n) - )\mirn .I‘R(Tl) < >\min

Z](’I‘L + %) - )\maxa IIZ[(TL + %) > /\max

er(n) =40, X HSI](TL*F%) < Amax , (8)
.73](7’7, + %) - )\min7 l'j(n + %) < Amin

where Apax = Ig—DC, Apin = [ —DC andn =0,1,---, %71. After the recov-
erable clipping procedure, the signals transmitted by LED can be expressed as

[ Glzep(n) + DCY, 0<n<N-1
xt(n)_{G[wc(n—N)+DC].N§n§?’év—l' )

AT FIT

-le,(10)]

Fig. 3. Example of recoverable clipping procedure

Due to the property of z.(n), the optical transmitted power of the system
do not change and appoximately equals to DC, which is the same as that of
DCO-OFDM [14].
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3.2 Receiver

Additive white Gaussian noise (AWGN) channel is assumed in this paper, and
the received signal y(n) is expressed as

y(n) = z:(n) +w(n), (10)

where w(n) is the Gaussian noise component. After removing the DC-bias, define
the corresponding received sample group as

’7(”) = (yl(n)ayQ(n)ayc(n))a (11)

where y1(n) = y(n) — DC, y2(n) = y(n+ %) —DC, y.(n) =y(n+ N)—DC and
n=0,1,2,---, -1

According to y.(n) and (6), it can be determined where the clipped signal
comes from, for example, from xg(n), or from x;(n + %) or neither of them
are clipped. Then, whether y.(n) should be added or subtracted is determined
by the polarity of its corresponding part. Therefore, for a given corresponding
sample group 7(n), there are four decision regions, which can be described as

J Ye(n) =0, Ye(n) <0,
b {@n(n) >0; 77 {ya(n) > 0;
. yp(n) >0, . yc(n) <0,
Dy {yl(n) < 0; ’ {yg(n) <0.° (12)

After the decision region of (n) has been determined according to (12), the
corresponding recovery procedure is

.. (iR

~ ~ _ Yy1(n) — Yeln),y2(n)),v(n) € Do

Gt 9145 = (). o) + we(m)r(m) € Dy (1)
(31(n).92(n) — o(n)). 7(n) € Dy

wheren =0,1,2,--- | % —1. It should be noted that, due to AWGN, the polarity
of z.(n) may be changed and thus lead to error detection when determining
which part it belongs to. However, this situation only happens when z.(n) is
very small or zero thus carrying few clipped information. Therefore, the system
performance may not be significantly affected, and the effect is also investigated
further in the next section.

Then the real-imaginary combination block will be performed according to
(3) and (4), the output is

@(n):{gR(n)_jgf(”JF]zV), <n<f-1

0
~ - 14
=5 ¥ o

IA
=
|

After that, the receiver applies FFT, and signals can be demodulated.
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The spectral efficiency of the proposed scheme is given by

N

2
roposed — —= o M
Tlproposed N % T No g2 (M)

= — 1] M 1
S e o), (15)

where M is the modulation order of the modulated subcarriers, and N, is the
length of cyclic prefix (CP). The spectral efficiency of DCO-OFDM is shown as
[15]

N -2

_ = ———log,(M). 16
IDCO-OFDM 2(N + Nep) g2 (M) (16)
Campared with DCO-OFDM, half of the spectral efficiency is lost in ACO-
OFDM [14]. Since no Hermitian symmetry is needed in P-OFDM, its spectral
efficiency is expressed as [15]

N
_ = ——— log,(M). 17
P—OFDM 2(N+Ncp) go (M) (17)
When N is great, we can get
Nproposed ~ g"?ACO—OFDM
2 2
~ 37IDCO-OFDM ~ Z7P—OFDM- (18)

4 Simulation Results

The performances of the proposed scheme, DCO-OFDM, ACO-OFDM, and
P-OFDM are campared in this section. In the simulations, N = 128, Pgec =
E[X?(k)] is normalized to 1, and Py is equal to 30 dBm, i.e. DC' = 1, to satisfy
the illumination requirement. I, is set to zero. The AWGN channel is considered,
and Ng, = 0. To achieve the same data rate, 4-QAM is used in DCO-OFDM
and P-OFDM, and 8-QAM and 16-QAM are employed in the proposed system
and ACO-OFDM, respectively. A scaling factor is used for ACO-OFDM and
P-OFDM to achieve the required optical power level [13].

The BER performances of the four O-OFDM scheme are shown in Fig. 4,
where CR=3dB. At the BER of 1073, the proposed system achieves sig-
nificant performance gain of about 5.2dB and 3.2dB over DCO-OFDM and
P-OFDM, respectively. For ACO-OFDM, it even cannot work under this cir-
cumstance because of the severe nonlinear distortion. It can be seen that when
SNR is relatively low, the proposed system achieves no performance gain com-
pared with DCO-OFDM, while for high SNR, the proposed system outperforms
DCO-OFDM. The reason is that, when SNR is low, the AWGN is the domi-
nant element to affect the system performance instead of nonlinear distortion.
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Fig. 4. BER performance comparison among different schemes when CR =3 dB
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Fig. 5. BER performance versus CR

When SNR increases, which is also the working region for practical systems, the
nonlinear distortion is the dominant and the proposed scheme achieves better
performance. Besides, there is no error floor in the Proposed scheme.

Figure 5 plots the BER performance of the four schemes versus the CR when
Eb opt/No=18dB. As shown in Fig.5, for the proposed scheme, P-OFDM and
DCO-OFDM, the BER performance degrades dramatically with the decrease of
the CR when the CR is smaller than a threshold due to the insufficient dynamic
range. But all of the curves will converge to a BER floor when the CR is large
enough. The observed BER floor is mainly determined by the level of the noise.
For a target BER of 1073, the requirement for the CR of the proposed system
is approximately 2.4 dB, while that of DCO-OFDM is 3.3 dB. For ACO-OFDM,
CR should be greater than 5.5dB. Therefore, the requirement for CR of the
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proposed scheme is successfully reduced by 0.9dB and 3.1dB compared with
DCO-OFDM and ACO-OFDM, respectively. Note that even when CR is large
enough, P-OFDM still cannot achieve the target BER in this environment due
to the influence of the high noise power. It is also shown that ACO-OFDM is
the most susceptible to the impact of the low dynamic range of the LEDs.

It is mentioned that there are two cases when the receiver will detect incor-
rectly: (1) z.(n) is zero and thus y.(n) belongs to neither y; (n) nor yo(n); (2) the
polarity of z.(n) is reversed due to the Gaussian noise. A genie detector which
always makes the perfect decisions is simulated in Fig. 6, where CR =3dB. It is
indicated that, with a genie receiver, there would be a 1dB BER performance
gain. Therefore, the proposed scheme can work well, and is not sensitive to the
incorectness of the polarity of z.(n).

& 10” %
o » A
NS
*A
pE
- A - 4QAM Proposed A « *
107} = # = 4-QAM Genie detecor |\ .\ \ 'S
~——d— 8-QAM Proposed SR AN
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10” : ¥
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Fig. 6. BER performance comparison with a genie detector under CR =3dB

5 Conclusion

A novel O-OFDM scheme based on real-imaginary coefficients separation and
recoverable clipping procedure has been proposed in this paper to mitigate the
nonlinear distortion due to LEDs. The proposed scheme fully makes use of the
structure of coefficients separation and considers the dynamic range of LEDs.
In the proposed scheme, the transmitted signal in the frequency domain dose
not need to be Hermitian symmetric, and real and imaginary parts of the time
domain signal are separated. Compared with DCO-OFDM, ACO-OFDM, and
P-OFDM, the proposed scheme can achieve better BER performance under LED
nonlinear constraints and reduce the requirement for the linear dynamic range
of LEDs The proposed O-OFDM is a promising scheme to be implemented in
practical VLC systems.
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