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Abstract— Recent studies have investigated the use of orthogonal frequency division multiplexing
(OFDM) and single carrier frequency-domain equalization (SC-FDE) for Gbps short-range optical
wired and wireless access networks based on direct intensity-modulation with direct detection
(IM-DD). OFDM systems have the inherent high peak-to-average power ratio (PAPR). SC-FDE
systems have lower PAPR, thus outperform comparable OFDM systems in terms of bit-error per-
formance under various practical considerations mainly the limited dynamic-range of operation at
the transmitter. In RF-based OFDM and SC-FDE systems, the output signal is bipolar, complex
and can not be transmitted in IM-DD systems. Therefore, several power efficient schemes, how-
ever spectrally inefficient, have been proposed to make positive OFDM and SC-FDE signals, e.g.
asymmetrically clipped optical OFDM (ACO-OFDM) and repetition and clipping optical SCFDE
(RCO-SCFDE). To increase the data-rate, a novel OFDM and SC-FDE signal formats called polar
OFDM (P-OFDM) and polar SC-FDE (P-SC-FDE), based on a polar representation of complex
symbols, are proposed. The proposed format offers twice as much spectral efficiency as state-of-
the-art unipolar OFDM and SC-FDE formats. Moreover, using a power allocation approach on
the time-domain positive samples, the PAPR is further reduced and the numerical evaluation of the
bit-error performance under optical source’s power and dynamic-range constraints demonstrates
superior results towards Gpbs transmission.
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1 Introduction

The spread of capacity-intensive services, such as interactive 3DTV and mobile cloud services
urges the need to provide broadband access network systems. The continuous grow of the data rate
demand over the next decades will drive the peak rates per user up to 1Gbps and sustainable data
rates of hundreds of Mbps [1]. Furthermore, a higher symmetry between down-link and up-link
traffics is expected. Consequently, and to support up to 1Gbps per user wired access, the fiber-to-
the-home (FTTH) technology using passive optical network (PON) is becoming a reality in many
places all over the world, and offers broadband capacity up to the home’s doorstep [2]. Similarly,
and to support 1Gbps indoor wireless access, luminaries can be used to transmit data wirelessly
based on the visible light communications (VLC) technology while illuminating rooms [3,4].

The simplest and cost-effective way to modulate the optical carrier is the direct IM-DD. Here, the
real-value baseband signal modulates the instantaneous power of the optical carrier (laser diodes
(LDs) or light-emitting diodes (LEDs) as optical sources) that is directly detected (photodiodes
(PDs) as photo-detectors), i.e. the data is transmitted only in intensity domain and there is no
frequency or phase domain information. As for low cost sources, the 10-Gbps class directly mod-
ulated laser (DML) is a good candidate. In VLC, white light is produced either by mixing the three
primary colors (red, green and blue) or through the phosphorus-converted LED (PC-LED) [5, 6].

The widely implemented OFDM is an attractive multi-carrier spectrally-efficient modulation for-
mat that offer the simplicity and cost-effectiveness to realize robust Gbps access networks. High
data-rates are supported through parallel transmission of high-order multi-level quadrature ampli-
tude modulation (M-QAM) symbols on orthogonal sub-carriers. Further benefits of this modu-
lation scheme include high dispersion and polarization mode dispersion (PMD) tolerance using
simple equalization with single-tap equalizers in the frequency domain, adaptive bit and power
loading according to the channels frequency response, flexible and dynamic resource allocation
through access to sub-carrier granularity and the relatively simple implementation by means of dig-
ital signal processing (DSP) techniques. From a networking perspective, OFDM offers a flexible
multiple access implementation through orthogonal frequency division multiple access (OFDMA).
However, OFDM signals are characterized by high PAPR, thus suffer from non-linear distortions,
mainly caused by the limited dynamic-range of optical sources [7]. Another strong candidate is the
SC-FDE that utilizes single carrier modulation and frequency domain equalization. SC-FDE has
similar performances and essentially the same operations as the OFDM system, but much lower
PAPR. SC-FDE technique has been adopted by the 3GPP long term evolution (LTE) standard and
its advanced version (LTEA) as uplink multiple access scheme, i.e. single carrier frequency divi-
sion multiplexing access (SC-FDMA). A comparison between the performance of single carrier
and multi-carrier modulations is reported in [8]. Recently, several papers reported the introduc-
tion of the conventional spectrally-efficient power-inefficient DC-biased optical OFDM (DCO-
OFDM) [9], the energy-efficient spectrally-inefficient ACO-OFDM [10] and the energy-efficient
spectrally-inefficient low PAPR SC-FDE [11] technologies for short reach optical fiber intercon-
nects and VLC transmission [12].

In optical IM-DD systems, the baseband OFDM and SC-FDE signals must be real-valued and
unipolar, i.e. positive. However, conventional RF versions of OFDM and SC-FDE signals are
complex-valued and bipolar in nature. Therefore, the well-known RF formats has to be modified
in order to become suitable for IM-DD systems [13]. A straightforward way is to impose a Her-
mitian symmetry constraint in the frequency domain on the subcarriers of the inverse fast Fourier



transform (IFFT), i.e. the main operation to generate the time-domain OFDM and SC-FDE sig-
nals. However, such DCO-OFDM signal generated in the time-domain is still bipolar, i.e. DC bias
is required for proper operation where the bipolar signal is superimposed on this DC operating
point. Significant efforts are devoted to designing optical formats which are purely unipolar for
energy-efficient IM-DD systems, i.e. DC biasing of the optical source is not require. All well-
known solutions that do not require interference estimation and cancelation at the receiver must
scarify half the spectral efficiency, i.e. the data rates are halved compared to DCO-OFDM. These
solutions include the asymmetrically clipped optical OFDM (ACO-OFDM) [14] and the repetition
and clipping optical SCFDE (RCO-SCFDE) [15].

To deal with the issues of the loss in spectral efficiency and the signal’s vulnerability to nonlinear
distortion due to a limited dynamic-range of operation, we propose a novel unipolar version of
OFDM and SC-FDE, polar OFDM (P-OFDM) and polar SC-FDE (P-SC-FDE), to offer twice
the spectral efficiency compared to the conventional ACO-OFDM and RCO-SCFDE [16]. It is
worth mentioning that polar OFDM is investigated in RF, however modulating the RF antenna is
fundamentally different from modulating LDs/LEDs in IM-DD systems [17]. The basic idea is that
one transmits the amplitude and the phase of the RF complex sample over two consecutive periods.
Thus, for the same data-rate, half the amount of bits per sub-carrier is required (low order M-
QAM symbols). In addition, and through power allocation in time-domain, the PAPR is inherently
reduced to avoid complexity and overhead of PAPR reduction techniques and to support high bit-
error ratio (BER) performance under dynamic-range constraint of optical sources. Together with
clipping as a conventional approach to reduce the PAPR, the considered power allocation at a fixed
average power is similar to power back-off used in RF, however the reduced power from one of
the two consecutive periods is allocated to the other period. Throughout the paper, the focus is
on the generation of the P-OFDM and the P-SC-FDE signals and presenting the characteristics
and performance of the proposed systems in terms of PAPR and BER under fixed power and
dynamic-range of operation, i.e. the ACO-OFDM system is considered as a benchmark. It is
worth pointing out that this work is applicable for direct IM-DD optical fiber as well as optical
wireless communications based on either LDs or LEDs.

The remainder of this paper is organized as follows. The conventional energy-efficient ACO-
OFDM system is introduced in Section II. In Section III, our proposed polar signal format applied
on RF OFDM and SC-FDE to realize a suitable optical versions for IM-DD is highlighted. Optical
system constraints are discussed in Section IV. In Section V, the achieved system performance
based on simulation results is presented. Conclusions are drawn in Section VI.

2 Energy-efficient ACO-OFDM

The main building blocks of a conventional ACO-OFDM transmission chain is shown in Fig. 1.
The data is an input stream of grouped ones and zeros “’bit-symbols” based on the considered
constellations, e.g. M-QAM constellations. The generated complex "QAM-symbols” are then
mapped onto the following vector:

Xp=[0Xo-+ 0 Xnja1 0X5,, 4 0 XS}T (1)

where, (.)* denotes the complex conjugate, (.)7 denotes the transpose of a vector and the values
X,k = 0,--- N — 1 are the N frequency-domain input symbols. While mapping the QAM-
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Figure 1: Main building blocks of an ACO-OFDM transmission system.

symbols to only odd indexed subcarriers of the length NV IFFT operation, the Hermitian symmetry
property of the vector X is needed to insure real-valued output signal. The values of the first and
the INV/2 subcarriers must be also zero to ensure the Hermitian property. The time-domain output
signal is generated by taking the IFFT of the vector Xj:

N
1 2m
Tn = 3 Xpexpli ¥ )
k=1
where, x,,,n =0, --- | N — 1 are the /V time-domain output samples (equivalent to the number of

sub-carriers).

Since X, contains data only on the odd subcarriers, the generated time-domain signal has a
half-wave symmetry. The half-wave symmetry means that the same information in the first N/2
samples is repeated in the second half of the ACO-OFDM symbol. As a consequence, the negative
part can be clipped without any loss of information. This clipping produces a unipolar signal. The
intermodulation caused by clipping occurs only in the even indexed subcarriers and does not affect
the data-carrying odd indexed subcarriers [14].

Practically, a cyclic prefix (CP) is added to avoid inter-carrier interference (ICI) as well as inter-
block interference (IBI) by converting the linear convolution with the channel into a circular one.
The resulting unipolar time-domain signal, and after being converted to an analog signal through
the digital-to-analog converter (DAC), is used to modulate the intensity of the optical source, i.e.
electrical-to-optical conversion, E/O.

After the optical-to-electrical conversion, O/E, and CP removal, the received samples of one
ACO-OFDM symbol y,, are processed using /V-points complex fast Fourier transform (FFT) oper-
ation as shown in the following:

N-1
Yo=) exp(-I %) 3)

n=0
where, the values Y,k = 0,--- | N — 1 are the estimated complex QAM-constellations. Finally,

the QAM demodulator is used to estimate the transmitted data symbols.



3 Polar-based OFDM and SC-FDE Formats

3.1 Polar OFDM
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Figure 2: Main building blocks of a P-OFDM transmission system.

As shown in Fig. 2, the P-OFDM signal is obtained based on adding Cartesian-to-Polar and
Polar-to-Cartesian operations to conventional RF-OFDM communication chain. The N complex
samples forming an OFDM symbol (z,,), after N-points complex IFFT operation, are also de-
scribed by Equ. (2).

The time-domain output samples z,, are input to the Cartesian-to-Polar operation. The /N ampli-
tudes of the different samples (|x,,| = r,,) and the N phases of the different samples (arg(z,,) = 6,,)
are transmitted (E/O) (after attaching a CP and applying a DAC) during two consecutive P-OFDM
symbol periods of length 2N. 6 = 0 is mapped to value O (associated to I ) while § = 360° is
mapped to value 1 (associated to Iy), where [ is the minimum drive current (threshold or turn-on
current) of the optical source and /y is the maximum allowed drive current. All real-valued signals
are constrained by the dynamic-range of the optical source, DRgoyee = Iy — 1. As a result, the
signal is vulnerable to nonlinear baseband distortion, i.e. mainly clipping.

After the O/E, the received samples representing the amplitudes of the transmitted samples (r,)
and the phases of the transmitted samples (9;) are used at the input of the Polar-to-Cartesian oper-
ation to represent the transmitted complex-valued samples in the polar coordinate system back to
the Cartesian coordinate system. The generated N complex samples of one OFDM symbol y,, are
processed using N-points complex FFT operation as described by Equ. (3).

3.2 Polar SC-FDE

In P-OFDM, and at the transmitter, an IFFT operation is used to transform the complex "QAM-
symbols” from the frequency-domain into time-domain complex signal, i.e. samples. The use of
an IFFT increases the PAPR of the transmitted signal. However, in P-SC-FDE, after mapping the
binary data into complex "QAM-symbols”, the real (in-phase) and imaginary (quadrature) parts of
the complex symbols are transmitted separately without an IFFT operation.



The time-domain N complex "QAM-symbols™ are input to the Cartesian-to-Polar operation.
The N-samples r,, and the N-samples 6,, are transmitted (E/O) during two consecutive P-SC-FDE
symbol periods of length 2/N. A CP is attached and the signal after the DAC modulates the optical
source.

After the O/E, r;L and 9; are used at the input of the Polar-to-Cartesian operation to represent
the transmitted complex-valued samples in the polar coordinate system back to the Cartesian co-
ordinate system. The generated N complex samples of one P-SC-FDE symbol y,, are processed
using N-points complex FFT operation followed by FDE before a final IFFT operation as shown
in Fig. 3.
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Figure 3: Main building blocks of a P-SC-FDE transmission system.

4 IM-DD System Constraints

4.1 Dynamic-Range of Optical Sources

The IM-DD system is limited by the DRgyye. Each source has a minimum recommended forward
current according to the data-sheet, which is the onset of current flow and light emission. Due to
thermal aspects, AC/pulsed currents must be limited according to the manufacturer’s data-sheet to
ensure that the chip does not overheat, in order to avoid E/O efficiency degradation or, in the worst
case, total failure. Assuming a predistorter to linearize the input-output characteristic, the output
optical power is linear with the drive current, where the limit is determined by /i and Iy [18].
Thus, the behavior relating the current through the optical source isouce () to the output optical
power ¢dsource (t) can be described as follows:

IH if 7:Signal(t> Z IH
2.Source(t) == iSignal(t) lf IL < Z.Signal(t) < IH (4)
I if dgigna(t) < I

where, is;gnai(f) is the P-OFDM or P-SC-FDE signal current.
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By defining the dynamic-range isigna (%) as,
DRsigna = max{z[n]} — min{z[n]} 5)

DRSignal is constrained by DRsource, ie. DRSignal < DRsource.

4.2 Average Emitted Power and Peak-to-Average Power Ratio

Since ¢source(t) can not be negative, isouce(t) must be nonnegative, i.e. isouce(t) > 0. The contri-
bution of igjgna (t) to the optical flux Pseurce (t) is defined as,

¢Source (t) - E[iSignal(t)] (6)

where E[.] denotes statistical expectation. Due to the limit on power consumption, eye safety
regulation or dimming requirement in case of VLC systems, the system usually operates under
some average power constraint defined by Pg;gnal.

In case of ACO-OFDM, the contribution of isignai () tO Psource(t) is set based on a linear scaling
such that

iSignal<t) =m:- Z.Signa] (t) (7)

where, m is real-valued. The resulting signal has a standard deviation,

Tsignal = M |/ E[i5j500 (1)] ®)

Osignal Can be maximized by selecting a scaling factor with the greatest absolute value. To ensure
that igignal (t) stays within DRggyrcc, the greatest value of m is,

m — DRSource _ [H - IL (9)
max{iSignal(t)} max{iSignal(t)}

In P-OFDM and P-SC-FDE systems, having ki |z, | = kir, and kqarg(x, ) = ko0,,, where k; and
k, are scaling factors that control the relative transmit power of the two consecutive periods/parts
of the symbol, DR, is the dynamic-range of the signal representing r,,, i.e. (k1r,) and DRy is the
dynamic range of the signal representing 6,,, i.e. (k26,). To ensure that DR, and DRy stay within
DRgource, the greatest value of k; and k&, are,

ki = = (10)

by — _ (n

Finally, the PAPR is defined as

(12)



5 Results

For Monte Carlo simulations, the system is implemented using 64 FFT/IFFT subcarriers. For a
fair comparison between the ACO-OFDM, P-OFDM and P-SC-FDE approaches, (1) the un-coded
QAM constellations are set to insure a similar effective data-rate, (2) the average power calculated
over one time-domain ACO-OFDM symbol of length /N and the two consecutive P-OFDM/P-SC-
FDE symbol periods of length 2/V are maintained equal, i.e. Pgjony is maintained constant and (3)
the average energy of the constellations is normalized to one, i.e. the average energy of z,, is the
same as the average energy of the constellations X. For Gbps transmission, a high order M/-QAM
is needed. Consequently, the ACO-OFDM uses 8-bits (256-QAM) while P-OFDM and P-SC-FDE
use 4-bits (16-QAM). Using a power allocation approach in the time-domain, Pgjgna of the two
consecutive P-OFDM/P-SC-FDE symbol periods is split across the r,, and the 6,, periods. Shot
noise and thermal noise at the receiver are modeled as additive white Gaussian noise (AWGN)
with noise power of -15dBm. A perfect synchronization between the transmitter and the receiver
is assumed. A line-of-sight (LOS) configuration is also assumed, thus no samples are considered
for CP. The overall channel impulse response including the E/O and O/E conversion are assumed
to be non-dispersive with an amplitude of the 1. Using Iy = 1A and I} = Iy, = OA, the k7, and
k26,, sample values beyond DRg,c. are clipped at Iy.

The influence of DRg,.e (quantified by the value of the clipping ratio (CR)) on the BER curves
are investigated, where the CR is defined in dB as,

DR ource
CR (dB) = 10log,, —> (13)
Psignal

5.1 Time-domain signals without power allocation

At a fixed Pg;gpa of 30dBm, and no power allocation, Fig. 4 shows the time-domain samples of
the ACO-OFDM using 8-bits (256-QAM), P-OFDM using 4-bits (16-QAM) and P-SC-FDE using
4-bits (16-QAM). One ACO-OFDM symbol consists of N = 64 samples. Transmitting a single
P-OFDM or P-SC-FDE symbol requires the transmission of 2/N = 128 samples. In ACO-OFDM,
the high DRgj,nq 18 obvious relative to that of P-OFDM and P-SC-FDE. In P-OFDM and P-SC-
FDE, and regardless of the modulation order, the envelope of the #,, samples is confined. However,
the DRy in case of P-OFDM is wider compared to the DRy in case of P-SC-FDE. This is clearly
demonstrated in Fig. 5, where 16 known time-domain samples are in case of P-SC-FDE while the
time-domain samples of P-OFDM have random amplitudes and phases, i.e. covering the whole
range from 6 = 0 up to 6 = 360°. Fig. 5 also confirms the wider dynamic-range of the real-
valued time-domain ACO-OFDM samples compared to the complex-valued time-domain (before
the Cartesian-to-Polar operation) P-OFDM and P-SC-FDE samples.

5.2 PAPR and BER without power allocation

Using the same system parameters introduced above and again no power allocation (similar to the
signals shown in Fig. 4), the cumulative distribution function (CDF) plots of the PAPR for the
three signals are depicted in Fig. 6. Indeed P-OFDM offers about 2.5dB reduction compared to
ACO-OFDM for the same number of sub-carriers. The PAPR of P-SC-FDE is also about 4.5dB
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Figure 5: Time-domain ACO-OFDM, P-OFDM and P-SC-FDE samples on a constellation diagram
without power allocation.

lower compared to ACO-OFDM and shows a narrower range compared to both PAPR curves of
ACO-OFDM and P-OFDM.

The influence of the DRg,ure 0n BER curves is also investigated. At a fixed, but reduced, Psjgnai
of 15dBm, it is clearly confirmed that at the same data-rate, P-OFDM and P-SC-FDE offer better
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BER performance compared to ACO-OFDM for CR as low as 2dB (Fig. 7). However, and for
the considered parameters, the P-OFDM and P-SC-FDE BER performances do not ensure reliable
transmission being above the forward error correction (FEC) limit. The observed BER floor is
mainly determined by the considered value of the AWGN. For ACO-OFDM and a target BER of

1073, CRs below 12dB are not sufficient.
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Figure 7: BER vs. CR under dynamic-range constraints without power allocation.
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5.3 PAPR and BER with power allocation

Now, we will show how the BER is improved using power allocation in time-domain. At the
same fixed Pg;gna 0f 15dBm, changing k; and k; controls the effective PAPR. We investigate the
allocation of power in time-domain to the r, and #,, periods and show the change of the effective
PAPR and the corresponding BER performance at the fixed DRgqyce. BER curves are obtained for
different values of k; and ko, where k; is increased relative to k5. The power allocated to the r,, and
6,, periods in percentage is given in Table 1. At the receiver, the allocated powers are recombined
during the regeneration of the complex samples in the Cartesian domain.

Table 1: Power Allocation

r 0

Py | NaN | NaN
P, | 10% | 90%
Py | 20% | 80%
P3| 30% | 70%
Py | 40% | 60%
Ps | 50% | 50%
Ps | 60% | 40%
P; | 70% | 30%
Ps | 80% | 20%
Py | 90% | 10%

In Fig. 8, the CDF plots of the P-OFDM PAPR for the different settings in Table 1 are depicted.
Indeed, and relative to Py (no power allocation), the PAPR is reduced up to P, (Fig. 8 (upper))
and starts increasing beyond P, up to Py (Fig. 8 (lower)). At P4 and relative to Py, and assuming a
fixed average power per P-OFDM symbol (amplitude samples period plus phase samples period),
the power of phase samples is decreased while the power of amplitude samples is increased (at
Py high power in phase samples than in amplitude samples, see Fig. 4 (middle)). Giving more
power to the amplitude samples increases the P-OFDM symbol average power while reducing the
high peaks of the confined dynamic-range phase samples. Moving towards Py, the power of phase
samples is further decreased while the power of amplitude samples is further increased. As the
dynamic-range of the amplitude samples is not confined, the probability of high peaks relative to
the P-OFDM symbol average is high and accordingly increased PAPR is expected.

The corresponding BER performance of the P-OFDM for the different settings in Table 1 and as
a function of the CR is shown in Fig. 9. For P;, a BER of 10~ at 4dB CR and a BER floor around
3 x 1077 starting at 5dB CR are achieved. For P, and P, the BER floor is further improved. Up
to P; a BER improvement is noticeable compared to Py and ACO-OFDM in a CR range between
2dB and 12dB.

In Fig. 10, the CDF plots of the P-SC-FDE PAPR for the different settings in Table 1 are de-
picted. Relative to Py (no power allocation), the PAPR is reduced at P, (Fig. 10 (upper)), however
increases up to Ps. The PAPR relative to Py is decreased at P7, Pg and Py (Fig. 10 (lower)).

The corresponding BER performance of the P-SC-FDE for the different settings in Table 1 and
as a function of the CR is shown in Fig. 11. It is obviously noticed that the BER floor is greatly
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Figure 9: BER vs. CR under dynamic-range constraints for P-OFDM with power allocation.

improved as in the case of P-OFDM. However, the BER is slightly worse compared to P-OFDM.
This is related to the wider DRy of P-OFDM relative to the DRy of P-SC-FDE, making the P-SC-
FDE more susceptible to the AWGN (see the signals shown in Fig. 4 and Fig. 5).
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6 Conclusion

The proposed spectrally and energy efficient P-OFDM and P-SC-FDE are analyzed in the con-
text of IM-DD transmission and compared to the well-known energy-efficient ACO-OFDM as a
benchmark system. A power allocation approach in time-domain is shown to bring a significant
BER performance under narrow dynamic-range of operation as low as 2dB CR at the transmit-
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ter. For high order M-QAM, and depending on noise conditions, higher data-rate and better BER
performance of P-OFDM and P-SC-FDE compared to ACO-OFDM are feasible under practical
conditions of fixed power and dynamic-range of operation.
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