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Abstract:  The energy efficiency of pulse-amplitude-modulated discre
multitone modulation (PAM-DMT)decreasess the modulation order of
M-PAM modulation increases. Enhanced PAM-DMT (ePAM-DMT)swa
proposed as a solution to the reduced energy efficiency of -PAN.
This was achieved by allowing multiple streams of PAM-DMT he
superimposed and successively demodulated at the resaieein order to
maintain a distortion-free unipolar ePAM-DMT system, thaltiple time-
domain PAM-DMT streams are required to be aligned. Howeal@ning
the antisymmetry in ePAM-DMT is complex and results in eéfigy
losses. In this paper, a novel simplified method to apply thEegposition
modulation onVI-PAM modulated discrete multitone (DMT) is introduced.
Contrary to ePAM-DMT, the signal generation of the proposgdtem,
termed augmented spectral efficiency discrete multitonSEADMT),
occurs in the frequency domain. This results in an improveecsal
and energy efficiency. The analytical bit error rate (BER)fgenance
bound of the proposed system is derived and compared withtéGarlo
simulations. The system performance is shown to offer Bigrit electrical
and optical energy savings compared with ePAM-DMT and D&s&dl
optical orthogonal frequency division multiplexing (DCQFDM).

© 2016 Optical Society of America
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1. Introduction

As the demand for higher data rate broadband access insr¢lhsdimited availability of the
electromagnetic spectrum becomes an ever more importatienpe. It is predicted that the
annual global internet traffic will be in the order of the Zétyte (1000 exabytes) by the end
of 2016, and will be 2 Zettabytes per year by 2019 [1]. Theeasing number of intercon-
nected digital devices and online services highlights #eessity of new access technologies
that couldmeetthesedemandsThe visible light spectrum offers an abundant, unregdlaten-
munication bandwidth [2]. Visible light communication (\Zl) is an emerging technique that is
predicted to offer data rates of 100 Gb/s at very high deptytrdevices in the near future [3].

VLC is realized using off-the-shelf optoelectronic lighinigting diodes (LEDs) and
photodiodes (PDs). Due to the nature of these optoelectaviices, the optical signal is re-
quired to be both real and positive. Optical orthogonaldietry division multiplexing (OFDM)
is a promising candidate for high-speed VLCs and opticaél®gs communications (OWCs)
[2]. Optical OFDM imposes Hermitian symmetry on the incogiinames to achieve a real
time-domain waveform. The direct current (DC)-biased agdtiOFDM (DCO-OFDM) em-
ploys a DC bias to shift the signal samples to become positivépolar OFDM schemes,
such as asymmetrically clipped optical OFDM (ACO-OFDM); [@lilse-amplitude-modulated
discrete multitone (PAM-DMT) [5]; unipolar orthogonal freency division multiplexing (U-
OFDM) [6]; and flip OFDM (FLIP-OFDM) [7], achieve unipolar @M time-domain wave-
forms by exploiting the frequency/time domain symmetriethe OFDM frames. As a result,
all of these unipolar schemes, except PAM-DMT, have a redlapectral efficiency in compar-
ison with DCO-OFDM. The bit error rate (BER) performanceMbfary quadrature amplitude
modulation 1-QAM) DCO-OFDM, should be compared wit?>-QAM {ACO-OFDM; U-
OFDM,; flipped-OFDM, andM-PAM PAM-DMT. Since the BER performance M-PAM is
equivalent to the BER performant-QAM at a given signal-to-noise ratio (SNR), the BER
performance of all of the aforementioned unipolar OFDM saée is identical. More impor-
tantly, the power efficiency of unipolar OFDM schentecreaseas the constellation sidd
increases, which makes it impracticable to employ theserselfor high data rate applica-
tions.



A novel superposition modulation technique termed, enbdi-OFDM (eU-OFDM), was
introduced in [8] as a solution to the spectral efficiency depveen U-OFDM and DCO-
OFDM. Enhanced U-OFDM compensates for the spectral effigiéoss of U-OFDM by su-
perimposing multiple U-OFDM frames. The superimposed UDOFstreams are arranged so
that the inter-stream-interference is null. The supetsconcept was also extended to other
unipolar OFDM techniques such as PAM-DMT in [9] and ACO-OFDiM10-13]. The super-
position optical OFDM techniques close the spectral efficjegap between unipolar OFDM
and DCO-OFDM, but require increased computational conifylexd memory requirements.
Enhanced asymmetrically clipped optical OFDM (eACO-OFDMM] utilizes the symmetry
of ACO-OFDM subframes to allow multiple ACO-OFDM stream$b®superimposed. A sim-
ilar concept was also proposed by Elgalaal. [11] and Wanget al. [12] under the terms
spectrally and energy efficient OFDM (SEE-OFDM), and lagemsymmetrically clipped op-
tical OFDM (Layered ACO-OFDM), respectively. The receipeoposed in SEE-OFDM [11]
results ina SNR penalty that could have been avoided by using the symmebperties of
ACO-OFDM streams. The symmetry arrangementin Layered AZRDM [12] is described in
the frequency domain, however, it is shown in [12, Fig. 2} thimkes place in the time-domain.
An alternative method to achieve superposition moduldbased on aclaco was proposed by
Lawery [13]. This is similar in principle to [10-12], howavilae superposition is performed in
the frequency domain which results in simpler system imgletation comparedith the time
domain processing of eACO-OFDM, SEE-OFDM and Layered ACEDR®I. The constella-
tion size of each superimposed depth in eACO-OFDM is optuhigo that the full spectral
efficiency of DCO-OFDM is achieved.

The enhanced pulse-amplitude-modulated discrete mudtif@PAM-DMT) [9] demonstrates
that superposition modulation can also be utilized usiegthtisymmetry of PAM-DMT wave-
forms. However, aligning the antisymmetry of multiple PADMT waveforms in the time do-
main is a complex process and results in spectral efficiergsels. The antisymmetry of PAM-
DMT waveforms incorporates the cyclic prefix (CP) in aligmithe symmetry. In addition
ePAM-DMT requires flipping the PAM-DMT subframes in the tirdemain, which requires
lengthy time-domain processing.

In this paper, a novel simplified technique is proposed tcegae the superimposed PAM-
DMT waveforms in the frequency domain, and it is termed auget spectral efficiency
discrete multitone (ASE-DMT). The proposed technique, ABH#T, avoids the spectral ef-
ficiency losses of ePAM-DMT and provides energy efficiencgliavemeng over ePAM-DMT
and DCO-OFDM by using the selective subcarrier modulatigorithm at each superimposed
depth.

The paper is organized as follows. The proposed technigdesisribed in Section 2, where
the modulation concept of ASE-DMT and its spectral and poeféciencies are analysed.
The theoretical analysis of the BER performance is derime8dction 3. A detailed study on
the additional computation complexity of the proposed tégthe is presented in Section 4. A
Performance comparison with ePAM-DMT and DCO-OFDM and sation results of the pro-
posed scheme are presented in Section 5. A simplified apgpfoaecnplementing the proposed
modulation technique is presented in Section 5.2. Finadigclusions are given in Section 6.

2. Augmented spectral efficiency discrete multitone (ASE-DMY)

The augmented spectral efficiency discrete multitone (ABEF) technique uses most of the
available subcarriers in the OFDM frame. The ASE-DMT wawvef@an be generated by a
selective loading of the imaginary and real components®ftibcarriers. The waveform gen-
eration starts with a typical PAM-DMT [5] modulator at thesfidepth. Additional streams
can only be superimposed on the first depth stream if thejugacy domain subcarriers are
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Fig. 1. ASE-DMT transmitter block diagramXq[k] refers to thek! subcarrier at deptH;
S/Pdenotedor serial to parallel; DAGIenotedor digital to analogue conversion; and CP
refers to the cyclic prefixing.

loaded on the real components of the subcarriers. This @nstvas fulfilled in ePAM-DMT
by rearranging the ePAM-DMT time domain waveforms to haveeanhitian symmetry [9].
Alternatively, in ASE-DMT, the frames alignment is arranged in the frequency domain.

2.1. Modulation concept

The transmitter block diagram of ASE-DMT is shown in Fig. 1tlée first depth, the imaginary
components of the subcarriers are loaded Wittary pulse-amplitude modulatioMtPAM)
symbols while the real components are kept unusgll] = jB1[k], whereBy[K] is the M-
PAM symbol at thek!" subcarrier of depth INote thatHermitian symmetry is also required
in the frequency domain to guarantee a real time-domairubuBp|[0] = B1[N/2], andB; [k] =
—B1[N—K fork=1,2,...,N/2—1. As a resultthe time domain PAM-DMT waveform [n]



Fig. 2. An illustration of the frequency domain subcarrieading at three depths ASE-
DMT and the effects of zero clippinga) and (c) and (e3hows the imaginary components
of the subcarriers before and after zero level time-domiggipiag, O[Xy[k]] and O[X§[K]],
respectively(b) and (d) and (fshows the real components of the subcarriers before and
after zero level time-domain clippingl [Xy[k]] andO[X§[K]], respectively.

can be written as:

/2—1
BIK]sin 27K, (1)
N
It is straightforward to conclude that the time domain PANAD waveform in (1) exhibits the
following antisymmetryx;[n] = —x1[N — n], wherex;[0] = x1[N/2] = 0. Following [14], the
clipping at zero level is described as:
Xa[n] + [xa[n]|

- )

(]
=



and the frequency domain transformation of the clipped feame, xj[n], can be shown as:

o = XK+ FET il -

where the subscriptdenotes the depithindex, andXy[k] = FFT{x4[n|}. The effects of clip-
ping on the subcarriers are shown in Fig. 2. Clipping of thgatige samples at depth 1 is
distortion-less to the information at the same ddggbausell of the distortion transforms into
the real part of the subcarriers. As a simple proof, the distoterm|x;[n]| has a Hermitian
symmetry|xs[n]| = |x1[N — n]|, which can also be proved by:

j2mkn

1 N-1
FET(balnl} = 7 5 bale

2 N2t 271kn
= — [x1[n]|cos——. 4)
\/N nzl N

At depth 2, the odd subcarriers are loaded with real vaMe@AM symbolsXz[K] = Az K],
while all of the other subcarriers are kept unused. The sukcs at depth 2X;[k], can be

written as:
AoK], ifK=2k+1
Xo[K'] = { 71l

0, Otherwise

(5)

whereAz[K] is theM-PAM symbol at thek™ subcarrier of depth;2andk = 0,1,....N/4— 1.
Hermitian symmetry is also required to guarantee that] is real, Ax[k] = Az[N —k]. As a
result, the time domain waveform at depthxzn], would have the following symmetrys[n] =
—x2[n+ N/2]. Therefore, the distortion caused by clipping at zero levalld only affect the
real domain even subcarriers. This can be shown as:

N/2—1

[} = N nZO

FFT{|xo[n o[k [e " (14 1), (6)

which takes values only &5[2k], fork=0,1,...,N/2— 1. Therefore, the distortion is orthog-
onal to the information content at depth 1 and depth 2. Sulesgctreams can be generated at
depthd, where the subcarriers will be loaded with real valtkdPAM symbols:

/ e ad-2
Xd[k/]:{Ad[k], if K =2 (2k+1)7 )

0, Otherwise
whereAy[K'] is theM-PAM symbol at thek™ subcarrier of depthl; andk = 0,1,...,N/29 — 1.
Hermitian symmetry is also required to guarantee Q] is real, Ag[k] = A¢[N —Kk]. Using
(7), it can be shown that:
xaln = —xg[n+N/2% 1 vd > 1. (8)

Using (3),Xg4[K] can be written as:

5 xalKle k(1 e8%), )



and the zero level clipping distortion effect on the subeasrin the frequency domain can be
written as:

et = =5 e Bk %)
FFT{|xq[n]|} = — Xq[K||e" N k(14 e2P-2), (10)
N &
whereD is the total number of used depths, andan be written as:
D-1 ik
K:J‘L(1+eﬂj). (12)

Using (9) and (10), it can be shown that the zero level cligpindistortion-less to the in-
formation content aK§[29~2(2k + 1)], and that all of the distortion will affect the subcarriers
at xg[zd—lk]. Using this technique of selective subcarrier indexesitopdt each depth will
allow multiple M-PAM modulated waveforms to be superimposed without argrigtream-
interference. The active subcarriers of each superimpaesetth will not be affected by the zero
level clipping distortion of the current and subsequentliepHowever, it will be affected by
the distortion of the zero level clipping of the previous thep This distortion will be estimated
and cancelled at the receiver, as shdetow.

After generating the time domain waveforms of all depths, glenerated waveforms are
clipped and the cyclic prefixes are prefixed. The overall AB&T waveform can be obtained
by superimposing the clipped waveforms of all depths:

D
xr[n = dz xg[n]- (12)
=1
Using (2) and (3), the ASE-DMT subcarriers can be written as:

Xr[K = jBl[k]+Z(|:|D=2Ad[k]—ZFZ(?=1FFT{|Xd[n]|}. a3

The information content of depth 1 can be obtained by conisigenly the imaginary com-
ponents of the subcarriers. This can be giveBgk| = 20(X7[k]) +W/[K], whereW[K] is the
frequency domain realization of the additive white Gaussiaise (AWGN) at the receiver [2].
The information of depth 1 can then be remodulated at theéwects obtainxi[n] which can
be subtracted from the ASE-DMT received waveforain]. This would result in removing the
imaginary component ofr[n] andalso removing the real domain distortion caused by the zero
level clipping ofthe depth 1 waveform, FF{[x1[n]|}. Subsequent depths can be demodulated
by selecting the appropriate frequency subcarrier indakesch depth. The real component
of the subcarriers at%?(2k+ 1) for k= 0,1,...,N/29 — 1 can then be remodulated to ob-
tain the waveform at depith X4[n], which would be subtracted from the remaining ASE-DMT
waveform.

The same process is repeated until the information at thelégh is demodulated. In this
way the distortion of the previous depths is estimated andalged from the higher depths in
this successive receiver process.

2.2. Spectral efficiency

The spectral efficiency of the first depth of ASE-DMT is eqlévd to the spectral efficiency of
PAM-DMT, which is also similar to the spectral efficiency o€®-OFDM. This can be written

as:
_ logy,(M1)(N —2)

Meam(L) = =N Nep)

bits/s/Hz (14)
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Fig. 3. The spectral efficiency of ASE-DMT, eU-OFDM, and ePANMIT compared to the
spectral efficiency of DCO-OFDM for different FFT and CP lgrgatD = 3 andD = 6.

whereN is the FFT/inverse fast Fourier transform (IFFT) frame baniyl; is the constellation
size at first depth of ASE-DMTandNcp is the cyclic prefix length. The spectral efficiency of
higher depthsl > 2 can be expressed as:
logy(Mg)N
d)=—F="—""—

o) = 28N+ Nop
whereMy is the constellation size at depdhAs a result, the spectral efficiency of ASE-DMT
can be calculated as:

D
Nase(D) = ; Neam(d)  bits/s/Hz (16)
=]

bits/s/Hz (15)

_ logy(My)(N—2) + 33, 2™
2(N+Ncp) '

The spectral efficiency ratio of ASE-DMT to the spectral ey contribution of each indi-
vidual depth can be written as:

Nase(D)
(D, d) Neam (d)2d4-1° &

The spectral efficiency of ASE-DMT approaches twice the speefficiency of DCO-
OFDM as the total number of depths increase. However, theggrmdficiency comparison of
both modulation schemes should be considerethaguivalent spectral efficiency. Therefore,
the superimposed waveforms in ASE-DMT use smaller corstetl sizesMq = v/Mpco, that
can build-up a DCO-OFDM equivalent spectral efficiency.c8ithe system design of ePAM-
DMT employs the cyclic prefixes in the symmetry alignmentlod PAM-DMT time-domain
frames, the spectral efficiency of ePAM-DMT is a functiontoé tFFT/IFFT frame and cyclic
prefix sizes.

The spectral efficiency of ePAM-DMT tends to increase as thé/F-FT frame size in-
creases. Unlike ePAM-DMT, the spectral efficiency of ASE-DM independent of the cyclic
prefix length and therefore, can be employed with smaller/FHHT sizes. The spectral ef-
ficiency ratio of ASE-DMT, ePAM-DMT and eU-OFDM to the speditefficiency of DCO-
OFDM is shown in Fig. 3. The spectral efficiency of ASE-DMT Igbtly higher than the



spectral efficiency of eU-OFDM at small FFT/IFFT sizes. Islsown that whed = 6 and
N = 64, the spectral efficiency of ASE-DMT exactly matches thecggl efficiency of DCO-
OFDM.

2.3. Power efficiency

The real bipolar OFDM time-domain waveform can be approxé@davith a Normal distribu-
tion, x(t) ~ .#°(0,02) whenN > 64, whereo is the standard deviation oft) [2]. It was
shown in [14] that PAM-DMT follows a truncated normal distuition. The stream at depth

is scaled by a parametef i to facilitate the optimization of the allocated power attstaeam.
The ASE-DMT time-domain waveform at depdtollows a truncated normal distribution with
amean Bxq(t)] = ¢(0)ox/(yav'29-1), wherel/yy is the scaling factor at depth E[] is a sta-
tistical expectation, and(x) is the probability density function (PDF) of the standardmal
distribution. As a result, the average electrical and @bppower of ASE-DMT is equivalent to
the electrical and optical power of eU-OFDM which can be teritas [15]:

(élxd(t)>2

PLY(D,y) = E[&G(1)] =

Ele L

D 2 D

2 yd ydl de
S cgl 2d d) dlzl dzz /—2d1+d2 ( )
d1#d;
g D D yd—l
Popt(D.Y) = dglE[Sd (t)] = ‘b(o)asdzl NN (19)
wherexr(t) is the time domain ASE-DMT wavefonmy(t) is the time domain PAM-DMT at
depthd; andy = {yd ;d=1,2,...,D} is the set of scaling factors applied to each correspond-

ing streamThe ratio of the average electrical power of ASE-DMT wavefdo the average
electrical power of a PAM-DMT strear®2, >, (y4) = 02/(2)3), is given by:

aE(D.y) ~ g (20)
Peiea(Va)
3. TheoreticalBER analysis
The ASE-DMT received signal is given by:
y=Hx+w, (21)

wherex andy are the transmitted and received ASE-DMT waveforws; {w;;i =0,1,....N—

1} is the AWGN samplesy; ~ 47 (0,Ny), whereN, is the double-sided power spectral density
(PSD) of the noise at the receiver; adds aN x N circulant convolution channel matrix with
the first column representing the channel impulse respbrséhg, hy,...,h,0,...,0]", where

L is the number of channel taps. The channel madrisan be diagonalized as:

H = F*AF, (22)

whereF is anN x N Discrete Fourier transform (DFT) matrix, adis anN x N diagonal
matrix with the eigenvalues of the chanfek [Ag,Ag, ..., An]T.
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Fig. 4. The BER performance of 16-QAM ASE-DMT depths with &atmumber of depths
D = 5. The BER of DCO-OFDM is only shown for comparison purposes.

The theoretical BER performance of ASE-DMT can be derivddgighe analytical BER
performance of real-QAM OFDM [16]. However, the SNR should be scaleylhalfto com-
pensate for the energy loss of zero level clipping at eaclthddjhis is consistent with the 3
dB loss of the BER performance of PAM-DMT. In addition, theSshould also be scaled by
the energy loss per bit incurred by the superposition mdidwmaf ASE-DMT, which can be

written as: > D.y)
_ Ogje D7Z
aee(D,d,y) = Uy (D.d)

Since the BER performance M-PAM is equivalent to the BER performance Mf-QAM
in an AWGN channel, the analytical BER performance bound 8EADMT in the AWGN
channel can be derived as:

-~ 2 1 2 N 3|/Ak|?Eb eleclog, (Mg)
BER(D,d&/) = m (1—M—d> X z ZQ <(2l_1)\/Nan|e(D7d7Z)(M§ — 1) s (24)

whereEy elec/No is the electrical SNR of redll-QAM OFDM, andN; is the double side noise
PSD. An equivalent bound for the ASE-DMT BER performance #&snation of the optical
SNR can be established by scaling the electrical SERyec/No in (24), with the ratio of
electrical average power (18) to the optical average poh@&. (

As shown in Fig 4, the analytical performance bound matches the BER pedioceof the
first depth. The BER performance of other depths tends tofbetatl by the wrongly decoded
bits at the lower order depths. Any incorrectly decoded tiha lower order depths translates
into further incorrect bits at higher order depths. Howgaéehigh SNR, the BER performance
of all depths converges to match with the analytical pertomoe of ASE-DMT.

As shown in Fig. 4, the BER performance of 4-PAM ASE-DMT is meifficient, with a 3
dB gain, than 16-QAM DCO-OFDM in terms of the electrical egeefficiency. The spectral
efficiency ratio of ASE-DMT to the spectral efficiency of DGQFDM is 97%.

(23)

4. Computational complexity

The computation complexity of ASE-DMT and ePAM-DMT are sedland compared with
the computation complexity of DCO-OFDM in this section. T¢mmputation complexity is



dominated by the number of multiplications in FFT/IFFT cgt@ns. Therefore, the computa-
tion complexity in this paper is defined as the number of cexphultiplications required to
perform a FFT/IFFT operation.

4.1. Computation complexity of DCO-OFDM

At the transmitter side, DCO-OFDM requirilspoint complex multiplications which result in
a computation complexity of’(Nlog,(N)). The FFT operation at the receiver side of DCO-
OFDM is performed on real-valued frames. TiMepoint FFT operations on two real-valued
signals can be realized using oNepoint FFT on one complex-valued signal [17]. Therefore,
the computation complexity at the receiver of DCO-OFDM/IEN /2log,(N)). The computa-
tion complexity per bit of DCO-OFDM can be written as:

20 (3N/2log,(N))
log,(Mpco)(N—2)’
whereMpco is the constellation size of DCO-OFDM.

Cbco = (25)

4.2. Computation complexity of ASE-DMT

At the transmitter side of PAM-DMT, an IFFT operation is dapgl on imaginary-valued
frames. At the receiver side, a single FFT operation is agpdn real-valued frames. There-
fore, the computation complexity of PAM-DMT for each of thansmitter and receiver is
O(N/2logy(N)).

The first depth of ASE-DMT has a computation complexity sémib the computation com-
plexity of a PAM-DMT transmitter. Higher depths of ASE-DMTeasparse as they have a low
number of active subcarriers. The number of active sulmraret deptfd is: N/29-1, vd < 2.
Therefore, the IFFT operation at higher order detks 2, can be optimized to avoid the cal-
culations performed on zeros. Given that the subcarrietkese depths are real-valued, the
computation complexity at the transmitter of degtis ¢'(N/2%1og,(N)). Therefore, the com-
putation complexity of ASE-DMT transmitter is given as:

D
Che = 0(N/210%(N) + 5 0(N/2'logs(N)

~ 0(Nlog,(N)), (26)

whereD is the total number of depths.

The first demodulation process at the receiver of ASE-DMPdiad on real-valued frames,
therefore, the computation complexity associated with grocess is equivalent to the com-
putation complexity of a DCO-OFDM receiver. All the othemaedulation process are also
applied on real-valued frames. However, the frames at highder depths are sparse in the
frequency domain. A specific set of subcarriers is only nexgliat the output of each demodu-
lation process. Therefore, the FFT operation at higherratdpthsd < 2, is only evaluated at
subcarriers given by (7). Algorithms such as Sparse FFT ¢aiJalso be applied for depth
with a computational complexity af(N/291og,(N)). The demodulated streams for all depths,
except the last one, are required to be remodulated at thiveecThe associated complexity of
remodulating the first depth i87(N/210g,(N)), and the associated complexity of remodulating
other depths i§D_, ¢(N/2%log,(N)). Therefore, the computation complexity of a ASE-DMT
receiver is given as:

D D-1
CRée = O(N/2logy(N)) + > O(N/2%10g,(N)) + ) 0(N/2%10g,(N))
= =2
~ O (2Nlog,(N)). (27)
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Fig. 5. The relative computation complexity of ASE-DMT and ePAM-DNh comparison
with the computation complexity of DCO-OFDM as a functiontbé total number of
depthsD, and the cyclic prefix percentage of the frame $ige/N.

The computation complexity of ASE-DMT per bit is given as:

2(Ci&e +CRSe)
log, (Ma)(N —2) + 33_,l0g,(Mg)N /2417

whereMy is the constellation size used for all depths in ASE-DWI,= /Mpco.

Case = (28)

4.3. Computation complexity of ePAM-DMT

The cyclic prefix at each depth of ePAM-DMT is used in the syrmnalignment of super-
imposed depths. This reduces the frame sizes at higher degi¢ins. The FFT frame size at
depthd of ePAM-DMT is given afNg = Ng_1 — 2Ncp— 2, Vd > 2, whereN; = N, andN is the
frame size of DCO-OFDM. The frame sizes of all depths in ePBMT are zero-padded to
the next power of two.

At the transmitter side of ePAM-DMTZ?:lZd*1 PAM-DMT frames are required to gen-
erate -1 ePAM-DMT frames. Therefore, the computation complexitytted ePAM-DMT
transmitter can be given as:

Clam = di 2P 6 (N/2logy(N))
=1
~ O(Nlogy(N)). (29)

This is equivalent to the computation complexity of DCO-QFBansmitter.

At the receiver side of ePAM-DMTYE_; 29-1 PAM-DMT frames are required to be de-
modulated ands?_,29-! PAM-DMT frames are required to be remodulated in order for
2P-1 frames of ePAM-DMT to be demodulated. Therefore, the comtri complexity of



the ePAM-DMT receiver can be given as:

CRx O(N/2logy(N)) +25§ 2 *0(N/2l0gy(N))
ePAM — 2D-1

~ &(2Nlog,(N)), (30)

which is equivalent to twice the computation complexity &@0-OFDM transmitter. Therefore

the computation complexity of ePAM-DMT per bit is given as:
2(Cgpam+ Ciam)

loga(M)(N —2) + 58_,logs(M)Ng /291"

whereNy is the frame size at depithandM is the constellation size used for all depths in
ePAM-DMT,M = /Mpco.

Cepam = (31)

4.4. Computation complexity comparison

The ratio of the computation complexities per bit of ASE-DMTDCO-OFDM,Case/Cpco,
and the the ratio of the computation complexities per bit BAM-DMT to DCO-OFDM,
Ceram/Coco. are presented in Fig. 5 as a function of the total number efl @epthD and
the cyclic prefix percentage of the overall frame digg/N. The relative complexity of ASE-
DMT is independent of the cyclic prefix and it increases asdte number of depths increases.
However, it converges to twice the complexity of DCO-OFDM.

Table 1.Computational complexity of the Transmitter and receiféd@O-OFDM, ePAM-
DMT and ASE-DMT.

Modulation techniqu% Computauonal comple_xny
Transmitter Receiver
DCO-OFDM O(Nlogy(N)) ¢ (N/2logy,(N))
ASE-DMT O(Nlogy(N))  ¢&(2Nlog,(N))
ePAM-DMT O(Nlog,(N))  &(2Nlog,(N))

The relative complexity of ePAM-DMT increases as the cypiliefix length increases and
as the total number of depths increases. The relative coiplef ePAM-DMT has a lower
bound that is equivalent to the relative complexity of ASEFDwhen the cyclic prefix length
is zero. The cyclic prefix length is limited by the total numbé&depths used. The maximum
cyclic prefix length forD = 8 is only 8% of the OFDM frame size. When the cyclic prefix
is 8%, the relative complexity of ePAM-DMT is 2.3 times thengalexity of DCO-OFDM.
The computation complexities of DCO-OFDM, ePAM-DMT and ABIMT are summarized
in Table 1.

4.5. Practical considerations

The transmission cannot be started in ePAM-DMT, unl&ss 2 PAM-DMT frames are avail-
able at the transmitter side. In addition, frames at highdendepths are required to be pro-
cessed in the time domain to achieve the symmetry requiresifeerposition modulation. This
introduces additional delay at the transmitter side. Atrteeiver side of ePAM-DMT, the de-
modulation of frames at deptthean only happen after all lower depths have been demodulated
and remodulated. This is estimatedydt_,2°-9+* PAM-DMT frames. Moreover, 2 frames

are required to be buffered at the receiver, until the dertadidu process of a full ePAM-DMT
frame finishes.
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Fig. 6. The peak to average power ratio of ASE-DMT (depths and oyeePAM-DMT
and DCO-OFDM.

There is no delay associated with the ASE-DMT transmittealkof the depths are generated
at the same time. At the receiver side of ASE-DMT, the dematiluh of frames at depttl-can
only take place after all of the lower depths have been defatetliand remodulated. This is
estimated atd — 1) PAM-DMT frames. Moreover(d — 1) frames are required to be buffered
at the receiver, until the demodulation process of a full AS¥T frame finishes.

The spectral efficiency of each additional stream decreagesnentially. Therefore, it is
more efficient to implement ASE-DMT with small number of deptD = 2 or D = 3. This
would result in a small spectral efficiency gap between AQ&IDand DCO-OFDM, 15%
of the spectral efficiency of DCO-OFDM wheb = 3. A solution to this issue is given in
Section 5.2

5. Performance comparison

Typical OFDM signals attain high peak-to-average poweosgiPAPRS). This drives the LEDs
into non-linear regions because of their limited dynamicgen Howeverthe higher order
depths in ASE-DMT are sparse in the frequency domahis reducs the PAPR of higher
order depths. To exploit this property, the waveform at edeghth can be used to drive a single
LED in an LED array. This allows the waveforms to be superisgabin the optical domain and
reduces the PAPRynd this willmitigate any non-linearityThe PAPR of ASE-DMT depths is
presented in Fig. 6 to illustrate the sparsity effect on thEeR. The PAPR of ASE-DMT depths
increases as the depth orddr,increases. The PAPR of the overall ASE-DMT waveform is
shown to be higher than the PAPR of DCO-OFDM but lower tharPhER of ePAM-DMT.

The BER performance of ASE-DMT is compared with the BER panfance of ePAM-DMT
and DCO-OFDM in an AWGN channel. An ideal LED modelised therefore, the only non-
linear operation considered is the clipping at the zerolleMee DC bias is defined to be a
multiple of the standard deviation of the bipolar OFDM sigki, ., 0s. The energy dissipation
of DCO-OFDM comparedavith bipolar OFDM can be written as [19]:

BYS — 10logo(KZ) .. +1). (32)

Mpco

The DC bias for DCO-OFDM is estimated through Monte-Cartowudatiors. Since the BER
performance of/M-PAM is equivalent to the BER performanceMtQAM at a given SNR,
it would not be possible for ASE-DMT to achieve the spectifficiency of a non-squared
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Fig. 7. The BER performance comparison of ASE-DMT, ePAM-DNiRd DCO-OFDM
for different spectral efficiencies in an AWGN channel asrafion of: (a) electrical SNR,
and (b) optical SNR. The DC biasing levels for DCO-OFDMMit= {4,64,1024} are
estimated through Monte Carlo simulations at respectigetB, 9.5 dB, and 13 dB as
described in (32).

M-QAM constellation size. When equal constellation sizesediat each modulation depth
of ASE-DMT, only integer spectral efficienciegase(D) = {1,2,3,...} bits/s/Hz, can be
achieved.

5.1. Simulation results

The BER performance of the proposed scheyfidd-PAM ASE-DMT is comparedvith the
BER performance of/M-PAM ePAM-DMT andM-QAM DCO-OFDM as functions of the
electrical SNR in an AWGN channel at Fig. 7(a). The proposgteme, ASE-DMT, is more
energy efficient than ePAM-DMT and DCO-OFDM for all of the peated cases as a function
of the electrical SNRAt different spectral efficiencies, the electrical energyisgs ASE-DMT
are between 2.24 dB and 8 dB when compared with DCO-OFDM, lamolshconstant at 2.5 dB
when compared with ePAM-DMT at a BER of 1 Similar trends are shown in Fig. 7 (b) for
the optical SNRAL different spectral efficiencies, the optical energy aggiof ASE-DMT are
between 0.6 dB and 3.25 dB when compared with DCO-OFDM, aadabnost constant at
1.3 dB when compared with ePAM-DMT at a BER of T0 The energy efficiency gains of
ASE-DMT over DCO-OFDM at different spectral efficience®summarized in Table 2.
ASE-DMT is more efficient than ePAM-DMT in terms of both theeeirical and optical
SNR. This is due to the fact that in ePAM-DMT half of the frana@e removed after each



demodulation process [9]. The frequency domain loadinylePAM symbols in ASE-DMT
does not require this process, which results in a performgan of ASE-DMT over ePAM-
DMT.

The theoretical BER bounds underestimate the BER at lowd® 8k to the propagation
errors in the successive streams cancellation process aéteiver. However, the theoretical
BER bounds match the Monte-Carlo simulation results at BiyR values.

Table 2. Energy efficiency gains of ASE-DMT over DCO-OFDM &ER of 104,
Spectral efficiency  Electrical energy Optical energy

[bits/s/HZ] gains [dB] gains [dB]
1 2.24 0.6

2 4 1.7

3 5 2

4 5.75 2.5

5 8 3.25

Note that the BER performance of ASE-DMT is identical to the BERf@enance of eU-
OFDM [8], and to the BER performance of eACO-OFDM [10] wheeritical constellation
size and unitary scaling factors are used for eACO-OFDMs T$hian unsurprising resulbe-
causethe BER performance of their unipolar OFDM based-schemeaddPAM-DMT, U-
OFDM, and ACO-OFDM) is also identical [14]. A detailed comigan between the superpo-
sition OFDM modulation schemaell be the subject of future research on this topic.

The performance difference between ASE-DMT and DCO-OFDlsllinisost equivalent for
both flat channels and frequency selective channels. WHgedead to the same communica-
tion channel, the individual subcarriers between the OFRdded techniques are subjected to
the same attenuation by the channel. As a result, the SNRtpehe to the channel in both
techniques is the same. The results for a frequency setechignnel are only valid for the
specific channel conditions, which are specific to the comoation scenario. Therefore, the
results for frequency selective channels are not presémtéd paper.

The cyclic prefix length in ePAM-DMT is limited by the total mber of depths used. The
maximum cyclic prefix length for ePAM-DMT, with a total numbef depthsD, can be given
as:

NGy ™™™ = [N/(2D - 2) - 1]. (33)

This means that ePAM-DMT can be used for frequency selectiannels only when the
number of channel taps is less thgfE "™,

5.2. ASE-DMT with arbitrary constellation sizes

Arbitrary constellation sizes are proposed to close theairimg spectral efficiency gap be-
tween DCO-OFDM and ASE-DMT, when small number of depths isdutor ASE-DMT.
This would allow the spectral efficiency of ASE-DMT to be ettacsimilar to the spectral
efficiency of DCO-OFDM with only few number of superimposespths. Arbitrary constel-
lation sizes offer a practical solution for ASE-DMT withoarty spectral efficiency loss. The
computation complexity per bit associated with this apphda around 67 times higher than
the computation complexity per bit of DCO-OFDM. Arbitrargrestellation sizes would allow
the non-squared constellation sizedWQAM DCO-OFDM to be achieved. For example, to
achieve the spectral efficiency of 8-QAM DCO-OFDM, it would possible to use 4-PAM at
the first depth, 2-PAM at the second depth, and 4-PAM at thd thépth of ASE-DMT. In order
for the spectral efficiency of ASE-DMT to match the spectffiteency of DCO-OFDM, the
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Fig. 8. The BER performance comparison of ASE-DMT, ePAM-DMT, and@OFDM

for different spectral efficiencies in an AWGN channel asrecfion of: (a) electrical SNR,
and (b) optical SNR. The spectral effiengyis given in [bits/s/Hz]. The DC biasing levels
for DCO-OFDM atn = {1.5,3,4.5} are estimated through Monte Carlo simulations at
respectively 7 dB, 9.5 dB, and 12 dB as described in (32).

combination of constellation sizes used should satisffdliewing constraint:

D
002(Moco) =2 5 %) (34

In addition, the power is allocated to each stream so thatbkeage power of the modulation
signal satisfies the following two constraints:

Plg\e/g(DaX) é Pavg(Dv 11><D);

Ele
P2YI(D, y) < P3¥(D, L1xp). (35)

The BER at each depth is weighted by the contribution of tlegithl to the overall spectral
efficiency. The average BER performance can then be exprasse

D (BERpg(
BER= dz BERoay | (36)
=1 a’] (Da d)
All possible combinations of constellation sizes at thdéedént ASE-DMT depths with all

possible power allocations are investigated for a maximaptldofD = 3, where spectral effi-
ciency in the range from 1 to 5 bits/s/Hz is achieved. Themogliconfigurations were obtained



using Monte Carlo simulation comparisons of all the poss#iglts. The optimal configurations
are presented in Table 3.

Since the performance afM-PAM is equivalent to the performance B-QAM, the res-
olution of the possible constellation sizes at each deptimi¢ed. Fig. 8 presents the BER
performance of ASE-DMT and DCO-OFDM as a function of ele@atfand optical SNR when
arbitrary constellation sizes and scaling factors are .UBkd results are outlined in Table 3. In
comparison to results outlined in Table 2, the approachhifrary constellation sizes reduces
the electrical and energy gains of ASE-DMT. However, it éases the spectral efficiency of
ASE-DMT at a reduced computation complexity. Thereforeade-off between the complexity
and spectral and energy efficiencies for ASE-DMT is a fumctibthe application required.

Table 3.The optimal combination of constellation sizes and scatigors for ASE-DMT
and the associated electrical and optical gains over DCONDRt a BER of 104, where
Mg andyy denote the constellation size and the scaling factor fortbdulation depttd,
respectively.

DCO-OFDM n ASE-DMT Energy gains [dB]
Mbco-QAM | [b/siHz] | {M1,Ms,...,Mp}-PAM y [dB] Ele. Opt.
4-QAM 1 {2,2,4-PAM {192-46 | 06 -1
8-QAM 15 {4,2,4-PAM {-1553,12 | 315 1.05
16-QAM 2 {4,8,4-PAM (24,3425 | 2 0
32-QAM 25 {8,8,4-PAM {-09-0753 3 0.75
64-QAM 3 {16,8,4-PAM {2732,94 [ 255 -0.25
128-QAM 35 {16,16,16-PAM {0,0,0 3.28 0
256-QAM 4 {32,16,16-PAM {-2,36,3.7 | 3.36 0
512-QAM 45 {32,32,64-PAM {15174 3 1.4
1024-QAM 5 {64,32,64-PAM {-134313 | 4 0.5

6. Conclusion

A novel energy efficient superposition modulation schenmérftensity modulation and direct
detection (IM/DD) OWC is proposed.he scheme is based on selective frequency domain
loading of M-PAM symbols, so that multiple streams can be superimposddransmitted
with no inter-stream-interference. The selective freqyatomain loading of subcarriers allows
low latency and simplified implementation of superpositinadulation for PAM-DMT. The
proposed scheme avoids the spectral and energy efficiessgdof ePAM-DMT.

The analytical bounds for BER performance are derived asetifun of the electrical and
optical SNR. The analytical bounds converge to match thetst@arlo simulatioa at high
SNR values. The performance comparison shows the impraveshdSE-DMT over ePAM-
DMT for the same spectral efficiency, and over DCO-OFDM ab8« of the spectral efficiency
of DCO-OFDM for both electrical and optical SNR.novel approach of arbitrary constellation
sizes for ASE-DMT is proposed. This approach offers a sifigoliimplementation of ASE-
DMT with a reduced total number of deptHauture studies will include detailed comparisons
with other superposition OFDM modulation schemes.
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