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Abstract

Fast-OFDM-based intensity-modulation and direct-detection (IM/DD) has been pro-
posed for deployment of cost-efficient optical access networks, due to its implementation
simplicity and high spectral efficiency. In this article, the accuracy of the generalised
memory polynomial (GMP) for the non-linear modelling of optical Fast-OFDM links is
studied, including memory effects and considering different model parameters. After
model validation using measured data of a 10 km single mode fibre link, the GMP is used
for performance investigations of a distortion compensation approach to optical Fast-
OFDM, for up to 16PAM modulation formats and different number of Fast-OFDM
subcarriers. This study firstly reports the performance results of optical 16PAM-Fast-
OFDM systems using either 2PAM- or 4PAM-based training signals for digital post-
distortion and FFT-based channel estimation, and firstly investigates the influence of
the zero padding (ZP) length on the performance of optical Fast-OFDM. Excellent
performance improvements are achieved using the proposed distortion compensation

KEYWORDS

1 | INTRODUCTION

Optical intensity-modulation and direct-detection orthogonal
frequency division multiplexing (IM/DD OFDM) is considered
a promising solution for high data rate short-reach fibre-optic
networks. It is a less complex and more suitable technique for
cost-efficient deployment of optical access networks in com-
parison to coherent-detection optical OFDM systems [1, 2].
Nevertheless, in order to enable using quadrature amplitude
modulation (QAM)-OFDM with IM/DD, Hermitian transpose
is needed at the transmitter side to obtain a real signal at the
output of inverse fast Fourier transform (IFFT) [1].
Fast-OFDM, proposed initially for wireless transmission in
2002 in ref. [3], is another multicarrier signal and system that
has been used in many applications, including IM/DD optical
systems [4-9], optical wireless communications [10, 11], and
wireless systems [12—14]. Fast-OFDM advantageously offers
either 50% bandwidth saving or double the number of data
subcarriers within the same bandwidth compared to using

scheme, relative to conventional system implementation.

intensity modulation, non-linear distortion, OFDM modulation, optical links

conventional OFDM systems. This is achieved, respectively, by
either compressing the frequency spacing between the sub-
cartiers down to 1/27, where T is the symbol duration, or
sampling faster in comparison to conventional OFDM. The
reduction in inter-cartier spacing is beneficial in frequency
selective links as it results in a flatter response per subcarrier
[15]. In Fast-OFDM, the subcartiers are modulated with real
data symbols using inverse discrete cosine transform (IDCT),
and hence there is no need for Hermitian transpose at the
transmitter. In addition, real-valued operation results in the
reduction of implementation complexity and DSP power
consumption. Thus, IM/DD Fast-OFDM can be considered
an attractive solution for high-speed cost- and power-sensitive
applications.

In IM/DD Fast-OFDM links, the non-linearity coming
from the electro-optic converters may degrade the system
performance. Fibre chromatic dispersion may also be an issue
in the case of long-span links. In Mach—Zehnder modulator
(MZM)-based IM/DD DC-offset Fast-OFDM systems, the
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MZM is commonly biased at the quadrature point for best
linearity [5]. Even at this bias, however, the high peaks of a
Fast-OFDM signal may reach the non-linear region of the
MZM characteristic. Moreover, MZMs suffer from the bias-
drift problem [16]. Directed modulated distributed feedback
laser (DML)-based optical Fast-OFDM links may also be
used [6], but the DML non-linearity may cause significant
waveform distortions [17]. Thus, the use of some linearisation
and/ot peak-to-average power ratdo (PAPR) reduction
approach might be necessary to alleviate the signal distortion
issue.

Amplitude clipping is a simple approach to PAPR reduc-
tion of OFDM-based signals. This method, however, may
cause additional in-band and out-of-band distortion [18].
Filtering after clipping can be used to reduce the out-of-band
distortion. However, the non-linear distortion that falls within
the signal bandwidth can not be filtered out [19]. Adaptive
digital predistortion and post-distortion techniques have been
proposed for the compensation of non-linear distortion in
optical communication systems [4, 20-22]. Digital post-
distortion represents a simpler solution than predistortion as
the latter approach needs an additional feedback link for model
identification. In addition, the non-linearity of the feedback
link itself will reduce the predistortion performance [21].

In ref. [23], a FFT-based demodulation approach was
proposed for Fast-OFDM systems, where zero padding (ZP)
was used as the guard interval to counteract intersymbol
interference (ISI). However, the reported researches using that
Fast-OFDM approach for direct-detection optical links [4, 5, 9]
have not considered the effect of changing the length of ZP on
the system performance.

In ref. [24], a generalised memory polynomial (GMP) was
proposed for digital predistortion of RF power amplifiers. The
GMP model combines the basic memory polynomial (MP)
structure [25] with cross terms between the signal and lagging
and/ot leading exponentiated envelope terms, which makes
the GMP more effective in modelling and compensating the
system dynamic non-linearity compated to the MP model.

This paper is an extension of the authors' conference paper
reported in ref. [26] related to non-linear modelling and
distortion compensation in optical Fast-OFDM systems. In
ref. [20], the GMP was firstly employed to model the dynamic
non-linearity of direct-detection optical Fast-OFDM links.
After model validation using measured data from a 10-km
optical link, the GMP-based optical Fast-OFDM model was
applied for the performance investigation of a combined
amplitude clipping and digital post-distortion scheme. In
addition, two-level pulse amplitude modulation (2PAM)-based
training signals were firstly proposed for the distortion
compensation and FFT-based channel estimation of optical
8PAM-Fast-OFDM systems, with significant BER improve-
ments reported. In the present paper, the following issues are
added to the aforementioned conference paper:

® An analysis of system's non-linear distortion.
® The influence of changing cross-term parameters on the
GMP model accuracy.

® An investigation of the length of ZP-type guard interval on
the performance of optical Fast-OFDM links.

® A performance comparison of the compensation scheme
using 2PAM versus 4PAM-based training signals, and
considering different number of training symbols.

® First performance results of optical 16PAM-Fast-OFDM
using the proposed distortion compensation approach.

2 | SIGNAL MODEL AND SYSTEM
DESCRIPTION

The discrete time Fast-OFDM signal x(72), generated based on
IDCT, is defined as

x(n) = \/% Jf e(k)s(k)cos {”(2”27;1)/6] (1)

k=0

where N is the number of subcartiers, 7 = {0, 1, ..., N — 1} is
the time sample index in a Fast-OFDM symbol, and s(k) is the
real-valued data symbol carried by the kth subcarrier, and
e(k)=+0.5fork=0and 1 for k= {1,2 ..., N—1}.

In Figure 1, the block diagram of the proposed IM/DD
Fast-OFDM system is shown. At the transmitter side, the input
data are PAM mapped and then, in the IDCT block, modulated
on each Fast-OFDM subcarriet. After that, the ZP is added to
each Fast-OFDM symbol as guard interval. Then, amplitude
clipping is used for PAPR reduction, followed by digital-to-
analog conversion (DAC). The analog Fast-OFDM signal is
then electtical amplified and transmitted over the IM/DD link.
In this work, a 1550-nm DFB laser source and a single-drive
MZM are used as optical transmitter. The MZM is con-
nected to a 50-GHz PIN photodiode via a 10 km single mode
optical fibre (SMF). Alternatively, as optical transmitter, DMLs
or electro-absorption modulated lasers (EMLs) can also be
used. At the receiver side, the photo-detected signal is ampli-
fied and, after analog-to-digital conversion, downloaded to
MATLAB for offline processing. The following receiver DSP
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FIGURE 1 Diagram of the IM/DD Fast-OFDM system.
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functions are employed: symbol synchronization (time align-
ment), digital post-distortion, Fast-OFDM demodulation
based on a length-2N FFT approach [23], channel estimation
and zero-forcing equalisation, and PAM de-mapping.

3 | ANALYSIS OF NON-LINEAR
DISTORTION

In this Section, the non-linear distortion of the MZM-based
IM/DD Fast-OFDM system is analysed based on a deriva-
tion previously introduced for optical OFDM [27].

At the MZM output, the double side-band optical Fast-
OFDM signal is given by

E,(t) = cos [ZV

N VP; cos@nfor)  (2)
)7

where x(f) is the continuous time Fast-OFDM modulating
signal, V}, is the bias voltage, V7 is the MZM half-wave
voltage, P; is the power level of the optical cartier at the
MZM input, and f, is the optical carrier frequency.

For simplicity, impairments due to optical fibre + disper-
sion are neglected. This is a reasonable assumption for short-
reach IM/DD links. In this work, the application of our
compensation scheme for long-span optical links is not
considered. At the receiver, the output current Z,(f) of the
photodiode with responsivity R is calculated by squaring the
modulus of E,(t) as follows

o) = RPio 7 (Vi + 50

__RP; 14 W,
7 NV Ty

_RPZ‘ 14 TI/b
= > COoSs V_n_ COSs

o (5)=(52)

If the MZM bias voltage is set at the quadrature point
(Vi = £V/2) the Equation (3) can be simplified as

o0 =Rl (rx(t)) R, @

2 Vv, 2

+
)
bt
~—~
o)
N——
—_—

Using the Taylor seties, 7,(f) can be expanded with respect

to x(?) as follows
3
() (3

. (TV(Z)>/5'1

RP;
2

io(t) =

(5)

Equation (5) shows a linear term in x(f) followed by third-
and fifth-order distortion terms. Thus, for Vj;, = £V, /2 and
assuming ideal MZM transfer characteristic, the even-order
distortion can be eliminated. In addition, if a small Fast-
OFDM signal drives the MZM the high odd-order distortion
will be insignificant.

Considering now the MZM bias of V;, = £ V. For this
case, Equation (3) becomes

(1) =~ cos (”7“)) AR (©)

Then, after Taylor seties expansion, ,() is given by

(8 (5 o

There are only even-order non-linear terms in Equa-
tion (7), which shows that the original (non-distorted) signal
cannot be recovered after direct photodetection and, therefore,
the bias voltage cannot be set exactly at £V for such IM/DD
system.

Usually, in MZM-based IM/DD DC-offset Fast-OFDM
systems, low input signal power is used and the MZM is
biased at V}, = £V/2, for best linearity. This, however, results
in low system sensitivity as the optical carrier's power is higher

RP;
2

io (t) = (7)

than the power in the sidebands and the optical carrier itself
transmits no information. The sensitivity can be improved by
increasing the input signal power. However, high amplitude
input signals suffer from non-linear distortion.

The strategy in our IM/DD Fast-OFDM system is to set
V= £V;/2 and to use high input signal power levels, with
the additional signal distortion reduced by using the proposed
non-lineatr compensation scheme. In this way, an IM/DD Fast-
OFDM system with high sensitivity and low distortion can be
obtained.

4 | MODELLING AND
COMPENSATION APPROACHES

4.1 | Modelling approach

In this work, a behavioural modelling approach is adopted to
obtain the non-linear models. With this approach, the model
coefficients are extracted using input-output time-domain
measured data and classical parameter estimation theory [28].
The measured data for the model extraction comes from the
transmission of a 1.87 GHz Fast-OFDM signal over a 10 km
length direct-detection optical link as described in ref. [29],
with the addition of an RF amplifier after the photodiode. A
Fast-OFDM signal with IDCT size of 512 and 192 data sub-
carriers is used for model estimation only. Each data subcarrier
is modulated by 4PAM symbols. More details on the mea-
surement setup can be found in ref. [29]. In MATLAB, the
baseband Fast-OFDM input-output signals are firstly time
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aligned and then the coefficients of the GMP model are ob-
tained using the least-squares method, which estimates co-
efficients by minimising the summed square of residuals. The
output Ygup of the GMP model is related to its input x by:

Kﬂ Qd
b
Your(n) =D > apgx(n —q)lx(n — q)|""
k=1 g=0
K, Q, M, bt
+33° bigux(n = q)lx(n = g = m)|
k=2 q=0 m=1
K. Q M bt
+ N chgux(n = g)lx(n = g+ m)|
k=2 q=0 m=1

(8)

Here, the first polynomial function is applied to time-
aligned input signal samples, whete K, and Q, are the non-
linearity order and the memory depth respectively. The sec-
ond polynomial function introduces cross-terms between the
complex input signal and its lagging envelope terms up to the
order of My and has a non-linearity order Kj and memory
depth of Qp. The third polynomial introduces leading cross-
terms up to the order of M, and has a non-linearity order
and memory depth of K, and Q. respectively. The parameters
Akegs bkqm, and Cggm ate the cocefficients of the GMP model for
the aligned terms, and the lagging and leading cross-terms
respectively. In this work, we use only odd-order non-linear
terms in the GMP model. It should be noted that, although
the GMP is a non-linear model, all of its coefficients can be
easily estimated using any least-squares algorithm [24].

Using the same measured data, we also obtain a MP-based
optical Fast-OFDM model for comparison with the accuracy
of the GMP model. The MP model is given by

Q
wr(n) =D Y apu(n—l(n -t (9)

k=1 g=0

where x(7 — g) is the input signal delayed by g sample periods,
K is the non-linearity order, Q is the memory length, and a,
are the model coefficients. For a fair comparison with the
GMP model, we use only odd-order non-linear terms in the
MP model. The GMP and MP model training procedure is
based on the least-squares method and is summarised below,
following the derivation in ref. [30].

All memory-polynomial based models can be described
using a generic vector format given by

y(n) =U(n)A (10)

where U(n) is a vector constructed using the baseband input
signal samples according to the basis functions of the GMP or
MP model, and A is the vector containing the corresponding
model coefficients. For a set of N samples, the GMP (or MP)
model can be compactly expressed as

5 =XA (11)

where J is an N x 1 vector that represents an estimate of the
actual output vector y, and X is a matrix whose rows are
delayed versions of U(n), given by

X=[U(n)Um-1)..Un-N+1)]T (12

For a block of N samples, the estimation error (in vector
form) is € =y — y. The model coefficients can be obtained by
applying the least-squares solution to minimise the mean
squared error, as follows

A= (x"x) 7 xMy (13)

It should be noted that the GMP and MP models were
trained using the measured data from the 10 km IM/DD link
operating in a certain degree of non-linearity. In simulation, the
GMP/MP models can be applied for petformance in-
vestigations considering different input signal parameters, as-
suring that the input signal does not extrapolate the signal
amplitude and bandwidth used for the model extraction.

4.2 | Distortion compensation approach

The block diagram of the distortion compensation scheme for
IM/DD Fast-OFDM links is depicted in Figure 2. In this
work, a simple amplitude clipping method (without filtering) is
used. The clipped version x.(n) of the Fast-OFDM signal x(7)
is given by

if [x(72)] < A,

it ()| >4, Y

xi(n) = {;(:2;'9

whete € = arg[x(n)], and A, is the amplitude threshold. The
phase of x(n) is not altered by the clipping function. By setting
Ay, to alower value than the peak amplitude A,,,, of x(7), the
PAPR of the Fast-OFDM signal is reduced. Here, we define a
clipping factor CF = A,/ A o

Fast-OFDM| X | .= | X¢ |GMP-based| ¥ i Ypos
signal [ {CPPING—=1 /b fink Post-distorter [ —
A
I Coefficient
iupdate
1
e
Post-distorter |
training | (-)
Xtr
Xtr

FIGURE 2 The distortion compensation approach.
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As shown in Figure 2, the digital post-distorter is inserted
after the IM/DD link (in baseband). It is trained for executing
the inverse function of the optical link non-linearity so that the
complete system is linearised. As post-distorter model, we use
a simple memoryless polynomial function. The GMP model is
not chosen as post-distorter due to its high complexity for real-
time implementation. The post-distorter coefficients are ob-
tained using known PAM-Fast-OFDM training sequences and
a least squares (LS) fitting algorithm, provided by the “polyfit”
function in MATLAB. High amplitude training signals, capable
of sweeping all the link non-linear characteristic, are used. In
the diagram of Figure 2, the post-distorter coefficients are
estimated by minimising the error e between the reference
training signal x,, and the post-distorter training block output
Xy The estimated coefficients are then used to update the
actual post-distorter. The post-distorted signal y,q, is then sent
to the FFT-based demodulation and equalisation, followed by
PAM de-mapping;

In Figure 2, the output y,, of the memoryless polynomial-
based digital post-distorter is defined by

K
Ypos(m) = > ay(n)* (15)
k=0

where y(n) is the baseband received signal, 2 are the model
coefficients, and K is the polynomial order. In (15), we include
both odd- and even-order non-linear terms and set K to 3.

In this work, we adopt a block-based post-distortion
training approach. With this approach, the training can be
done in only one step and in a least-squares sense, avoiding the
use of sample-by-sample algorithms. In addition, as previously
proposed in ref. [4], the received training signals are also post-
distorted before being used for the FFT-based channel esti-
mation and equalisation. In this way, the memoryless poly-
nomial based post-distortion approach has also a dynamic
compensation effect on the system performance.

After post-distortion, the signal is serial-to-parallel con-
verted and fed to the FFT block (see Figure 1) for Fast-OFDM
demodulation. Then, the frequency domain channel estimation
is realized for the data subcarriers based on known PAM-Fast-
OFDM training symbols. In this work, a block-type channel
estimation approach is adopted in which reference PAM
symbols are inserted into all subcarriers of Fast-OFDM
training symbols. The channel response of each subcarrier is
estimated as

_yrs(k)
H(k) = p— (16)

where y75(k) and x75(k) are the kth frequency component
of the received training symbol and the known (reference)
training symbol respectively. The actual channel frequency
response is obtained by averaging over a sequence of training
symbols. After channel estimation, the received signal is phase
compensated and its real part is extracted. Then, the trans-
mitted PAM signal is obtained using single-tap equalisation.

5 | MODELLING AND PERFORMANCE
RESULTS

5.1 | Modelling accuracy

The accuracy of the GMP model is now compared against that
of the MP model, using the normalised mean squatre error
(NMSE) as performance metric. The same Fast-OFDM
measured data are used to estimate the GMP and MP model
coefficients.

In Table 1, a first set of accuracy results is presented. For
these results, we proportionally increase the number of co-
efficients in both models by changing K, and Q, in (8) and K
and Q in (9). The other GMP model parameters ate fixed at:
Kb=3, Qb= 1,Mb= 1,Kc= 5, Qc=4,annd=4. For
memory length Q, = 10 or mote and similar number of co-
efficients, the GMP model achieves better accuracy than the
MP model. For Q, = 20, the NMSE of the GMP model is
around 2 dB less than that of the MP model.

For the second set of NMSE results, shown in Table 2, K,
and Q, ate set to 3 and 20, respectively, and the memory depth
Q. of the leading cross-terms in Equation (8) is changed. The
remaining GMP parameters are fixed at: K = 3, Qp = 2,
My, =1,K,.=5,and M, = 4. For the MP model, we keep K =3
and vary Q to obtain the same number of coefficients as the
GMP model. From Table 2, we can observe that the accuracy
of the GMP model improves from around —26.2 dB to
—26.7 dB when Q. increases from 6 to 12. In contrast, the MP
accuracy is almost the same for similar increase in the number

TABLE 1 Modelling accuracy.

GMP model MP model

Ka Qa No. Coeffs. NMSE (dB) K Q No. Coeffs. NMSE (dB)

3 5 45 —22.44 3 22 46 —23.84
3 10 55 —25.30 3 27 56 —23.86
3 15 65 —25.90 3 32 66 —23.97
320 75 —25.95 3 37 76 —23.87
5 5 51 —22.46 5 16 51 —23.94
5 10 66 —25.33 5 21 66 —23.97
5 15 81 —25.94 5 26 81 —23.99
5 20 96 —25.98 5 31 9% —24.01

TABLE 2 Modelling accuracy.

GMP model MP model

Qc No. Coeffs. NMSE (dB) Q No. Coeffs. NMSE (dB)

6 92 —26.22 45 92 —23.87
8 108 —26.50 53 108 —23.88
10 124 —26.62 61 124 —23.88
12 140 —26.67 69 140 —23.89

85U8017 SUOLULLIOD BAITER.D 3|1 (ddde 8y Aq pauseA0b a1 SSPNI YO (38N JO S3IN1 10} ARIQIT BUIUO A8]1M UO (SUORIPUOO-PUR-SWLRYWI0Y A8 1M Ae.d]1 U UO//SANY) SUORIPUOD PUe SWLB | U} 89S *[£202/20/TT] uo ARiqI1auiiuo AB|im ‘SoInes A1 1ON uopuoafe|io AISRAIIN AQ L602T ZR10/6r0T OT/10P/U0d" M| 1M ArRIq Ul U0 U0 eSS 18 1//Sd1Y oIy papeoiumod ‘0 ‘92.8TSLT



VIEIRA ET AL.

of model coefficients. For Q, = 12 and 140 coefficients, the
NMSE of the GMP model is around 2.8 dB better than that of
the MP model.

In Figure 3, the measured and GMP modelled time-
domain Fast-OFDM signals are presented, while the MP
modelled signal is shown in Figure 4. It can be seen that a
better agreement between the measured and modelled signals
is obtained using the GMP model.

52 |
size

Non-linearity compensation and IDCT

In this Section, a performance investigation of the proposed
distortion compensation scheme for MZM-based IM/DD
Fast-OFDM links and for different IDCT sizes is reported.
The Fast-OFDM signal has a bandwidth of about 1.87 GHz
and an average power level of 13.5 dBm (before clipping). The
clipping factor (CF) is set to 0.8. 2PAM-based training se-
quences (TS) are used for both post-distortion training and
frequency domain channel estimation. In the post-distorter
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FIGURE 4 Fast-OFDM signal modelling result. MP model, 108

coefficients.

model of Equation (15), K is set to 3. The GMP model pa-
rameters in Equation (8) ate as follows: K, = 3, Q, = 15,
K,=3,Q,=1,M,=1,K.=5,Q,=4, and M. = 4. The total
number of GMP coefficients is 65.

In Figure 5, the BER results for a 10 km length IM/DD
4PAM-Fast-OFDM link with and without the proposed
compensation approach ate shown, for the IDCT sizes N of
64, 128, and 256. A 2PAM TS with length of 10 symbols is
employed. The amount of data subcarriers is augmented pro-
portionally from 24 to 96 in order to maintain the same signal
bandwidth and bit rate for the three IDCT cases. The length of
the ZP corresponds to 1/32 of the IDCT size. For each N-size
IDCT, a post-distorter training signal with same IDCT size is
used. The performance of the 4PAM-Fast-OFDM with
distortion compensation is significantly improved compared to
the conventional system implementation. For example, at a
BER level of 107, the required SNR is reduced by around
3 dB and almost 5 dB due to the distortion compensation, for
the IDCT sizes of 128 and 64 respectively. From Figure 5, it
can also be seen that the BER performance improves with
increasing N. This is due to the teduction in the bandwidth of
Fast-OFDM subcarriers, which enhances the performance of
the frequency domain equalisation. The BER performances of
the proposed post-distortion approach for SPAM-Fast-OFDM
signals using the same 10 km length SMF-based GMP model
and for the IDCT sizes of 64, 128, and 256 were reported in
ref. [26], in which the BER improvement with increasing IDCT
size was also observed.

5.3 | 2PAM versus 4PAM training signals for
8PAM /16PAM-fast-OFDM

In this Section, a comparison of the distortion compensation
performance using 2PAM and 4PAM-based training sequences
(TS) and considering different TS lengths are presented and
discussed. The performances are evaluated for 8PAM- and
16PAM-Fast-OFDM data signals with IDCT size of 256, ZP
size of 8, and Eb/No of 26 dB. No clipping is used as the
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FIGURE 5 BER performances with/without distortion compensation
for the optical 4PAM-Fast-OFDM with different IDCT sizes (N). TS = 10.
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8PAM/16PAM signals ate very sensitive to the clipping-
induced distortion. The average power levels of the input
8PAM- and 16PAM-Fast-OFDM signals are 10.5 dBm and
7.5 dBm respectively. Here, the same GMP and post-distorter
model parameters (as described in Section 5.2) are used.

The BER results for the 8PAM-Fast-OFDM link are
shown in Figure 6. It can be observed that the 2PAM out-
performs the 4PAM training signal, especially for low number
of training symbols and with distortion compensation. For
example, BER levels of below 1 x 107" and below 2 x 1077
are obtained by using 6 (or more) training symbols and with
distortion compensation for the 4PAM- and 2PAM-based
training cases respectively. With the 4PAM training signal, a
BER level just below 2 x 1077 is achieved if at least 14 training
symbols are used. This means a reduction of around 57% in
the TS length (an increase in net bit rate) by using the 2PAM
instead of 4PAM training signal.

In Figure 7, the performance results for the 16PAM-Fast-
OFDM system are presented. For most of the TS lengths, a
better performance is achieved with the 2PAM-than the
4PAM-based training, and the performance differences are

—©— 8-PAM-FOFDM, no comp., 2PAM-TS
P —&— 8-PAM-FOFDM, with comp., 2PAM-TS
107 F —#— 8-PAM-FOFDM, no comp., 4PAM-TS
—4&—8-PAM-FOF DM, with comp., 4PAM-TS

BER

106}

107 L L s " "

TS length

FIGURE 6 BER performances with/without distortion compensation
versus TS length for the optical 8PAM-Fast-OFDM. N = 256.
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1077 F | —#— 16-PAM-FOFDM, no comp., 4PAM-TS
—&— 16-PAM-FOFDM, with comp., 4PAM-TS

107 L L " L .
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FIGURE 7 BER performances with/without distortion compensation
versus TS length for the optical 16PAM-Fast-OFDM. N = 256.

cleatly more significant when the compensation approach is
employed. For example, for the distortion compensated results,
BER levels below 3 x 107 are achieved if at least 10 and 18
training symbols are used for the 2PAM- and 4PAM-based
training cases respectively. This means a reduction of 44.4%
in the TS length by using 2PAM compared to 4PAM training
signal. It is important to note that the 16PAM-Fast-OFDM
requires a longer TS in comparison to the 8PAM-Fast-
OFDM to achieve the lowest BER level.

5.4 | Non-linearity compensation for
different ZP lengths

We now investigate the performance of the post-distortion
approach for 8PAM-Fast-OFDM and 16PAM-Fast-OFDM
signals considering the ZP lengths of 2, 4 and 8. The IDCT
size of 256 and 2PAM TS with length of 10 symbols are used.
The same 10 km length SMF-based GMP and post-distorter
models are used, as previously described. No clipping is
employed.

The performance results for the SPAM-Fast-OFDM link
are shown in Figure 8. The input signal power level is 10.5
dBm. Similar performances are obtained for the three ZP
length cases, with a small difference in favour of ZP = 2 at the
higher Eb/No region. At the BER of 1 x 10_3, Eb/No gains
of more than 4 dB are achieved with post-distortion in com-
parison to the conventional Fast-OFDM, for the three ZP
length cases. Thus, considering the 8PAM-Fast-OFDM, the
ZP length of 2 would be the best choice to achieve a higher net
bit rate.

The BER results for the 16PAM-Fast-OFDM are pre-
sented in Figure 9. The BER for ZP = 8 is sligthly better than
that for ZP = 4 and significantly better than that for ZP = 2.
At the BER level of 1 x 107, for example, an Eb/No gain of
almost 6 dB is achieved with the distortion compensation
approach in comparison to the conventional 16PAM-Fast-
OFDM, for ZP of either 4 or 8. Thus, for higher net bit rate

BER
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FIGURE 8 BER performances with/without distortion compensation
for the optical 8PAM-Fast-OFDM with different ZP sizes. N = 256,
TS = 10.
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FIGURE 9 BER performances with/without distortion compensation
for the optical 16PAM-Fast-OFDM with different ZP sizes. N = 256,
TS = 10.

and good performance, the ZP length of 4 would be a
reasonable choice.

A bit rate of around 15 Gbit/s can be achieved with the
16PAM-Fast-OFDM signal and for the sampling rate of 10
GS/s, as used in our measurement setup. The link data rate can
be further increased by using higher number of data sub-
carriers (for a given IDCT size), but this would occupy a wider
bandwidth. It is worth noting that the performance improve-
ment with our memoryless polynomial based post-distorter
should become less significant for very high bandwidth sig-
nals due to the expected increase in the system's memory ef-
fects, and further investigations on the bandwidth limit of the
compensation approach are still needed.

In Figure 10, the 8PAM received signal constellations after
the 10 km IM/DD link, obtained using 10 training symbols
and for N = 256, are shown. It can clearly be observed the
improvement in the signal constellation when the proposed
digital compensation scheme is applied to the optical Fast-
OFDM link. For the sake of visualisation, the constellations
are plotted including the real and imaginaty signal components
obtained after the equalisation block in the receiver diagram
(see Figure 1). The PAM de-mapping block will recover only
the real part of the equalised signal.

5.5 | Fast-OFDM versus OFDM
performances

Transmission performance comparisons between optical Fast-
OFDM and OFDM are now presented using the same post-
distorter and GMP parameters of Section 5.2. Both mult-
carrier signals are set with the average power of 13.5 dBm and
have the bandwidth of 1.87 GHz. A clipping factor of 0.8 is
used. 2PAM- and 4QAM-based training sequences are used for
the optical Fast-OFDM and OFDM link cases respectively.
In Figure 11, the BER results with/without distortion
compensation for optical 4PAM-Fast-OFDM and 16QAM-
OFDM systems are compared, for N = 64 and TS = 10. The

Imaginary

Real

a2

Real

FIGURE 10 8PAM received constellations for N = 256: (a) without
distortion compensation, (b) with distortion compensation.
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FIGURE 11 BER performances with/without distortion
compensation for 4PAM-Fast-OFDM and 16QAM-OFDM IM/DD
systems. N = 64, TS = 10.

ZP and cyclic prefix (CP) lengths of the Fast-OFDM and
OFDM signals, respectively, are set to 2. The performances of
the two systems are evaluated using GMP-based optical Fast-
OFDM and OFDM link models. Both link models have the
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FIGURE 12 BER performances with/without distortion
compensation for 4PAM-Fast-OFDM and 16QAM-OFDM IM/DD
systems. N = 128.

same structure and number of coefficients and were extracted
from the same 10 km SMF link. The bit rates of the 4PAM-Fast-
OFDM and the 16QAM-OFDM links are equal. Considering
the results without compensation, the performances of the two
multicarrier systems are very similar. With distortion compen-
sation, however, the 4PAM-Fast-OFDM outperforms the
16QAM-OFDM at the higher Eb/No tegion. The reason for
this is that the bandwidth of the Fast-OFDM subcarrier is half
of that of the OFDM one, and hence the level of memory effect
per subcarrier is lower for the Fast-OFDM link. As previously
stated (in Section 5.4), our memoryless-based post-distorter
works better for low bandwidth signals.

In Figure 12, the BER performances of the 4PAM-Fast-
OFDM and 16QAM-OFDM are compared, with N set to 128
and the TS length set to 6 and 10. These results are obtained
using the ZP and CP lengths of 2. With distortion compensa-
tion, the 4PAM-Fast-OFDM performs better than the 16QAM-
OFDM at the higher Eb/No region, for both TS cases. For the
results with TS = 6, at the BER of 1 x 107, Eb/No gains of
about 3 and 2 dB are obtained due to distortion compensation
for the 4PAM-Fast-OFDM and 16QAM-OFDM links respec-
tively. Similarly, for the case of TS = 10 and at the same BER
value, Eb/No gains of about 3 and 2.2 dB are achieved due to
distortion compensation for the 4PAM-Fast-OFDM and
16QAM-OFDM respectively. In addition, for the 4PAM-Fast-
OFDM with compensation, the requited Eb/No is reduced
by almost 1 dB for the 10-TS compared to 6-TS case (at
BER = 107"). However, the net bit rate of the 6-TS case will be
higher.

6 | CONCLUSION

In this paper, we study the accuracy of the GMP for the
modelling of non-linear and memory effects of optical Fast-
OFDM links, considering different values of parameters in
the GMP model structure. In addition, we investigate the in-
fluence of ZP length on the BER performance of our

previously proposed distortion compensation scheme for op-
tical Fast-OFDM systems [20]. We also include a performance
comparison of 2PAM-versus 4PAM-based training signals.
Moreover, this is the first time that our distortion compensa-
tion approach is applied to optical 16PAM-Fast-OFDM links,
with excellent BER improvements reported.

The GMP-based modelled Fast-OFDM signal shows an
excellent agreement with the measured time-domain signal. In
comparison to the MP model, for similar number of co-
efficients, better modelling accuracy is obtained using the
GMP model for most of the reported results. For the highest
number of model coefficients, the NMSE of the GMP model
is about 2.8 dB better than that achieved with the MP model.

The BER results show that the combination of clipping
and digital post-distortion can significantly improve the system
petformance of a 10 km SMF IM/DD 4PAM-Fast-OFDM
link, with an Eb/No gain of almost 5 dB achieved (at a
BER of 1 x 107°) in comparison to conventional optical Fast-
OFDM. At the same BER value, for the 8PAM-Fast-OFDM
link and N = 256, an Eb/No gain of more than 4 dB is
achieved due to the proposed compensation approach and no
significant performance difference is reported by comparing
the ZP-length cases of 2, 4 and 8. For the case of 16PAM-Fast-
OFDM and N = 256, the best compensation petformance is
obtained for the ZP length of 8, with an Eb/No gain of almost
6 dB achieved (at the BER of 1 x 107 in comparison to
conventional optical Fast-OFDM. In addition, a better
distortion compensation performance is achieved by using
2PAM than 4PAM training signal. The BER results show that
the length of the training sequence can be significantly reduced
by using 2PAM-instead of 4PAM-based training, with re-
ductions of more than 55% and 44% reported for the SPAM
and 16PAM-Fast-OFDM link cases.

The BER petformances of the IM/DD Fast-OFDM and
conventional OFDM systems with and without clipping/post-
distortion have also been compared, for the IDCT sizes of 64
and 128 and the TS lengths of 6 and 10. The results show that
the 4PAM-Fast-OFDM system performs better than the
16QAM-OFDM due to the distortion compensation scheme
and at the higher Eb/No region. We highlight that, even when
the optical Fast-OFDM and OFDM achieve similar BER re-
sults, the Fast-OFDM system is less complex to implement. As
future work, the limits of application of the proposed
compensation scheme in terms of data rate and transmission
distance should be investigated.
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