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Abstract

In this paper we present the intensive theoretical labor
carried out to describe optical communication systems
which employ orthogonal frequency division multi-
plexing (OFDM), and, more concretely, those systems
which use direct laser intensity modulation and direct
detection. Firstly, we propose an analytical model to
study in detail the main phenomena which affect the
signal information detected at the receiver. Moreover,
the analytical model is complemented with a study of
signal clipping at the transmitter and the filtering ef-
fects affecting the signal through the communication
system. With the analytical model reported we can des-
cribe in a rather comprehensive way the main phenom-
ena as well as exploring and optimizing the final system
performance of OOFDM systems with direct modula-
tion and detection.

By taking advantage of the analytical model derived, we
propose a pre-distortion technique which improves the
modulation efficiency, making possible to increase the sig-
nal information term without increasing the nonlinear dis-
tortion at the receiver, improving in this way the system
performance obtained. An alternative technique for the
system performance improvement based on optical filte-
ring is also mathematically studied in order to understand
exactly its working principle, the improvement obtained,
as well as its potentiality. The derived mathematical ex-
pressions allows us to systematically explore the different
effects involved in the final performance obtained, the
study of OOFDM systems with different optical filtering
structures, as well as the possibility of optimization in a
quick and efficient manner different optical filtering struc-
tures.

1. Introduction

OFDM is a multi-carrier format widespread used in wire-
less communications and DSL applications [1,2]. Since
2005 optical OFDM has also attracted lots of attention
for a great variety of optical communication scenarios,
from long-reach to short-reach optical links, or commu-
nications systems based on single mode, multimode and
plastic optical fiber [3-5]. In the context of access net-
works, passive optical networks have emerged as a coste-
fficient architecture to provide advanced and speed rate
demanding communications applications. In this cost-
sensitive scenario, OOFDM is a promising format/multi-
plexing technique, what has led to a high number of
research results published by several investigation groups
[6,7]. Besides its versatility, the potentials of OOFDM have
contributed as well to this interest: it can offer high spec-
tral efficiencies by using high quadrature-amplitude mod-
ulation formats, robustness to frequency roll-off of
transceiver electronics, dispersion equalization complexity
easily scalable with transmission rate or subcarrier granu-
larity. The proposed transceiver architecture varies for
each scenario depending on the required trade-off be-
tween system performance/cost. When the optical inten-
sity is used for information transmission, a simple pin
photodetector is appropriate for the opto-electronic con-
version to recover the transmitted information, what is
called intensity modulated/directly detected (IM/DD) sys-
tem. This variant is more appropriate for medium and
short reach applications where the cost is of great con-
cern, such as metro and access optical networks. The di-
rect modulation of a laser in the OFDM transmitter brings
additional advantages in terms of cost reduction, com-
pactness, low power consumption and high optical out-
put power.
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mitter and in the frequency domain (before the trans-
mitter inverse Fourier transform), and makes use of the
analytical model previously reported for the reconstruc-
tion of the interference. Unlike previous references

The direct modulation of a laser in the OFDM transmitter
brings additional advantages in terms of cost reduction,
compactness, low power consumption and high optical
output power.

Nevertheless, its performance is severely limited by dis-
tortions arising from the laser and photodetector non-
linearities and the propagation of the chirped signal
through the dispersive link connecting the central office
and the optical network unit. Analytical models which
enlighten the physics behind the performance of directly
modulated/detected (DM/DD) OOFDM systems can be
of great help for their design and the proposal of tech-
niques aimed to increase the performance obtained. Pre-
vious published analytical models focus on the influence
of the transceiver electronics design parameters but not
on the direct modulation process and fiber transmission
effects [8], or are based on not general mathematical as-
sumptions [9,10]. In this sense, we present a theoretical
analysis using a detailed mathematical treatment to
study the effects of the laser nonlinearity and the global
impact of the laser chirp and chromatic dispersion with
regard to the system performance. Moreover, a compre-
hensive framework for the quick, systematic and effi-
cient evaluation of DM/DD OOFDM systems is proposed
after i) simplifying the expressions describing the linear
effects and the second order intermodulation distortion
in DM/DD OOFDM systems, ii) the study of the effects
of linear filtering through the communication system
causing inter-carrier and inter-symbol interferences (ISl
and ICl), and iii) the study of the effects of signal clipping
at the transmitter.

In order to overcome the underlying limiting system per-
formance in IM/DD OOFDM systems, such as the non-
linear distortion, several solutions have been proposed
in order to overcome it (e.g., [11,12]). Our proposal is
based on the employment of pre-distortion at the trans-

about digital pre-distortion, the technique here pro-
posed aims to mitigate the nonlinear distortion with an
end-to-end perspective, rather than only that originated
by the optical modulator.

The employment of an optical filter to improve the sys-
tem performance by suitable conversion of the inherent
frequency modulation at the laser transmitter output into
additional intensity modulation at the end of the link has
been studied for traditional modulation formats [13], and
recent results showed considerable power budget im-
provements for DM/DD OOFDM systems [14]. Neverthe-
less, this approach is only qualitatively understood in
previous literature and further work is necessary to grasp
the theoretical foundations which can provide the design
criteria for optimum operation. By extending the previ-
ously presented theory, we provide an end-to-end ana-
lytical model to describe the operation of a DM/DD
OOFDM system when an arbitrary optical filter is inserted
in the dispersive link.

2. Analytical modelling

2.1. System description

The optical OFDM communication system is basically
composed of an OFDM transmitter, the directly modu-
lated laser (DML), the dispersive fiber link, a photode-
tection stage, and, finally, the OFDM receiver, as
depicted in Fig. 1.

In the OOFDM system, the information binary data is
mapped into M-QAM complex symbols and a block of
the resulting complex symbols is fed to an Inverse Fast
Fourier Transform (IFFT) processor with a size equals to FS.

Complex information

ol T 1 AP
N s o i i 0_ T PE® vcomea [ DML
Information Manping ] FS- P/S+Add ﬂ ﬂ _,l\
binary—s| " g/p i| cyclic Att [—@D—
stream ::ITHJI: IFFT | pre/post-fix
ME Laser driving signal,
[ i;r; ]
Rem. Cyclic [ S > — 4| Demap Received
: k : FS- | FEQ " | information
Z§ _I%I_ pe/postfix s E P/S binary stream
\ L +sp || FFT 4

Photocurrent,
I ph I(f)

S/P: serial to parallel; P/S: parallel to serial; (I)FFT: (Inverse) fast Fourier transform;
DAC: digital-to-analog converter; ADC: analog-to-digital converter

Att: Attenuator; SMEF: single mode fiber; DML: directly modulated laser; LPF: low-pass filter;

FEQ: frequency domain equalization

Figure 1. Schematic illustration of the DM/DD OOFDM system.
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xn] = Y5t Xy exp(; mk ) n=01,..FS—-1 (1)

In order to obtain a real-valued signal x/n/ at the output,
the original information complex symbols and their co-
rresponding conjugate values are arranged with Hermi-
tian symmetry at the IFFT input. The obtained real-valued
discrete signal is composed of N subcarriers, each of
them modulated by an information complex symbol.
Note that some symbols X} at highest frequencies may
be set to zero in order to introduce oversampling. After
parallel-to-serial conversion, a cyclic pre/post-fix is added
to each OFDM symbol in order to combat ISI and ICI ef-
fects, and hard clipping in the digital domain is applied
in order to limit the amplitude swing of the OFDM signal.
Finally, the signal is interpolated and low-pass filtered.
The OFDM symbol starting at =0 and with duration T
can be expressed as:

s(t) = Lo 1 Xl - cos(Qet + @y, ) * e (1) (2)
where X;=IX;! exp(j @xx) are the information com-
plex symbols, ) is the angular frequency of the is the
kth OFDM subcarrier, and /(1) is the impulse response
of the transmitter. The value of the discrete frequency
is given by k - AQ, where A() is the spacing angular fre-
guency between consecutive subcarriers. The spacing an-
gular frequency AQ) is given by 1/T, where T=FS" fsam
and fsam is the sampling rate. The analog OFDM signal
is then scaled by a factor to yield a certain value of peak
current and a dc value is added to operate the optical
source. The input current to the laser is then given by:

{I(t) =it fnt(t) =iy + Z::I 200 Cﬂs(ﬂkt + (PI;‘-) = hn'x([) 3)

where iy represents the dc-offset added just before the
laser, m is the scaling factor determined by the electrical
attenuation to operate the laser within a certain region
(li,,(D1<A7), and iy - exp((-)ji_k) is the driving current
coefficient at frequency (-){). In the case that the elec-
trical filter htrx does not affect the signal band, the in-
tensity coefficient iy is equal to m/2-1Xxl. The OFDM
symbol current is fed into the laser to modulate the op-
tical intensity, whose process is governed by the follow-
ing system of equations [15]:

#O _|p., .o MO 1 e "
pratad UL R Fvomeeritey | (ORI RO @.1)
an[t) ift) B 3 a0

B -An-B:n*-Cn v, a‘*m 7 p(t) 4.2)
o _1 oo y

i Iv,-a,(n(t) -n) 4.3)

where p(t), n(t) are the photon and carrier densities in
the laser active region, respectively, ¢(?) is the phase of
the output optical signal, I is the confinement factor, v,
is the group velocity, ag is the linear material gain coeffi-
cient, ny is the transparency carrier density, €, is the non-
linear gain coefficient, T, is the photon lifetime, L

determines the fraction of spontaneous emission that is
emitted into the fundamental mode of the laser, V'is the
volume of the active region, i(?) is the driving current fed
into the laser, e is the electron charge, 4 is the non-radia-
tive recombination coefficient, B is the radiative-recom-
bination coefficient and C is the Auger recombination
coefficient.

The optical fiber is considered as a linear medium, whose
transfer function is given by:

H(w) = exp(j - B(w)L) =
exp(j+ (Bo + B1(w — wg) + B (w — wy)? )L)

where B(w) is the propagation constant of the fiber, By
its value at w=wy, B; and B, are its first and second de-
rivatives evaluated at wy and L is the length of the fiber.
B3> is related to the dispersion parameter D of the fiber
through B, = -D)\OZ/(ZC) where N, is the laser emission
wavelength and c is the speed of light in vacuum.

Once the optical signal is propagated through the fiber,
the optical intensity is detected by means of a square-
law photodetector:

ILn() = RIE(t,z = 0)| (6)

where R is the responsivity of the photodetector. The
OFDM signal processing performed at the receiver is es-
sentially the inverse of that described for the transmitter.
After calculating the FFT of the received time domain sig-
nal, the complex symbols are equalized and demapped
to bits in order to generate the received information bi-
nary stream.

2.2. Mathematical formulation

2.2.1. Study of the optical effects in DM/DD OOFDM
systems

Our goal is to obtain a mathematical expression of Eq.
(6), since it is a much more useful tool for the under-
standing of directly modulated OOFDM systems than the
observation of the final results in numerical simulations.
Neglecting transmitter filtering effects and assuming in-
finitely extended RF-waves in Eq. (3), the first step is the
derivation of a suitable mathematical expression for the
signal at the laser output. For such goal, a perturbative
analysis of Eqgs. (4.1)-(4.3) is performed [19], which ren-
ders the first and second order optical intensity versus
driving current transfer functions, Hpj(wg), Hpz (o),
Hp1(ok,w1), as well as the first and second order optical
phase versus driving current transfer functions Hg,1(wy),
Hgpo(wk), Hp1(wk,w1). The complex electric field ampli-
tude at the laser output can be then approximated by:

E(t,z=0) = /Py + P,(t) + P,(t) + Py1(t)

7)
exp(j - Tk muesin(Quet + @, )
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The analytical model follows accurately the physics be-
hind the whole process of transmission and direct detec-
tion of directly modulated OOFDM signals.

where Py is the optical intensity due to the steady driving
current value ip, P1(t) is the linear optical intensity term
(function of Hp(wg)), whilst Pp(t) and Pyy(t) represent
the harmonic and intermodulation distortion of the op-
tical intensity modulation (functions of Hpx(wg) and
Hpp1(wg, 1), respectively). Finally, the optical modula-
tion frequency indices my exp (j @my) in Eq. (7) include
both linear and nonlinear effects in the optical phase
modulation.

Getting rid of the square root by approximating
VT+x=1+x/2-x2/8, the fiber transfer function in Eq.
(5) can be applied in the frequency domain, and the sig-
nal at the fiber output can be determined by calculating
its inverse Fourier transform. Neglecting some higher
order terms, and using the Graf's theorem for the sum
of Bessel functions, one can arrive at the following ex-
pression for the photocurrent:

"'ph(t) =

R- ( To(nt»"zn---ﬂwl T Tl(n1-ﬂ2---~"r\r) + Tz[ﬂp?‘!z ----- ny) )

+T3(m-“z-----“~) + T4(“1-“2-----“N} + TS(“L“Z--“-“N) ®)

exp (7 (it + s (ome +3)))

70 and T'1 contain the information component, which
can be extracted by setting one of the indices ny, ny,...ny
to 1, and the rest to 0, as well as nonlinear distortion due
to the laser chirp, the expressions of which are obtained
by particularizing the indices ny, ny,...ny such that
Yr=1le|>1. T2, T3, T4 and T5 are essentially terms
due to nonlinear distortion which stem from the laser
nonlinearities (72 and 7'3) and the imbalance caused

by the chromatic dispersion on the optical field (T4 and
T5).

In Fig. 2 the received 32-QAM complex symbols before
equalization obtained through the evaluation of with dif-
ferent nonlinear gain coefficient and fiber dispersion
values and through the simulation of the IM/DD OOFDM
system are shown. We have chosen to show the complex
symbols before equalization to demonstrate how accu-
rately the analytical model can follow the physics behind
the whole process of transmission and direct detection
of directly modulated OOFDM signals.

Although the derived expression for the photocurrent in
Eq. (7) offers us a very accurate description of the physical
processes which govern the optical transmission, propaga-
tion and detection of OOFDM signals in DM/DD systems,
we need to derive more intuitive and computationally easy
expressions of the linear and nonlinear effects. Such sim-
plification can be carried out by approximating the Bessel
functions involved in the photocurrent expression Eq. (8):

I,n=0
Iy =4t n==1 C)

0, otherwise

and retaining only the intermodulation distortion products
up to the second order. The expression characterizing the
linear effects is then reduced to the following equation

TOln,=1 + Tlp,=1 =
B; .
(Hpa@,) - cos (02 2L) + 21Py - Hys () (10)
in(-02821)).2
sin (~022 L)) Ly,
Moreover, the evaluation of the nonlinear distortion is rather
direct and still accurate for typical parameter values em-

ployed in DM/DD OOFDM systems in short/medium haul
links. The resulting nonlinear distortion expressions are:

e Simulated IM/DD OOFDM System

«107* 10

» Evaluation of the theoretical expression

-

210
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Quadrature
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Figure 2. Constellation diagrams obtained through the simulation of the DM/DD OOFDM system and the evaluation
of Eq. (7). fiam=11GHz, FS=128, N=55, L=60km, (a) the nonlinear gain coefficient is equal to 3x10-24m3; (b) the nonlinear
gain coefficient is equal to 3x10"23m3; (c) same as (b) but the fiber dispersion is D=-7ps=(nm_km).
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Lyomelk] = E!’i’f‘_l Hyp11(Q, Qpe—y) - cos(Oy) * iy~ gy * exp(j(o; + @r-))) +

Y1 Hpr1 (Q — Q) - cos(8y) - iy - iy, - exp(j(@y — P1-k)) an

Iopm k] = —2P, ;“312]_1 Hp11(Q, Q) - sin(By) - iy * ie—y - exp(j(@r + @r—)) +

—2Py X per1 Hp11(Qp — Qi) - sin(B) * iy * iy * exp(j(@1 — ¢i-1)) (12)

Ly g l] = ZHE2 (

I=k+1

Hypy () - Hpy (Q—y) - cos(8)) - sin(@r—)) +\ . ;
Hyp1 (Qye—y) - Hp1 () - cos(By,._) - sin(6)) )-h - exp (D + 9-0) -
i (le(ﬂi) “Hgp1 (Qu—y) - cos(8)) - sin(8)—) +
H;;1(Qf—k) “Hgpy(Qy) - cos(Oxy) - sin(6,)

) iy iy exp(jlor — @1-1)) (13)

Ipp,[k] = 4P, !i/f]q Hg1(Q)) - Hyy Q=) - sin(8)) - sin(By—y) - iy - ix—1 - exp(j (@1 + @r-1)) —

4Py Ty Hpt () - Hy () - sin(8)) - sin(0y-x) - iy * ig—i. - exp(j (@1 — 91-1))

Iy, 1K) = 5 BT Hy Q)+ Hyy Q=)+ 5in(8)) - sinB-) iy -1 * exp(j (@1 + 94-)) =
;—OZF’:J(H Hpy () - Hpy () - sin(8)) - sin(0y—y) * iy * i—x - exp(j (@1 — @1-x)) (15)

ITk] = L, ppilk] + 1g purlk] + Ly g5, k] + 1, [k] + 1, g, [K] (16)

The total nonlinear distortion, I[k], is given by the sum of
these terms: and the variance due to nonlinear distortion
is calculated as ofip[k] = (|1[k]|?).

2.2.2. ISl and ICI due to filtering

In order to avoid ISI from the adjacent OFDM symbols and
make the linear convolution behave as a circular convolu-
tion, cyclic extensions are appended to the original OFDM
symbols [2]. Since the transmission information rate is re-
duced because of the transmission of redundant samples,
it is essential to evaluate the penalty due ISI & ICI effects
as a function of the number of these redundant samples.
The theoretical expressions aimed to evaluate the penalty
due to ISI & ICI effects are deduced from similar analysis
to those reported in [16,17], but we take into account the
correlation between the discrete samples of the generated

Ly

OFDM signal and we employ the transfer function given
by Eq. (10) to include laser intensity and phase modula-
tions as well as the propagation of the signal through the
dispersive fiber.

Npre = Npre * FS and Npreos = Npos - FS samples are used
as pre- and post-fix for each OFDM symbol. We consider
a channel impulse response with a positive tail extending
to Tsam'L+ and a negative tail extending to -Tgam L. (L4
and L. represent a certain number of samples, and Tgam
is the sampling period), and we assume that ISI occurs
only due to the adjacent OFDM symbols. Apart from IS,
ICl also occurs due to the loss of orthogonality between
subcarriers, and the variance characterizing this process
has the same value as that due to ISI. The total variance
due to ISI & ICl on the k-th subcarrier is given by:

Lo—1

JIZSI [k] 2 GJ%CI [k] = 2Rx [0] z |Hq.posm“ [k]lz =+ ZRI [0] Z IHq,ne‘gm”[k]lz

q =N'p)-e+ 1
Ly Ly

+2 ) ) Rlp—qll-e™F -4

= q=
Npre+1 Npre+1
q#p

- - —j2mik=d
2355 25 Rellp — ql] - 72745

Npos  Npos
q#p

q=Npos

pposeait K] * Hpposeq (K] +

* Hyneg_taitlk] * Hgpos tau (K] (16)
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2.2.3. Clipping of the OFDM signal

After arranging the QAM symbols X, X,,...X,, with Her-
mitian symmetry at the IFFT input, the signal at the input
of the clipping device is given by:

x[n] = 2 Real {Z?;Elxk - exp (f “2m k%)} (17)

As the central limit theorem, for a sufficiently high value
of N, x/n] follows a Gaussian distribution with zero mean
and variance equal to 2Na (a2 = (|X|?)). This means
that high peak values of amplitude occur with a small
probability and the OFDM signal presents a high peak-
to-average power ratio, which is its main drawback.

A simple technique used to limit the random amplitude
of the generated OFDM signal is to deliberately clip it, as
shown in Fig. 3.

The value of Aclip is an important system parameter in op-
tical OOFDM systems: the smaller its value, the smaller the
amplitude excursion of the electrical OFDM signal, and
therefore less stringent conditions on the design of elec-
tronics in the transceiver and higher optical modulation ef-
ficiency, but the higher the distortion introduced by such
nonlinear operation. Aclip is usually defined in relation to
the clipping level CL, given by CL= Aﬁn-p/([x[n] 2.

Recalling the Bussgang’s theorem [18], the clipping ope-

ration ouput signal can be expressed as the sum of an
undistorted signal part and a noisy term:

Xetip [n] =X x[n] T Npclip [?’.'.] 18)

where y=1-erfcCL/2), and ”p,chp[”] is the clipping noise,
whose expressions for the autocorrelation and the power
spectral density can be found in [19]. In Fig. 4 we com-
pare the normalized power spectral density of the clip-
ping noise for different values of CL and N = 60, being
FS =256.

As expected, the smaller the value of CL, higher is the
clipping noise introduced, and its spectral density ranges
from values around -40dB/Hz for CL = 10dB to values
around -20dB/Hz for CL = 5dB. We observe from Fig. 4.4
that comparisons between the PSDs obtained through
theory and the simulations are in good agreement.

The noise variance on the kth subcarrier at the receiver
can be calculated as:

J;,Clip [k] = nﬁ.c{ip (ef“k) : |H(e)'nk)|2ﬂﬂ (19)

where H(el€k) is the transfer function from the trans-
mitter IFFT to the receiver FFT, and n; .;;,(eJ*) is the
power spectral density of n; .;; [n].

The spectral estimation of the clipping noise 7; ;@)
involves a statistical averaging and the clipping noise is
assumed to be uniformly distributed with time. However,
CL is usually set to a high value and, thus, clipping is a
rare event [20]. In order to get a better approach in these
situations, we propose to divide the whole clipping
process into a finite number of processes, which are
given by the union of the OFDM symbols with the same
number of clips. Once obtained the power spectral den-
sity of the clipping noise with a certain clipping rate i/F'S,
with i=0,1,..i that is, n (eij) , the variance is of

max’ 1,clip

x[n\
||I|I I\:>
1 ;

Clipping

xclip[n]

Figure 3. Clipping operation.

r A
___Power spectral density

OFDM signal

1 (_Power spectral density
Clipping noise (simulations)

Cl=10dB

{ )
___Power spectral density clipping

noise (analytical formulation)

Frequency (GHz)

6\ J

Figure 4. Power spectral density of the clipped signal and the clipping noise for FS = 256 and N = 60.
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the kth subcarrier at the receiver can be calculated as:

. ) 2
oliplk] = My ciip (1) - |H (/)" A0 (20)
which can be used in a more refined expression of the
error probability:

Pr(bit error) = E:Z‘g" Pr(bit error|i clips) Pr(i clips) (21)

This approach has demonstrated to provide a more ac-
curate evaluation of the clipping effects than the tradi-
tional one based on the direct computation of the power
spectral density of the clipping noise [21].

3. Performance evaluation

Due to the unique algorithm used to demultiplex the re-
ceived OFDM signal through the use of a FFT, the diffe-
rent impairment effects which add to the received complex
symbol, H/k]-X[k], can be approximated to a Gaussian dis-
tribution [2] provided a sufficiently high number of data
subcarriers N is used. Thus, the system performance evalu-
ation can be accomplished through a simple figure of
merit which accounts for the power of the undistorted
part of the received information signal and the variance of
the impairment effects on each subcarrier [8]. In order to
calculate the BER of each subcarrier (BER[k]), due to the
analytical treatment to study the clipping noise explained
in the subsection 2.2.3, a signal-to-noise ratio conditioned
to the number of clips i is calculated

[H[K]|?
e [K1+ 07518001 K1+ 07 (K] + 0y p K] (

SNRE,CIIps[k] = 19)

Once determined SNR; .y, /k], BER[k] withk=1,... N'is
easily determined with the help of BER evaluation for-

mulas [21] and making use of Eq. (21).

The arrows in Fig. 5 indicate at which point the maximum
value of transmission information rate is achieved, being
27.63Gbits/s for ig=46mA, o.=4 and enl = 1.7x1023m3, and
26.606Gbits/s for ig=78mA, 0.=7 and gy = 1.7x1023m3.
From Fig. 5(a) we can observe that the system performance
is clearly limited by the laser chirp and the information
transmission rate decreases with o, whereas for ip=78mA,
a higher value of a is beneficial because of the linear con-
tribution due to the laser chirp, as expressed in Eq. (10).
The variation of the achievable information transmission
rate with €1 is due to two counteracting factors: at small
values, frequency dips may appear as result of the opposite
phases between the two terms in Eq. (10), and at higher
values, laser nonlinearity becomes more significant.

4. Applications for system
performance enhancement

4.1. Pre-distortion technique

The principle is rather simple and is based on the recons-
truction of the interference I/k] with k= 1,2..N and
proper substraction at the transmitter. It is assumed that
the channel varies at a sufficiently slow speed such that
the transmitter is able to track the changes of I/k/, with
k= 1,2...N, through appropriate feedback information
from the receiver, which is a reasonable assumption for
short/medium IM/DD links. The reconstruction of the in-
terfering term I/k] with k= 1,2...N is based on the ana-

£,(m?) x 10%*

27.63

R
(Gbits/s)

7.35

£,(m?) x 1023

Figure 5. Information transmission rate for a) i0 = 46mA and b) iy = 78mA.

Conventional system with

Conventional system

System with pre-distortion

128-QAM with 512-QAM employing 512-QAM
1.5} i 1.5 T § . > | 1.5F !
1 ' 1 1 .
£ 0.5 ¢ 0.5 2 0.5
= =2 =
% o % Ol - % 0!
& 05 3 -0.5 G -0.5
-1 -} -1}
-1.5L. : x N , . 3 -1.5} . i -1.5L : . . . . 3
1.5 1 -05 0 05 1 15 -15 -1 05 0 05 1 15 15 1 05 0 05 1 15
In-Phase In-Phase In-Phase
a) b) 0

Figure 6. Constellation diagrams of the 62th to 110th subcarriers for L = 40km. a) Conventional DM/DD OOFDM sys-

tem (128-QAM), b) DM/DD OOFDM system without pre-distortion technique (512-QAM), and ¢) DM/DD OOFDM system

with pre-distortion technique (512-QAM).
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received symbols is achieved and the value of the ob-
Novel predistortion and optical filtering approaches have tained BERT does not increase significantly.
been proposed to improve the OOFDM system perfor-

mance with successful results.

lytical model reported in section 2.2.1. Apart from the
feedback provided by the receiver, another feedback path
is employed at the transmitter in order to identify other
magnitudes needed for the reconstruction of I/k], what
is done by splitting the laser output signal into two sig-
nals by means of an optical power divider.

Denoting as I,../k] the interference reconstructed at the
transmitter, it is divided by the linear transfer function
H[k], k= 1,2...N. The information complex symbols with
the proposed technique turn into:

Ireelk]
Xpralk] = X[k] —%,k =1, N (19)
As result of the transmission of X,,,4/k/ instead of X/k], k
=1,2,...N, we have at the output of the communication
system:

Y[k] = H[k] - X[k] + x[k],k =1,..N (20

where y/k] is a difference term due to the transmission
of Xyalk] instead ofX/k], k= 1,2, ...N through the non-
linear communication system. With this technique, the
system performance increases provided that the recons-
tructed interference I,../k] is sufficiently close to the ac-
tual interference I/k] and the magnitude of the additional
nonlinear term y/k/ is smaller thani/k/, which is a rea-
sonable assumption in a communication system using
high order QAM modulation formats and the symbols
must be weakly impaired in order to assure a certain per-
formance (e.g., BERT < 1074).

In Fig. 6 we show the constellation diagrams of the 62th-
110th subcarriers in order to get a visual impression of
the improvement achieved by means of the proposed
pre-distortion technique.

The conventional DM/DD OOFDM system employs 128-
QAM in the subcarriers ranging from 62 to 110, and the
received symbols after equalization are shown in Fig. 6(a).
Using this modulation format guarantees that the ob-
tained BER does not exceed considerably the objective
BERT = 1074, situation which would occur if the modu-
lation format order is increased to 512-QAM. The aim of
the constellation diagrams Figs. 6(b) and (c) is to show
the effects of the proposed pre-distortion technique.
Both of them show the constellation diagram for the
same subcarriers (62 to 110), using 512-QAM as modu-
lation format, but in Fig. 6(b) the pre-distortion technique
is not used at all. It is clear that the quality of the received
signal is ruined and it would lead to an unacceptable
value of BERT. The use of the pre-distortion technique,
Fig. 6(c), offers us a much clearer constellation diagram,
and, similarly to Fig. 6(a), an appropriate quality of the

In Fig. 7 we compare the BER obtained through error-
counting simulations of the conventional systems, the
system with the proposed pre-distortion technique, and
the system with the non-linear equalizer proposed in
[10].

L e ,
0O Conventional DMW/DD OOFDM system

A DM/DD OOFDM syst. With pre-distortion

O DM/DD OOFDM syst. With Nonlin. Equalizer Rx

4Gbits/s -
2r o) 7Ghits/s

-]
8.5Gbits/s 9Gbits/s

1 A ¥ ‘ e al ‘
5 10 15 20 25 30 35 40 45

Trans. Information. Rate (Gbits/s)

Figure 7. Comparison of BER values obtained through
error-counting simulations.

We observe from Fig. 7 that the obtained BER values are
close to the objective BER = 10"4. As predicted by the
simulations with the simplified model, the achieved trans-
mission information rates when the pre-distortion tech-
nique is used are considerably higher. With the nonlinear
equalizer at the receiver, the transmission information
rates are equal to 33.08Gbits/s and 14.49Gbits/s for
L=40km and L=100km, respectively. Though the values
obtained with the nonlinear equalizer at the receiver are
not the result of a so exhaustive system parameter opti-
mization, the values presented in Fig. 5.10 show an in-
tuitively clear issue: a nonlinear equalization at the
receiver can improve the quality of the detected signal,
but, since the interference reconstruction depend on de-
cisions about the received information signal, the ob-
tained performance will eventually depend on the signal
quality of the conventional DM/DD OOFDM system.

4.2. Optical filtering

The optically filtered DM/DD OOFDM system is very simi-
lar to that shown in Fig. 1, but with an optical filter in-
serted into the optical fibre link. The effects of the optical
filtering onto the optical signal can be easily taken into
account using the well-known digital filtering theory. The
impulse response and corresponding transfer function of
the optical filter are given by:

hea(t) = ZREG hye - 6(t —7,) © Hpy(Q) = 27)

. W0rd-1 —f Tl
.Zx=0 h_xe ] Tk

where Ord is the order of the filter. The field at its output
is calculated as

Epy(t,z=L) =32l hy E(t—=1,,2=L) (22)
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Finally, the photocurrent is calculated as the squared phase delay (t,+1,)2. Because of the complexity of the

modulus of the field. After a lengthy mathematical ma- expressions obtained, we have proceeded as in the sec-
nipulation, Lyy(t) can be expressed as eq. (23). tion 2.2.1 and we have obtained a simplified version
which gives reasonable good results. With these simpli-
From Eq. (23), we can observe that the different spectra fications and making use of the transfer function of the
components are weighted by the product of the filter co- optical filter Eqg. (21) the expression for the signal infor-
efficients &1} and are also affected by the average mation component can be expressed as:
"’ph(t) =

R - ZO,-%Hl 207-%,_1 h. - h* ( To(m,nz,....nw)(K’ 8) + Tl(nl,nz ..... nN)(K- E) + Tz[nl.nz.....nw)("c’ 5) ) >
K= £= LAY

exp (j (Qumpt + Zhea i (%2 + g, +7))) (23)

TO]nr=1 + Tllnr=1 =

Hpgp(0)H pig(2r) —jnzfz —jn28z
%(Hﬂl(ﬂr‘) ‘e joF ;L + ZPD : qul(nr) re L ;L) +

Hrin(0)Hp(Q)
2

. Ex_ (24)
‘0282 inz2f !
(le(ﬂr) LML 2P Hyy (0, - e’n"TzL) 2

In Fig. 8 an optical superGaussian filter of order 2 and 3- chitectures. In Fig. 9(b) we show the obtained signal-to-
dB bandwidth of 10GHz is used to observe the influence noise ratio obtained for different values of the delay Tyizr
of the central frequency shift with respect to the optical and the phase shift ¢y, of @ Mach-Zehnder interferom-
carrier of the information signal. eter filter, shown in Fig. 9(a).
As Eq. (24) points out, in the case some asymmetry is in- We can see in Fig. 9(b) that with a simple MZI we have
troduced, information components that otherwise would been able to get an effective SNR around 19dB, which
be counteracted, start to spring up, increasing thus the is obtained when ¢p,=70/2. This value for the phase shift
signal information detected at the receiver and the sys- entails a tradeoff point of the system, mainly determined
tem, as it is observed in Fig. 8(a) and (b): the increase of by the optical carrier attenuation and the degree of im-
the central frequency implies a stronger filtering of the balance introduced. When the value for ¢y, is changed
lower sideband, and such asymmetry leads to the in- to /4 or 31/4 the effective SNR gets worse as a result of
crease of the system transfer function plotted in Fig. 8(b). a decrease of the system transfer function (Eq. (24)).We
can also observe that for ¢y,p=7/2, the delay Tyizp can
Using the signal-to-noise ratio figure defined in Eq. (19), be varied over a broad range and good values of signal-
we can study the expected performance of an optically to-noise ratio are still obtained.

filtered OOFDM system with different optical filtering ar-

- (=0 @ Simulations
=0 /(2m)=1.25 GHz(0.01nm) @ Simulations
== Q. /(2r)=2.5 GHz (0.02nm) @ Simulations
= Q_/(2n)=3.75 GHz (0.03nm) @ Simulations
==Q f(2r)=5 GHz (0.04nm) @ Simulations
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Figure 8. (a) Optical filter transfer function, (b) OOFDM system transfer function with q =2, AQ4 jg/(21) = 10GHz (0.08nm).
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Figure 9. (a) Schematic of the Mach-Zehnder interferometer filter, (b) Signal to noise ratio for different values of the delay

and phase shift.

Finally, the performance improvement provided by the
optical filtering is quantified in terms of power budget.
In Fig. 9 we show the BER obtained for different values
of the received average optical power. Based on the pre-
vious results, we set Tyzy to 136ps and ¢ypp=1/2. Given
the importance of the clipping ratio used at the transmi-
tter on the system performance, curves with different
values of clipping ratio have been also plotted.

The performance improvement obtained by inserting the
optical filter in the OOFDM system is highly dependent
on the clipping ratio: when no optical filter is used, a
significant power budget improvement can be obtained
by reducing the clipping ratio, whilst this reduction results
in @ more limited improvement in the distortion-limited
power budget when an optical filter is used. When no op-
tical filter is used, a received power equals to -15.2dBm is
needed to achieve a BER equals to 103 when
CL=13.8dB, whilst a received power equals to -17.6dBm
is needed for CL=8dB. When a MZl is used, for which a
received power equals to -20.9dBm is needed to obtain a
BER equals to 10~ when CL=13.8dB, whilst it is reduced
to -22.1dBm when CL=10dB, as it can be observed in Fig.
9(b). Thus, with a MZI as optical filter, we are able to get
an improvement equals to 4.5dB compared to the non-
optically filtered system.

5. Conclusions

The proposed mathematical treatment has allowed us to
include the main signal generation, transmission and de-
tection effects, as well as providing us with a great ver-
satility. After proper validation by comparing the results
with those obtained with simulation commercial soft-
ware, the analytical model has offered us a mathematical
description of the linear information signal term and the
nonlinear distortion at the receiver-end side, determining
jointly to a great extent the obtained system performance
of DM/DD OOFDM systems. To the best of our knowledge,

the proposed model represents the most accurate model
up to the present day for the accounting of the main ef-
fects in DM/DD OOFDM systems. Furthermore, despite
of its complexity, it can be conveniently simplified to pro-
vide a much more simple description accordingly to the
needs of the particular system. A more complete descrip-
tion of real DM/DD OOFDM systems with the considera-
tion of important transceiver design parameters, such as
the clipping level, the length of the cyclic extensions and
the laser modulation index, has been also derived.

In order to deal with the underlying problem of nonlinear
distortion in DM/DD OOFDM system, a novel pre-distor-
tion technique has been proposed based on the previo-
usly proposed analytical model. In the proposed scheme,
a dedicated receiver extracts and tracks some of the
necessary parameters needed to reconstruct the interfe-
rence terms of the system. Together with the feedback-
path from the receiver to the transmitter, the proposed
technique is able to achieve great nonlinear distortion re-
duction ratio values.

Transmission information rates equal to 40Gbits/s and
18.5Gbits/s have been obtained for L=40km and
L=100km, respectively, with a BER in the order of 10-4.
The employment of QAM modulation formats of higher
order to those used in the conventional DM/DD OOFDM
system has allowed us to obtain transmission information
rate improvements equal to 9Gbits/s and 8.5Gbits/s for
L=40km and L=100km, respectively. Furthermore, com-
parisons of the pre-distortion technique with a previously
reported nonlinear mitigation technique based on non-
linear equalization at the receiver-end side have been also
carried out, showing that our proposed technique
achieves a higher nonlinear distortion cancellation effi-
ciency. As result, our proposed technique outperforms
nonlinear equalization at the receiver by several Gbits/s.

Through the development of the corresponding analyti-
cal model, we have been able to grasp the foundation
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for the improvement obtained when an optical filter is
used in a DM/DD OOFDM system. Results obtained have
confirmed that optical filtering may be a suitable tech-
nique for the improvement of power budget in DM/DD
OOFDM systems by a few dBs (4.5dB with a MZI). The
analytical formulation obtained for the description of op-
tically filtered DM/DD OOFDM systems has demonstrated
to be an useful tool to characterize the system perform-
ance through the calculation of the effective signal-to-
noise ratio. Its computation has allowed us to explore
optimized values for a MZI filter.

To sum up, DM/DD OOFDM systems are suitable option
to be employed in dynamical metro/access optical net-
works, able to provide great spectral efficiencies and ver-
satility. The cost of such systems is also one of its main
advantages, compared to other architectures such as ex-
ternally modulated/directly detected systems or coher-
ently detected systems. The laser chirp impose limitations
on the link reach and the achievable transmission infor-
mation rate, but, as we have seen in this work, DSP and
optical signal processing techniques may make a valu-
able contribution to mitigate their effects. Other disad-
vantages arising from the nature of the information
transmission (it must be conveyed in the optical intensity
domain), such as the loss of the information on the
phase and polarization of the optical signal make
DM/DD systems unflattering compared to their more
complex counterparts.
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