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Increasing the Spectral Efficiency of

DDO-CE-OFDM Systems by

Multi-Objective Optimization
Helder Roberto de O. Rocha, Vinicius O. C. Dias, Esequiel da Veiga Pereira , Reginaldo Barbosa Nunes ,

Marcelo E. V. Segatto , Member, IEEE, Member, OSA, and Jair A. L. Silva , Member, IEEE

Abstract—A multi-objective optimization was implemented to
increase the spectral efficiency of direct-detection optical or-
thogonal frequency division multiplexing (OFDM) systems with
constant-envelope (CE) signals. Based on a genetic algorithm, the
optimization procedure evaluates the impact of fiber injection
power in the reduction of the guard band between the optical car-
rier and the CE-OFDM signals, optimizing important parameters
such as electrical phase modulation and optical modulation indices
of the denominated DDO-CE-OFDM system. Simulation results
show that a guard-band reduction around 40% was achieved in a
4 Gbps optimized DDO-CE-OFDM system with 16-QAM subcar-
rier mapping and −7 dBm fiber input power. Results obtained in an
experimental proof-of-concept conducted to validate the optimiza-
tion procedure show that this reduction can reach 66% according
to a power penalty of ≈2 dB demanded by the inherent spectral
broadening of CE-OFDM signals, after propagation over 40 km of
standard single-mode fiber.

Index Terms—Constant-envelope optical OFDM, multi-
objective optimization, NSGA II, spectral efficiency.

I. INTRODUCTION

P
ROPOSED by S. C. Thompson et al. in Ref. [1] to increases

the power Amplification efficiency in wireless systems,

the constant envelope orthogonal frequency division multiplex-

ing (CE-OFDM) approach is basically a peak-to-average power

ratio (PAPR) reduction technique. Based on electrical phase
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modulation, this transformation method reduces the PAPR of

conventional OFDM signals to 0 dB.

Taking advantage of this concept, in [2] we proposed and

experimentally demonstrated the transmission of constant en-

velope (CE) signals in direct detection optical OFDM (DDO-

OFDM) systems to increases the tolerance to the intermodula-

tion effects introduced by the Mach-Zehnder modulator (MZM).

The adaptation that allowed the transmission of CE-OFDM sig-

nals with PAPR = 3 dB was subsequently availed to mitigate

fiber nonlinearity in the nominated DDO-CE-OFDM system, as

described in [3]. Indeed, the simulation results described in [3]

and the experimental demonstration presented in [4] show that,

evaluating the above-mentioned tolerance, the CE based system

outperforms conventional DDO-OFDM systems over dispersion

uncompensated standard single-mode fibers (SSMF), despite

the spectral efficiency (SE) reduction that characterizes phase

modulation schemes [5]. Subcarrier multiplexing can be imple-

mented with the discrete Hartley transform (DHT) proposed in

[6] to cope with SE degradation. The authors of the numerical

analysis presented in [7] show that performance improvements

can be achieved with a combination of DHT multiplexing and

the above-mentioned CE modulation.

In this paper, we expand the optimization process outlined in

[8] to DDO-CE-OFDM systems in order to address the trade-

off imposed by spectral broadening and system performance.

The relevance of the phase modulation index h of such systems

was also demonstrated in the experimental work described in

[9], in which the authors prove the fiber nonlinearity and phase

noise tolerance of CE-OFDM signals based on optical phase

modulation (OPM) in a the W-band (75-110 GHz). The perfor-

mance of such systems increases with large values of h, thanks

to a spectral enlargement that limits the guard band reductions

extensively studied in [8].

Transmission over the OPM based long-haul link reported in

[10] can be achieved in optical intensity modulation if the dy-

namic range of MZM modulators is explored by a proper choice

of the optical modulation index, as suggested by the optical car-

rier suppression presented in [11]. Matched to an optimization

that deals with the MZM bias point, concomitant performance

and spectral efficiency (SE) improvements are feasible.

Therefore, a spectral efficiency enhancement, based on

parameter optimization, of DDO-CE-OFDM systems is
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highlighted in this work. A problem formulation, solved by

an elitist nondominated sorting Genetic algorithm (NSGA), is

proposed to minimize the fiber launch power and the guard

band required to a system bit-error-rate BER ≤ 10−3. Numeri-

cal simulation results show that, with a fiber injection power of

−7 dBm, a guard-band reduction around 40% was achieved in a

4 Gbps optimized DDO-CE-OFDM system, with 16-QAM sub-

carrier mapping. An experimental proof-of-concept validates

the robustness of the optimization procedures, according to a

66% guard band reduction obtained by the system after propa-

gation over 40 km of SSMF, with a power penalty of ≈2 dB.

The remainder of this paper is organized as follows. A the-

oretical background of the CE-OFDM signal generation and

detection in intensity modulated and direct detection (IMDD)

optical systems is presented in Section II. The proposed multi-

objective optimization algorithm is presented in Section III.

The simulation results obtained with the SE procedures and the

experimental validation are discussed in Sections IV and V,

respectively. Concluding remarks are provided in Section VI.

II. THEORETICAL BACKGROUND

In this Section we develop the fundamentals of generation

and detection of CE-OFDM signals in intensity-modulated and

direct-detection (IMDD) optical systems.

A. CE-OFDM Signal Generation

The CE-OFDM signals of this work were generated by phase

modulating an electrical carrier with conventional OFDM wave-

forms. Thereby, the constant-envelope bandpass signals with

PAPR = 3 dB can be expressed as

c(t) = A cos[2π fct + θn + 2πh · x(t)], (1)

where A is the signal amplitude, fc is the carrier frequency,

θn is a phase continuous memory term, h is the phase

modulation index and x(t) = C
∑Ns−1

k=1 ℜ[X (k)] cos
(

2πkt
T

)

−
ℑ[X (k)] sin

(

2πkt
T

)

the OFDM waveforms, with {X (k)}Ns−1
k=1 the

M−QAM data symbols, T = N
Fs

the signaling interval dura-

tion, N = 2Ns + 2 the fast-Fourier transform length, Fs the

sampling rate and C a constant. The bandwidth of c(t) is use-

fully expressed as B = max(2πh, 1)BW Hz, which is a root-

mean-square (RMS) bandwidth, lower bounded by the band-

width (BW ) of x(t) [3].

B. Direct-Detection of CE-OFDM Signals in Optical Systems

The investigated IMDD optical system uses the same single

arm Mach-Zehnder modulator described in [8]. Therefore, the

optical field at output of the MZM is given by

EM Z M (t) = cos

[

πc(t)

2Vπ

−
πVbias

2Vπ

]

·
√

2P cos(w0t), (2)

where Vπ is its switching voltage, P is the power of the con-

tinuous wave (CW) laser signal at the MZM optical input and

w0 = 2π f0 the optical signal central frequency.

After optical pre-amplification and photodetection, the out-

put current iP I N of the photodiode with responsivity R is

proportional to RE2
P I N , with

E2
P I N (t) = cos2

[

π

2Vπ

(c(t) − Vbias)

]

· 2G P cos2(2π f0t)

+ n2
i cos2(2π f0t) + n2

q sin2(2π f0t)

+ 2 cos2(2π f0t)ni (t)
√

2G P

× cos

[

π

2Vπ

(c(t) − Vbias)

]

+ 2n2
q (t) sin(2π f0t) cos(2π fct)

×
{

ni (t) + 2
√

2G P cos

[

π

2Vπ

(c(t) − Vbias)

]}

,

(3)

for G the amplification gain, ni (t) and nq (t) the noise in-phase

and quadrature components with power spectral density given

by NASE/2 and variance σ 2
n = NASE · Bo, for Bo the bandwidth

of the optical filter at its output.

After some simplifications with trigonometric identities1 and

neglecting high frequency contributions ( f > f0 + Bo/2),

iP I N (t) = R

[

G P cos2

(

π

2Vπ

(c(t) − Vbias)

)

+ ni (t)
√

2G P cos

(

π

2Vπ

(c(t) − Vbias)

)

+
1

2
(n2

i (t) + n2
q (t))

]

=
R

2

{

G P

[

1 + cos

(

π

Vπ

(c(t) − Vbias)

)]

+ 2ni (t)
√

2G P cos

(

π

2Vπ

(c(t) − Vbias)

)

+ n2
i (t) + n2

q (t)

}

. (4)

Considering the first-order Taylor expansion that al-

lows cos(Gc(t) + H ) ≈ cos(H ) − Gc(t) sin(H ), the received

bandpass signal becomes

iP I N (t) ≈
R

2

{

G P

[

1 + cos

(

πVbias

Vπ

)

+
πc(t)

Vπ

sin

(

πVbias

Vπ

)]

+ 2ni (t)
√

2G P

[

cos

(

πVbias

2Vπ

)

+
πc(t)

2Vπ

sin

(

πVbias

2Vπ

)]

+ n2
i (t) + n2

q (t)

}

. (5)

If n2
i (t) and n2

q (t) are significantly smaller than the car-

rier, after filtering the DC-component, the photocurrent can be

1sin(θ ) cos(θ ) = 1
2

sin(2θ ), sin2(θ ) = 1−cos(2θ)
2

, cos2(θ ) = 1+cos(2θ)
2



ROCHA et al.: INCREASING THE SPECTRAL EFFICIENCY OF DDO-CE-OFDM SYSTEMS BY MULTI-OBJECTIVE OPTIMIZATION 2157

simplified to

iP I N (t) ≈ K1 cos [wct + s(t)] + K2(t)ni (t), (6)

for wc = 2π fc, s(t) = 2πhx(t),

K1 =
ARG Pπ sin

(

πVbias

Vπ

)

2Vπ

, (7)

and

K2(t) = R
√

2G P

[

cos

(

πVbias

2Vπ

)

+
πc(t)

2Vπ

sin

(

πVbias

2Vπ

)]

.

(8)

Finally, if we apply a downconversion at the signal of eq. (6),

with complex signals generated by the definition HM : R → C,

HM : g(t) → [g(t), H{g(t)}], for H{·} the Hilbert transform,

the baseband CE-OFDM signal can be recovered as follows

HM{iP I N (t)}e− jwc t ≈ K1 cos[wct + s(t)]e− jwc t

+ K2(t)ni e
− jwc t

+ j{K1 sin[wct + s(t)]e− jwc t

+ H{K2(t)ni }e− jwc t }

= K1

e js(t) + e− j[2wc t+s(t)]

2

+ K2(t)ni e
− jwc t+

+ j(K1

e js(t) − e− j[2wc t+s(t)]

2 j

+ H{K2(t)ni }e− jwc t )

= K1e js(t) + K2(t)ni e
− jwc t

+ jH{K2(t)ni }e− jwc t

= K1 cos(s(t)) + K2(t)ni cos(wct)

+ H{K2(t)ni } sin(wct) +

+ j[K1 sin[s(t)] − K2(t)ni sin(wct)

+ H{K2(t)ni } cos(wct)]. (9)

The inverse operations to those performed at the electrical

transmitter are performed at the receiver. A discrete phase de-

modulator is implemented by an arc-tangent processor that sim-

ply calculates its argument, followed by a phase unwrapper in

order to minimize the effect of phase ambiguities. From eq. (9),

the CE-OFDM signal is derived as

ŝ(t) = arctan

(

I{HM{iP I N (t)}e− jwc t }
R{HM{iP I N (t)}e− jwc t }

)

, (10)

or equivalently by

ŝ(t) = arctan

{

K1 sin[2πhx(t)] − K2(t)ni sin(wct)+
K1 cos[2πhx(t)] + K2(t)ni cos(wct)+

...

...
+H{K2(t)ni } cos(wct)

+H{K2(t)ni } sin(wct)

}

. (11)

TABLE I
PROBLEM FORMULATION

It can be observed from eq. (11) that, in the absence of noise,

ŝ(t) = 2πh · x(t).

III. THE MULTI-OBJECTIVE OPTIMIZATION PROCEDURE

In the multi-objective optimization procedure, a problem for-

mulation was proposed to minimize both fiber launch power

(Pout ) and guard band required to a system BER ≤ 10−3, sub-

ject to the constraints shown in Table I.

It can be verified from equations (1) and (2) that, the opti-

cal modulation index defined as O M I = (Cin)RM S/Vπ , with

(Cin)RM S the RMS amplitude of c(t), plays an important role

in the formulated problem. Large and extremely low values of

the CE-OFDM signal amplitude (A) should be avoided due to

the MZM induced nonlinearity and performance degradation,

respectively [2].

The index h is another crucial parameter in the formula-

tion because of the already mentioned tradeoff between spec-

tral broadening and performance [3]. Low values of the phase

modulation index leads to noise vulnerabilities of the DDO-

CE-OFDM system. On the other hand, the system performance

improves with higher values of h, at the expense of a band-

width enlargement that decreases the SE. Hence, beyond the SE

penalties provided by the intermodulation distortions (IMD) de-

scribed in [12], the spectral broadening generated by CE-OFDM

signals with large values of h limits a desired guard band (BG)

reduction.

It is well known that the MZM should be biased in the range

Vπ/2 ≤ Vbias < Vπ , in order to address the tradeoff between the

MZM nonlinearity and receiver sensitivity [8]. A limit above

Vπ was established in the formulation in order to explore the

constant envelope characteristics of employed electrical sig-

nals. The cyclic prefix also recommended in CE-OFDM based

systems to combat inter-symbol interference is optimized, con-

sidering base-2 exponents between Xmin = 2 and Xmax = 10,

bearing in mind the introduced overhead.

To solve the problem formulated in Table I, we used an Eli-

tist Nondominated Sorting Genetic Algorithm (NSGA-II), an

elitist evolutionary algorithm that preserves dominant solutions

through the generations [13]. The optimization begins with a

randomly ordered population of P solutions. Tournament selec-

tion, crossover and mutation are the Genetic operators applied

to create the next generation Q, with fitness values that define

the dominance in the population. Thereafter, a single population
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TABLE II
OFDM PARAMETERS

R = P ∪ Q is obtained, in which N solutions are selected to

produce a new P population. This process is repeated during a

pre-defined number of generations. Populations of 20 solutions

for O M I , h, BG , Vbias and G I were randomly generated in

the beginning of the proposed procedure. Then, tournament se-

lection at a rate of 0.95, Blend crossover (Blx-α) with α = 0.4

and mutation at a rate of 0.05 are implemented to provide an

efficient algorithm evolution [14].

IV. INCREASING THE SYSTEM SPECTRAL EFFICIENCY

THROUGH THE OPTIMIZATION PROCEDURE

To evaluate the robustness of the formulated problem, we

conduct Monte Carlo simulations of a numerical model of the

DDO-CE-OFDM system shown in Fig. 4, for one of the NSGA-

II solutions. The performance of the optimized systems was

evaluated with the error vector magnitude (EVM) metric de-

scribed in [15]. Modeled as an additive white Gaussian noise

(AWGN), the amplified spontaneous emission (ASE) noise is

dominant in the channel model. Table II shows the OFDM pa-

rameters used in the simulations. The uncompensated standard

single-mode fibers (SSMF) employed in the optical links consid-

ers a loss of α = 0.2 dB/km, a dispersion of D = 17 ps/(nm.km)

and an effective area Ae f f = 8 × 10−11.

Obtained by the optimization procedures, the Pareto fronts

depicted in Figs. 1.(a) and 1.(b) show the MZM output power,

i.e., the fiber launch power, against guard band reductions repre-

sented by different values of BG

Bw
, in back-to-back (B2B) config-

uration and after propagation through 40 km of uncompensated

SSMF. It should be noticed that, the achieved optical powers at

a determined BG

Bw
assures the intended BER ≤ 10−3.

Fig. 1.(a) shows that, a guard band of approximately 30% of

the signal useful bandwidth can be achieved with the same MZM

output power (Pout = −18 dBm) required at BG = Bw, for 4-

QAM mapping. Low values of BG can be achieved according to

increases in Pout , as 14.7 dB more power is required to reach a BG

Bw

of ≈ 14.1%. The optimization algorithm provided a minimum

guard band of 31.7% at Pout = −3.3 dBm, when 16-QAM is

used as subcarrier mapping. The same behaviour occurred after

propagation through the 40 km of SSMF, despite the expected

higher values of the demanded fiber injection powers. Fig. 1.(b)

shows that, for 4-QAM subcarrier mapping, a BG = 0.319 × Bw

is obtained with a Pout = −10.5 dBm, whereas an optical power

of 3.5 dBm is required at a guard band of only 17.5% of the signal

bandwidth. For 16-QAM, a minimum guard band of 343 MHz

is needed without significant power penalties. Tables III and IV

show details of the main optimized parameters obtained in both

considered scenarios.

Fig. 1. MZM output power versus
BG
Bw

of optimized DDO-CE-OFDM systems

in (a) B2B and (b) after 40 km of SSMF.

In order to emphasizes the robustness of the optimization pro-

cesses, we also conducted simulations of the optimized DDO-

CE-OFDM systems in an optical link with 40 km of SSMF,

varying some optimized parameters. Fig. 2 shows that perfor-

mance degradation occurs through deviations in the optimized

values of optical modulation index and MZM polarization point.

It is clear from the surface plotted in Fig. 2 that the best EVM

performance (EV M = −9.84 dB) is guaranteed with the pa-

rameters showed in the fifth line of Table IV, when 4-QAM is

the subcarrier modulation.

In the surface depicted in Fig. 3 the performance penalties

are registered due to deviations in the optimized values of phase

modulation index and BG

Bw
. Here also, it is clear that, for 16-

QAM mapping, the best performance (EV M = −15.66 dB) is

guaranteed by the parameters showed in the last line of Table IV.

Moreover, it should be stressed that, the optimization proce-

dure should be executed whenever the length of the fiber link

is changed. Indeed, different amounts of fiber launch power are

expected for different fiber lengths, as suggested by the Pareto

fronts depicted in Fig. 1.

V. EXPERIMENTAL VALIDATION OF THE

OPTIMIZATION PROCEDURES

In this section, we discuss the experimental results to vali-

date the optimization procedures, mainly focused on spectral

efficiency attributed to the guard band reductions.

A. Experimental Setup

A block diagram of the setup used to substantiate the SE

provided by the optimization is illustrated in Fig. 4. Pseudoran-

dom binary sequences PRBS = log2(M) × (29) were mapped
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TABLE III
OPTIMIZED PARAMETERS FOR THE PARETO FRONT IN B2B. B E Rs : SIMULATED; B E Rm : MEASURED

TABLE IV
OPTIMIZED PARAMETERS FOR THE PARETO FRONT AFTER 40 KM OF SSMF. EV Ms : SIMULATED; EV Mm : MEASURED

Fig. 2. EVM against optimized values of O M I and Vbias .

in 4-QAM (M = 4) and 16-QAM (M = 16) before frequency

multiplexing of 512 data subcarriers by an inverse fast-Fourier

transform (IFFT) size of 1024. At the upconversion composed

by oversampling, windowing and filtering, the OFDM signals

modulates the phase of an electrical carrier centered at fc, as

described in the Refs. [3] and [4]. The importance of the phase

modulation index denoted by the parameter 2πh will be reported

in the experimental results.

The 300 CE-OFDM signals with PAPR = 3 dB (see inset 2

of Fig. 4), performed offline using MATLAB, are loaded to the

24 Gsamples/s AWG7122 arbitrary waveform generator, before

analog low-pass filtering by a 3 GHz amplifier. Employing a

conventional MZM, the bandpass signals modulate the laser

source centered at λ = 1550 nm.

An erbium doped fiber amplifier (EDFA) and an optical

filter are used to compensate the MZM insertion loss and to

reduce the consequent amplified spontaneous emission noise,

respectively. The fiber injection power is tuned by an attenuator

Fig. 3. EVM against optimized values of h and
BG
Bw

.

embedded in the CW laser driver. A photodiode is used to

detect the double-side band signals (see inset 1 of Fig. 4) in

B2B and after propagation through 40 km of SSMF. After a

sampling process by the 100 Gsamples/s oscilloscope and a

time domain synchronization, the recorded photocurrents were

processed offline. A discrete phase demodulation, provided by

an arctangent signal processing and a phase unwrapping, is

implemented before demultiplexing of OFDM signals impaired

by linear channel distortions [3], [4]. The arctangent extracts

the phase of the CE-OFDM baseband signals through the

argument obtained from the demodulator input samples. The

phase unwrapping minimizes the effect of phase ambiguities

adding multiples of ±2π when a jump greater than π occurs

between consecutive samples of the message signals [1].

B. The Robustness of the Phase Index Optimization

Because of its importance in CE-OFDM signal formats, it is

crucial to evaluate the effect of the phase modulation index h

in the concerned optimized optical systems. Hence, using the
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Fig. 4. Experimental setup of the DDO-CE-OFDM system. QAM: Quadrature Amplitude Modulation; (I)FFT: (inverse) fast Fourier transform; CP: Cyclic
Prefix; LPF: Low-Pass Filter; EA: Electrical Amplification; CW: Continuous Wave; PC: Polarization Controller; MZM: Mach-Zehnder Modulator; OF: Optical
Filter; VOA: Variable Optical Attenuator; PD: Photodetector; Sync: synchronism.

Fig. 5. EVM as a function of different phase modulation index h for
(a) 4-QAM and (b) 16-QAM subcarrier mappings.

optimized parameters shown in Table IV, Figs. 5.(a) and 5.(b)

show the EVM against index h of the optimized DDO-CE-

OFDM systems after propagation through 40 km of SSMF, for

4 and 16-QAM subcarrier mappings, respectively.

As expected, the regions limited by noise and by the mod-

ulation nonlinearity are easily identified. Nevertheless, for all

considered guard bands, optimal regions can be defined in the

phase index ranges 0.44 ≤ h < 0.7 and 0.35 ≤ h < 0.6 for 4

and 16-QAM, respectively. It is straightforwardly noticed from

the optimized parameters of Table IV that, the optimized phase

modulation index belongs to the mentioned optimal region. They

do not correspond to the quantities that provide the lowest EVM

values due to the performance versus spectral efficiency trade-

off, mitigated by the proposed multi-objective optimization

procedure.

C. Mitigating the Trade-off Between Performance and

Spectral Efficiency Through the Proposed Optimization

Fig. 6 show EVM performance evaluations according to vari-

ations in the fiber launch power (PL ), after propagation through

40 km of SSMF. Some measured values of BER 	= 0 are de-

picted insight Fig. 6 for performance comparison. Fig. 6.(a)

and Table IV show that, for 4-QAM subcarrier mapping, the

DDO-CE-OFDM system must add ≈14 dB in the injection

power to halve BG/BW , decreasing the guard band from 31.9

to 17.5%, as advanced by the optimization results provided in

Fig. 1. To halve guard band at 16-QAM mapping (see 6.(b)),

the demanded launch power is around 10.5 dB. The proximity

between the measured (EV Mm and B E Rm) and the simulated

(EV Ms and B E Rs) performance values should be emphasized,

as illustrated by the results presented in Table IV and in Fig. 6.

A comparison with the 1% guard band stated in Ref. [8]

for direct-detection of optical OFDM signals after propaga-

tion through 40 km of SSMF, raised at this point. Indeed,

without substantial power penalties (see Fig. 1), the maximum

guard band reductions obtained in the investigated DDO-CE-

OFDM systems are ≈32% and ≈34% for 4-QAM and 16-QAM
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Fig. 6. EVM versus fiber launch power for (a) 17.5% (OMI = 0.14) and 31.9%
(OMI = 0.34) of guard band after 40 km of SSMF and 4-QAM mapping, and
(b) 31.9% (OMI = 0.09) and 63.4% (OMI = 0.32) of guard band after 40 km of
SSMF and 16-QAM mapping. The constellations shown inset were measured
for PL = −8 dBm and PL = −4 dBm at the lowest SE of each mapping.

Fig. 7. EVM versus OMI for (a) 17.5% (Pout = 3.5 dBm as showed in Ta-
ble IV) and 31.9% (Pout = −10.5 dBm as showed in Table IV) of guard band
after 40 km of SSMF and 4-QAM, and (b) 31.9% (Pout = 3.5 dBm as showed
in Table IV) and 63.4% (Pout = −7.0 dBm as showed in Table IV) of guard
band after 40 km of SSMF and 16-QAM subcarrier mapping.

mappings, respectively. However, if we compare the results

depicted in Fig. 6 (DDO-CE-OFDM system) with the results

showed in Table IV and Fig. 8 of Ref. [8] (DDO-OFDM sys-

tem), we can conclude that, for the same guard bands (≈32

and 34%), power gains around 6.0 and 5.0 dB are achieved for

4-QAM and 16-QAM, respectively, if CE-OFDM signals are

employed in the 40 km of SSMF link. Fig. 6.(a) also show that,

with 4-QAM subcarrier mapping, an EVM −15 dB (bit error-

free reception) was obtained with a fiber launch power around

−8 dBm, whereas for the DDO-OFDM investigated in Ref. [8]

this is achieved with an optical power of ≈−2 dBm. For 16-

QAM as the modulation in the subcarriers, an EVM of −20 dB

Fig. 8. Received signal spectrum for a guard band of (a) 31.9 and (b) 17.5%
of signal bandwidth, for 4-QAM and 40 km of SSMF.

is reached with ≈−5.3 and ≈−0.6 dBm in the systems with and

without constant envelope signals, considering a guard band of

≈34%.

D. Attesting the Exploitation of the Signal Dynamic Range

The constant envelope nature of its transmission signals al-

lows a better exploitation of the DDO-CE-OFDM signal dy-

namic ranges, i.e., the signal amplitude A in the equation (1)

can be increased in order to increases system performance.

Therefore, a performance analysis in terms of OMI is ex-

tremely important in the optimized systems. Unlike the above

described results, obtained with the optimized values of OMI,

Fig. 7 shows the EVM versus OMI for 4 and 16-QAM mappings,

considering 17.5, 31.9 and 63.4% of guard band.

Fig. 7.(a) shows that, for 4-QAM subcarrier mapping, the

DDO-CE-OFDM system should decreases the OMI from 0.34

to 0.14 to halve BG/BW , maintaining the performance. Fig. 7.(b)

shows that, to halve the guard band at 16-QAM mapping, a

reduction around 0.23 should be arranged to keep the perfor-

mance (BER ≈ 1.6 × 10−3 and EVM ≈ −15 dB). It should

be stressed that the scatterplots shown inset Fig. 7 were mea-

sured for OMI = 0.21 and BG/BW = 0.175 and 0.319 for 4 and

16-QAM, respectively. The fiber injection powers employed in

those constellation measurements are the quantities required to

obtain the EVM values that corresponds to a BER = 1.0 × 10−3.

The measured spectrum shown in Figs. 8.(a) and (b) con-

firm the SE provided by proposed multi-objective optimiza-

tion procedure in DDO-CE-OFDM systems. The harmonics

shown in both measurements can be mitigated or removed by

phase-continuous CE-OFDM signals or by electrical frequency

modulation as suggested in [5] and [16], respectively.

VI. CONCLUSION

The spectral efficiency of direct-detection optical OFDM sys-

tems based on constant-envelope signals was increased by a

Multi-objective optimization procedure. A Genetic algorithm
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was implemented to minimize the recommended optical guard-

band between the CE-OFDM signals and the optical carrier,

optimizing the fiber input power required to achieve a BER

≤ 10−3.

Simulation results show that, after propagation over 40 km of

uncompensated SSMF, guard-band reduction around 55% and

40% was achieved for 4-QAM and 16-QAM subcarrier map-

ping, with −10.5 and −7 dBm fiber input power, respectively.

With a proper optimization of both electrical phase modulation

and optical modulation indices, those reductions can reach 81%

and 66% for 4-QAM and 16-QAM mapping, respectively, with

power penalties of approximately 6 and 2 dB demanded by the

inherit spectral broadening of CE-OFDM signals.

An experimental proof-of-concept was conducted to validate

the optimization procedure, under the transmission of 2 Gbps

(4-QAM) and 4 Gbps (16-QAM) optimized DDO-CE-OFDM

systems over 40 km of uncompensated SSMF. Experimental re-

sults prove that the spectral efficiency of optical OFDM direct-

detection systems with constant-envelope signals in short-

range links can be increased, regarding the trade-off between

guard-band and fiber injection power.
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