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Abstract: The major drawback of optical orthogonal frequency division multiple access (OFDM) system is 
their inherent intensity noise and peak average power ratio (PAPR). We introduce a new direct detection 
receiver based on PAPR reduction for optical OFDMA systems that maintains greater noise mitigating and 
leaves spectral efficiency unchanged. Unlike standard receivers, our scheme does not filter the desired signal. In 
this paper, we first demonstrate that the newly proposed receiver is equivalent to standard OFDMA receivers 
when no optical noise is present at the transmitter. Although a 2.9 dB power penalty is incurred, network 
capacity is unchanged, i.e., bit error rate (BER) floors due to intensity noise are the same. When a PAPR 
reduction scheme is employed to mitigate severe PAPR, we show that our receiver outperforms the wide 
filtering strategy by two orders of magnitude. Optical OFDM capacity is demonstrated up to 10 Gb/s using a 

thermal source, a single mode fiber (SMF), and the direct detection scheme. A BER of 1 910 is achieved at 
10 Gb/s; further improvement is possible using a better OFDM design parameters. This demonstrates the ability 
of optical OFDM passive optical networks (PONs) to operate at 10 Gb/s at 60 km achieving less system 
complexity (via, direct detection) and reliable transmission.   
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INTRODUCTION 
 
 OFDM has emerged as the leading modulation technique in the RF domain, and it has evolved into a fast-
progressing and vibrant field. It has been triumphant in almost every major communication standard, including 
wireless LAN (IEEE 802.11 a/g, also known as Wi-Fi), digital video and audio standards (DAV/DAB), and 
digital subscriber loop (DSL). Although the arrival of optical OFDM has been quite recent, it does inherit the 
major controversy that has lingered more than a decade in the wireless community-the debate about the 
supremacy of single-carrier or multicarrier transmission (Panicker, R.A., 2007). It has been claimed that OFDM 
is advantageous with regard to computation efficiency due to the use of fast Fourier transform (FFT), but the 
single carrier who incorporates cyclic prefix based on blocked transmission can achieve the same purpose (Wei-
Ren Peng, 2010).  
 Possibly the advantage of the OFDM has to do with the two unique features that are intrinsic to multicarrier 
modulation. The first is scalable spectrum partitioning from individual subcarriers to a sub-band and the entire 
OFDM spectrum, which provides tremendous flexibility in either device-, or subsystem, or system-level design 
compared to single-carrier transmission. The second is the adaptation of pilot subcarriers simultaneously with 
the data carriers enabling rapid and convenient ways for channel and phase estimation. Although OFDM offers 
several key advantages over single-carrier modulation, it has two major drawbacks. The first drawback is that 
OFDM systems are sensitive to loss of orthogonality of subcarriers, which may be caused by carrier frequency 
offset or Doppler spread in a time-varying channel. The second drawback is that OFDM signals suffer from 
large envelope variations, which degrade system performance because practical communication systems are 
peak power-limited (Yang, Q., 2009; Han, S.H., J.H. Lee, 2005). 
 The paper is organized as follows: in section II, we describe the optical OFDM system based on Fourier 
Transform. In section III, we demonstrate that the optical OFDMA system using a direct detection system. In 
Section IV, we present the performance of optical OFDMA system based on a direct detection system in the 
presence of peak average power ratio (PAPR) effects. We compare it with optical-biased Fast Fourier 
Transform-based OFDM and analyze different real constellations. We also compare our results to the 
performance of the OFDM-biased and direct detection system. Finally, in Section V conclusions are drawn. 
 
2-System Design: 
 Although OFDM has gained popularity in the past decade and has widely been implemented in numerous 
communication standards, there has been ongoing debate regarding whether an OFDM or single-carrier 
frequency domain equalizer is superior (Wei-Ren Peng, 2010). OFDM has two fundamental problems: (1) large 
PAPR and (2) sensitivity to frequency and phase noise.  
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 Figure 1 shows the signal processing in the OFDM transmitter/receiver takes advantage of the efficient 
algorithm of Fast Fourier transform (FFT) to implement OFDM modulation/demodulation (Wei-Ren Peng, 
2010; Hwan Seok Chung et al., 2010). On one side, it enables the use of the mature technology and capabilities 
of DSP; on the other side, it gives a complex and bipolar signal that must be transmitted on an optical link. To 
solve this critical issue, alternative solutions have been proposed. Direct detection and coherent schemes can be 
used, trading simplicity against increased sensitivity (Shieh, W., 2008; Yang, Q., 2009). Direct detection 
systems are simpler and can be implemented by using commercial components (Athinarayanan Vallavaraj, 
2010); no laser is required as local oscillator at the receiver. The simplicity of this cost-effective solution is at 
expenses of the spectral efficiency, and its effectiveness depends on the system linearity (Athinarayanan 
Vallavaraj, 2010; Yang, Q., 2009). Coherent detection allows to directly implement the standard RF OFDM 
scheme, but it is more costly and sensitive to phase noise and frequency offset; the RF-to-optical up-conversion 
and the optical-to-RF down conversion requires narrow linewidth lasers. In this paper, OFDM based on a direct 
detection scheme is considered. In particular, we provide an alternative OFDM processing for intensity-
modulated (IM) optical systems.  

 
(a) OFDM Transmitter  

 
(b) OFDM Receiver   

 
Fig. 1: Optical OFDM system based on a direct detection scheme, (a) Transmitter; (b) Receiver. 
  
 PAPR is considered the main problem associated with optical OFDM systems. Many approaches are based 
on existing approaches such as clipping, error-control coding, linear transformation, selected mapping, partial 
transmit sequences and incrementally develop in various aspects (Han, S.H., J.H. Lee, 2005; Hwan Seok Chung 
et al., 2010; Armstrong, J. and B.J.C. Schmidt, 2008). In contrast, the aim of this paper is to design and propose 
a new approach that can possibly work as a stand-alone technique or in conjunction with others techniques to 
further enhance the PAPR reduction performance. 
 Figure 2 demonstrates a new receiver design which includes signal classification and peak restoration 
processes. Upon arrival at the receiver, the cyclic prefix is removed from the OFDM symbol. Then, the receive 
signal is fed into the signal classification module in order to classify the signal, whether it needs to be restored. 
If it needs to be restored, the classifier will send a signal to trigger a peak restoration process. A buffer is added 
to isolate the previous OFDM symbol and the newly received OFDM symbol so that the peak restoration of the 
current OFDM symbol will not interfere with the previous one. Once a new OFDM symbol arrives, the peak 
restoration will stop the current process, fetch the updated version to the buffer, and prepare to restore the peaks 
of the next one. In other words, the peak restoration will suppress the PARP coming from signal classification 
by triggering the peak OFDM signals.    
 An OFDM signal to be transmitted on an Intensity modulation (IM) system must be converted into real and 
positive. To generate real OFDM symbols, the input signal mapped into a complex constellation is forced to 
have Hartley transform (Michela Svaluto Moreolo, 2010). Adding a DC bias to real signals is an inefficient 
solution in terms of optical power, to obtain unipolar signals. Generally, the bias value is at least two times the 
standard deviation of the signal. In the presence of high negative picks, the noise due to the clipping at zero 
level affects the transmission performance.  
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Fig. 2: PAPR reductions in direct detection OFDM system. 
 
3-Performance Analysis: 
 The simulation in this work has been conducted in OptisystemTM Ver.9.0. Figure 3 shows the 
implementation block diagram of the OFDM system. First, the random generator is used to generate a bit stream. 
Then the serial bit stream is split into N parallel streams before feeding it into the QAM modulator. In this paper, 
various modulation schemes are employed, which are 16-QAM, and 64-QAM. The QAM modulator 
independently modulates the signals on parallel carrier frequencies. The frequency separation between carriers 
is equal to 1/T, where T is the OFDM symbol time duration. Inverse Fast Fourier Transform (IFFT) is 
implemented to transform the frequency-domain signal to a sampled version of the composite time-domain 
signal. A parallel-to-serial converter is utilized to map N parallel time-domain samples to the discrete time 
signal. A cyclic prefix is appended at the beginning of the signal to create an OFDM waveform with intersymbol 
interference (ISI)-free channel. Before sending the OFDM signal to the optical modulator as well as Mach-
Zehnder (MZ) modulator, the clipping threshold in the high pass amplifier module limits the maximum values 
of the peaks of OFDM signal, which results from in in-band distortion of the OFDM signal.  
 

 
(a) 

 
(b) 

 
Fig. 3: Simulation setup of optical OFDM using direct detection technique; a) Transmitter; b) Receiver. 
 
 A simple schematic block diagram consists of 512 subcarriers, as illustrated in Figure 3. The simulations 
were carried out at a rate of 10 Gb/s for 50-km distance with the ITU-T G.652 standard single-mode optical 
fiber. All the attenuation   (i.e., 0.25 dB/km), dispersion (i.e., 18 ps/nm km), and nonlinear effects were 
activated and specified according to the typical industry values to simulate the real environment as close as 
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possible. The performances of the system were characterized by referring to the bit-error rate (BER). As shown 
in Figure 3 after transmission, we used a PIN photodetector followed by OFDMA demodulator operates to 
decode the data using QAM sequence decoder, the decoded signal were decoded by a NRZ low-pass-filter and 
error detector respectively. The transmitted power used was 0 dBm out of the broadband source. The noise 
generated at the receivers was set to be random and totally uncorrelated. The dark current value was 5 nA, and 
the thermal noise coefficient was 1.810-23 W/Hz for each of the photodetectors.  
 The impact of shot noise and thermal noise is unavoidable in any optical receiver, and as such it can be used 
as the referent case. Our system analysis is based on PINs photodetector, for bit 1, the variance of the noise 
includes both thermal and shot noise terms, whereas for bit 0 only the thermal noise term is included. The 
corresponding variances can be written as  
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where F(M) is the excess noise factor, M is the Avalanche Photodiode (APD) multiplication factor,   is the 
photodiode responsivity, kB is the Boltzmann’s constant, T is the absolute temperature, Fn is the noise figure of 
postamplifier (see Figure 3), and B is the electrical filter bandwidth. The receiver sensitivity can be obtained 
from the signal to noise ratio:  
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BER is estimated from the value of the root-mean square EVM (EVMRMS) of the transmission system using 
(Schmidt, B., 2010; Qian, D., 2009): 
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 Here, N is the maximum number of levels between I and Q dimensions of the M-QAM (i.e M is 4 for 4-
QAM). The number Q(x) is evaluated by  2xerfc5.0  , where erfc(.) is the complementary error function. 

The system parameters used to obtain the numerical results are listed in Table 1. 
 
Table 1: System parameters. 

Data bit rate 10 G b/s 
Electrical bandwidth 1.25 GHz 

Modulation 4 QAM 
PD quantum efficiency  =0.6 

Line-width of the thermal source  v=3.75 THz 
Operation wavelength λ = 1550 nm 

Receiver noise temperature Tr = 300 K 
FTT size/ Number of subcarriers 1024/ 512 

Total symbol period / The length of cyclic prefix 6.35ns /1.59 ns 

 
 The BER performance of the system in such an ideal back-to-back setup is plotted against the error vector 
magnitude (EVM) of the system shown in Figure 4 where corresponding theoretical BERs estimate from (5) are 
also plotted as lines for reference. As shown in Figure 4, EVM threshold for different BER can be found from 
this figure. Figure 4 also confirms the EVM thresholds for different modulation orders to achieve a certain BER. 
For example, for usual forward error correction limit of 10-3 BER, the EVM thresholds are roughly -23 dB and -
10 dB for 64 QAM and 4-QAM respectively. 
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Fig. 4: BER vs. EVM in an optical back-to-back setup with 0 Hz laser linewidth and   80 km fiber along with 
theoretical BERs as lines.  

 
 Figure 5 shows the power spectral density of Absolute IFFT Transformed for 4-QAM modulation schemes. 
The relevant spectra of the signal at different points of the link is shown in Fig. 5. As shown in Fig. 5 (a), I 
channel of the signal has a bandwidth of 4 GHz after suppressing the aliasing signals using IFFT. Then after up 
converting the OFDM signal, the RF spectrum has an OFDM signal bandwidth of 4 GHz and a total signal 
bandwidth shown in Fig. 5 (b), whereas the green line represents the noise power and the blue line represents the 
total signal (Fig. 5 (c)). The optical spectra after the modulator and before photodetector are shown successfully 
suppressed using optical band-pass filter. The RF spectrum after photodetector in Fig. 5 (d) clearly shows that 
the intermodulation products are effectively accommodated within the spectral gap leaving the actual OFDM 
signal uncontaminated. The down converted and low pass filtered I channel, which is subsequently sampled and 
processed using OFDM receiver digital signal processing module.  
 The practically error-free transmission is becoming clearer from the constellation diagram shown in Figure 
6 of the total OFDM-QAM transmission showing that all the symbol points are clearly separated within the 
decision boundaries. As the fiber length increases (from L=40 to L=50 km) the constellation diagram becomes 
more closed within the decision boundaries.  
 Figure 7 shows the received power decreases as the fiber length increases for the different transmit power. 
The number of channels is 512 at 10 Gbps bit rates. The effect of varying the fiber length is related to the power 
level of the received power. A longer length of fiber has higher insertion loss, thus smaller output power. In fact, 
when the fiber length increases, the transmit power should increases to recover a similar degradation of the 
signal form. Accordingly, in order to design and optimize link parameters, the maximum fiber length should be 
defined as short as possible, to obtain high data rate and to achieve a desired system performance. This is 
because in order to reduce the Multi-Access Interference (MAI) limitations, the data rate should be decreased in 
optical OFDMA analysis. In OFDMA systems, ISI is a result of distortion of a signal that causes the previously 
transmitted data to have an effect on the received data. The peak average power ratio affect results in more chips 
containing non-zero optical power than expected. As for conventional decisions, we selected the decision 
threshold level S = BW   Pcen, where Pcen is the optical power level which corresponds to the chip center. Thus, 
the data sent ‘‘1’’ is always well-detected. The only error that can occur in this situation is when the data sent is 
‘‘0’’, as in the ideal case. In terms of fiber length, it can be noted that the dispersion effect increases as the fiber 
length increases. However, for this particular chip duration, the dispersion has no impact on the BER for optical 
fibers shorter than 20 km. on the other hand, when the fiber’s length is greater than 20 km, system performance 
is deteriorated (BER=1.2 510 ). Based on the PAPR new receiver design (Figure 2), once a new OFDM symbol 
arrives, the peak restoration will stop the current process, fetch the updated version to the buffer, and prepare to 
restore the peaks of the next one. In this particular system, optical OFDM system based on direct technique can 
support higher number users than the conventional technique because the number of filters at the receiver is 
reduced, thus a smaller peak average power loss. Compared with the simulated results in (Michela Svaluto 
Moreolo, 2010; Han, S.H., J.H. Lee, 2005), the results indicate that PAPR can significantly degrade the bit error 
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rate. Although a 2.9 dB power penalty is incurred, network capacity is unchanged, i.e., bit error rate (BER) 
floors due to intensity noise are the same. The severity of the degradation is dependent on the amount of 
transmitting power, and the length of fiber length. 

 
                                                  (a)                                                                          (b) 

       
                                        (c)                                                                                   (d) 
 
Fig. 5: OFDM spread spectrum transmitted through optical link with N=1024 (FFT size) and number of 

subcarrier= 512. 

 
 

(a)                                                               (b)  
Fig. 6: Four-QAM coding. Large-font numbers (bits I1, Q1) denote quadrant, small-font numbers (bits I2, Q2) 

denote intraquadrant symbols. (a) Constellation in the transmitter for L=50 km (BER= 2.8 1210 ) and 
(b) after optical transmission for L=40 km (BER= 4.4 2710 ). 
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Fig. 7: The effects of received power as a function of fiber length. 
 
 From Figure 8 one can see that dispersion has a significant impact on the system performance when the data 
rate increases (12 Gb/s ). However, our simulation results indicate that the system performance is deteriorated 
by about more than one order of magnitude, when the dispersion effect is presented in the simulation model.  It 
can be seen that the spreading can be a result of very high data rate (polarization mode dispersion) at the 
transmission systems as shown in Figure 8. 

 
(a)                                                                          (b) 

 
Fig. 8: Received Constellation. (a) 10 Gbps after 50 km with BER= 6.5 2410 ; (b) 12 Gbps after 50 km with 

BER=1.09 710  
 
Conclusion: 
 We have generated an equation for the BER of optical OFDM using direct detection with an external PAPR 
reduction scheme under the assumption of a Gaussian distribution for the multiple access interference. We next 
examined the effect of using a less expensive detection method (via direct detection) which exhibits a limited 
PAPR excursion. Using proposed direct detection OFDM system generated spreading sequences based on near-
capacity-achieving distributions, the M-ary QAM transmission schemes achieve good BER performance and 
support overloading at sufficiently low SNRs. The attractiveness of the proposed scheme lies in its reasonable 
less complexity (e.g., compared with coherent detection due to the use of single-user detection), the utmost 
flexibility of the OFDM network access scheme and ability to overload the system.  
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