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Abstract— In this work, we introduce a new concept of frequency 

interleaving applied to passive optical networks based in Dense 

Wavelength Division Multiplexing (DWDM). In order to explore 

colorless ONUs approach, a single and centralized optical source is 

used to create the interleaved wavelengths for the downstream and 

upstream path. In this case, frequency comb generation 

implemented by recirculating frequency shifting technique allowed 

the creation of all the wavelengths used in each path. The reception 

operation is accomplished by introducing, at the ONU side, a 

combination of a set of optical passive elements. The system with 4 

× 12.5 Gbit/s NRZ-OOK (Not Return to Zero – On-Off Keying) 

modulation format were simulated through 20 km of standard 

single mode fiber link in both transmission paths. In order to 

guarantee a high quality optical frequency comb source, the optical 

carrier-to-noise-ratio (OCNR) was evaluated as well as BER (bit 

error rate), to analyze the system performance. All devices models 

and simulations were performed in Matlab environment.  

 
Index Terms— DWDM, PON, spectral-efficiency, frequency interleaving.  

I. INTRODUCTION 

Wavelength division multiplexed passive optical networks (WDM-PONs) have been extensively 

studied for applications that involve large bandwidth over the last years. This strong growth observed 

in WDM-PONs is mainly due to the communication services demand from end-users such as 

residential and business customers. Applying WDM-PONs to solve this growing demand for 

bandwidth can contribute to lower deployment costs and strongly disseminate their use.  

The nonexistence of active devices connecting the Optical Line Terminal (OLT) to the Optical 

Network Units (ONUs) is one of the advantages of using PONs.  It means enhancing end-to-end 

transparency, diminishing hardware processing and, consequently, preventing effects produced by 

electrical noise sources. Furthermore, the high bandwidth combined with the infrastructure, which can 

be shared among end-users, reduces the costs and simplify the maintenance as well as the operation 

[1]. 

On the other hand, when it comes to WDM networks, issues related to wavelength assignment 

should be considered. Essentially, the channel bandwidth observed for traditional WDM channels 
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strictly follow the ITU-T wavelength grids and spacing, e.g. 50 GHz, 100 GHz. Moreover, in the 

context of WDM-PONs the concept of spectrum efficiency should be incorporated. It requires 

optimized channel allocation and related improvements such as elastic optical networks (EONs) with 

elevated granularity (DWDM with 12.5 GHz frequency spacing) [2]. 

However, the need for a wavelength region for downstream and another one for upstream 

represents an inefficient use of the available spectrum.  We should consider a future access system 

design assuming that existing PONs should coexist [3-4]. Theses features will allow progressive 

migration of existing subscribers as they move to the new technology, without disrupting services for 

customers on the legacy PON [4]. In order to improve the spectral efficiency and provide coexistence 

with previous generations of PONs, the frequency interleaving of downstream and upstream signals 

could be considered as a solution for the wavelength plan of the next generation of optical access 

networks. 

In this work, high-capacity optical DWDM access networks based on the concept of frequency 

interleaving is introduced and numerically simulated, as an efficient method to use the available 

spectrum and provide coexistence with legacy PON standards, since the downstream and upstream 

wavelengths are closer to each other and share the same frequency band. All the devices models were 

created and simulated in Matlab.  The methodology used in this work was similar the one utilized by 

the authors in [5] that created several optical device models for backbone network planning 

simulations. 

 The paper is organized as follow. Section II explains the concept of frequency interleaving for 

DWDM access networks. Section III describes the principle of the optical multi-carrier generator used 

in this work. Sections IV and V describes, respectively, the demultiplex operation and architecture for 

optical access networks with frequency interleaving. Section VI presents the simulations discussion 

and the results. Finally, the conclusions are given in Section VII. 

II. FREQUENCY DOMAIN INTERLEAVING CONCEPT 

A single and centralized optical comb source is responsible to generate multiple equal spaced and 

frequency locked wavelength channels, which will be modulated, with a symbol rate equal the 

frequency space between the wavelengths, for downstream and upstream transmission. Due to the 

nature of the comb source, any oscillation in the laser seed power will be transfer to all useful 

wavelengths at the same proportion; i.e., the only power difference between the wavelengths will be 

defined by the flatness of the comb source. The even wavelengths generated will be used in the 

downstream path, while the odd ones in the upstream path, creating an interleaving pattern between 

consecutive wavelengths.  

The demultiplexing operation is introduced at the ONU side and is processed by the use of an all-

optical passive element (Mach-Zehnder interferometer - MZI). For practical purposes, this processing 
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can be implemented with silicon-on-insulator (SOI) technology in photonic integrated circuits (PICs) 

[6-7]. In its most basic form, the technology allows to implement passive optical components, such as 

splitters, filters, (de)multiplexers, polarization handling components, interferometers, resonators and 

their combination with coupling structures to optical fibers or to free space optical elements [7]. 

In this concept, four wavelengths will be used in the downstream and another four in the upstream 

path. In this context, each dynamic group of 64 ONUs will share one of the four wavelengths in time 

domain. 

III. RECIRCULATING FREQUENCY SHIFTING (RFS) 

Multitudes of methods are reported on the literature that allows generating a series of discrete, 

equally spaced frequency lines. However, for optical communications and RF (radio-frequency) 

photonics applications, techniques using opto-electronic devices, such as optical modulators, are 

suitable due spectral flatness, robustness and tunability [8]. A technique based on ultra-dense and 

parametric comb is described in [9] that generates spectral lines spaced by 6.25 GHz and 3 dB 

spectral flatness. Although this technique creates a huge number of carrier lines within 100 nm of 

optical bandwidth (C + L band), the setup is quite intricate that requires elements such as dispersion 

flattened highly nonlinear fibers and high CW laser powers. A method based on a gain-switched 

comb, which produces a 12.5 GHz spaced channels over the C-band is reported in [10]. The 

experimental setup is practical, but this technique generates a limited number of frequency lines (six 

comb lines) with 3 dB flatness and requires a high RF sinusoidal power (around 24 dBm) in the 

Fabry-Perot laser diode used as slave. Nevertheless, an interesting method, that uses cascaded 

intensity and dual-parallel modulators, is presented in [11]. In this case, however, the complexity 

increases with the number of generated optical carriers, since they require high RF frequency and 

power control of each optical modulator [11]. 

The RFS technique, as sketch in Fig. 1, presents very good stability, flatness, flexibility on 

wavelength spacing control and low driving voltages [12]. Although this optical multi-carrier 

generator presents a relatively complex configuration, it is an effective tool as an optical multi-carrier 

source and can generate hundreds of them using commercially available opto-electronic devices. For 

this reason, RFS technique was chosen as the optical comb source implemented in our proposal. 

In the RFS technique, a continuous wave (CW) laser is utilized as a seed, which determines the 

starting wavelength of the generated optical multi-carriers set. The optical amplifier (OA) in the ring, 

as illustrated in Fig. 1, compensates any transmission loss observed in the ring as well as the insertion 

loss in the coupler and optical modulator (IQ-MZM). An optical band pass filter (OF) defines the 

wavelength range of the optical subcarriers generated.  

Every time the optical signal passes through the complex modulator (IQ-MZM), which is adjusted 

to generate a single side-band suppressed carrier optical signal (SSB-SC), the frequency of the signal 
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will be shifted according to the frequency (fc) of the sine wave input. After each round trip, the input 

CW will occupy the previous empty position. As a result, new optical subcarriers will be created on 

each round trip in the ring. The frequency of the IQ-MZM sine wave defines the spacing between the 

optical subcarriers. 

 

 

Fig. 1. Recirculating Frequency Shifting scheme. 

 
Figure 1 shows the result of the RFS model obtained by simulation. As aforementioned all the 

devices models and simulations, used in this work, where performed in Matlab. The CW laser model 

emits in 1550.2 nm with 10 dBm of optical power, 40 dB of optical carrier-to-noise ratio (OCNR) and 

has a narrow optical linewidth (> 1 KHz) to guarantee low phase noise in the multiple wavelengths 

generated [13]. The optical amplifier (OA) model inside the ring is an erbium-doped fiber amplifier 

(EDFA) with 6.2 dB of gain and noise figure of 4.5 dB. The amplified spontaneous emission (ASE) 

noise of the EDFA was also considered in the model to obtain the noise figure values as expected. The 

frequency (fc) of the RF signal is 12.5 GHz, generating optical subcarriers with 0.1 nm of wavelength 

spacing and 2.37 dB of flatness. The optical bandpass filter (OF) has 0.7 nm of bandwidth (≈ 87.5 

GHz), which results in eight useful optical subcarriers (1550.2 nm to 1550.9 nm), as shown in Fig. 1.  

To guarantee a high quality optical frequency comb in high bit rate transmission, carrier-to-noise 

ratio (OCNR) was evaluated in terms of optical subcarrier number [13]. Fig. 2 shows the result of 

OCNR obtained for each subcarrier generated in the RFS model simulated. 

As reported by R. Essiambre et al. [14], the OCNR needed to transmit a 12.5 Gb/s in OOK 

modulation format with a bit error ratio of 10-3 is 10 dB. As shown in Fig. 2, our frequency comb 

generator provides multiple wavelengths with quality that is sufficiently large for OOK transmission.   
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Fig. 2. Optical subcarriers generated in our simulations 

IV. DEMULTIPLEX OPERATION FOR FREQUENCY INTERLEAVED DWDM-PON 

This section describes the demultiplex device for optical access networks that applies the concept of 

frequency interleaving, that allows downstream and upstream channels coexist in the same 

wavelength region. It may represents an efficient use of the available spectrum and coexistence with 

legacy PON systems on the same optical distribution network (ODN) [3].  

The demultiplex operation, for downstream and upstream wavelengths, is based in the optical fast 

Fourier transform (OFFT) method [15-16]. It consists of 3-cascaded MZIs for each path with different 

delays (τ) and phase shifts (ɸ), which is illustrated in Fig. 3. The Ts parameter in Fig. 3 is the symbol 

period used in the system transmission. The MZI device model, created in Matlab, with two inputs 

(Ein1 and Ein2) and two outputs (Eout1 and Eout2) can be mathematically defined by the transfer matrix  
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where k is the coupling coefficient (0.5) of the MZI optical coupler and f is the frequency vector used 

in the simulations [17]. 
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Fig. 3. MZI cascade demultiplex device. 

The amplitude of the frequency response of each output port of the MZI cascade device of Fig. 3 

can be obtained by applying the Fourier transform of the impulse response, in Matlab, to each port 

and visualized in Fig. 4. The MZI cascade acts as a multiband optical filter where each port will be 

responsible for extracting passively a single wavelength of the optical signal transmitted. 

Furthermore, the MZI cascade demultiplex device avoid 20 dB of crosstalk noise at the carrier 

frequency [18]. The symbol period used in the implementation model of the demultiplex device was 

80 ps. 

The advantage of this approach is that a single wavelength component of the signal can be easily 

extracted without the implementation of the complete structure [16]. In this case, all MZIs that are not 

part of the optical path to the corresponding output port can be removed, leaving only one MZI per 

stage [16]. Another possibility for practical implementation relies on, as aforementioned, 

implementation with silicon-on-insulator technology, obtaining much more compact structures [6-7]. 
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Fig. 4. MZIs cascade amplitude response. 

V. ARCHITECTURE FOR FREQUENCY INTERLEAVED DWDM-PON 

Figure 5 shows the architecture based on the concept of frequency interleaved DWDM proposed in 

this work. At the transmitter side, an optical multi-carrier generator creates downstream and upstream 

wavelengths spaced by fc given in Hz units. The multiple wavelengths, generated by the comb source, 

are separated by a MZI demultiplex device illustrated in Fig. 3. The odd wavelengths are modulated 

in NRZ-OOK modulation format, while the even wavelengths pass through the transmitter without 

any modulation process. After the modulation of the downstream signals, all the wavelengths (odd 

and even) are multiplexed by an optical combiner, creating an interleaving pattern between them. 

We used a standard single mode fiber (SMF) model with attenuation factor α = 0.2 dB/km, fiber 

core effective area Aeff = 80 μ/m2, fiber dispersion coefficient D = 17 ps/nm.km and dispersion slope 

S = 0.09 ps/nm2.km2 at 1550 nm wavelength. The splitter ratio used to share the optical signals among 

all the ONUs was 1:256, i.e., each subcarrier will be used by 64 ONUs in a TDM (Time Division 
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Multiplexing) method. The thermal noise was inserted in the photodetection modeling.  

 

 

Fig. 5. Architecture scheme for frequency interleaved DWDM-PON. 

At the ONU side, the MZI demultiplex device of Fig. 4 is responsible to separate the wavelengths 

for downstream and upstream operations. After the wavelength separation, each modulated 

downstream wavelength is direct-detected (DD).  

In the upstream path, after the demultiplex operation, the wavelength is modulated by the upstream 

data, amplified and transmitted to the OLT. The main controller element in Fig. 4 performs the 

wavelength allocation procedure and synchronization, based on information from each ONU. 

VI. SIMULATION AND RESULTS 

We have numerically simulated, in Matlab, the proposed architecture setup shown in Fig. 5, for 

downstream and upstream path. 

The comb source employs the RFS technique, as previously described, to generate eight frequency 

locked optical subcarriers spaced by 12.5 GHz (0.1 nm). The generated subcarriers were separated, 

using the demultiplex device of Fig. 3, in four downstream subcarriers and four upstream subcarriers. 

The odd subcarriers were chosen for the downstream path and the even for upstream path, i.e., the 
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upstream and downstream subcarriers are interleaved and share the same optical wavelength range. 

Fig. 6 shows the spectrum of the transmitted signal, where it is illustrated the modulated odd optical 

subcarriers (downstream) and the unmodulated even subcarriers (upstream). 

 

Fig. 6. Spectrum of the transmitted signal. λdown is the modulated odd downstream optical subcarriers (wavelengths 1, 3, 5 

and 7). λup is the modulated even upstream optical subcarriers (wavelengths 2, 4, 6 and 8).    

 
In the 4 x 12.5 Gbits/s NRZ-OOK system simulated, we used an independent pseudorandom bit 

sequences (PRBS) with (219 - 1) length per wavelength. The BER curve was obtained for the ONUs 

maximum distance from the OLT of 20 km of SMF in downstream/upstream path without dispersion 

compensation, as can be seen in Fig. 7 and Fig. 8. The 7% forward-error-correction (FEC) limit, 

around 3.8 x 10-3, was also inserted for performance assessment. 

As observed in Fig. 7 and Fig. 8, the BER performance remains under the FEC limit for received 

optical power higher than -21 dBm, for the downstream, after 20 km of propagation in SMF. For the 

upstream path, the performance remains under the FEC limit for received optical power higher than -

20 dBm. In Fig. 7 and Fig. 8, we observe that the wavelengths in the middle of the spectrum 

(wavelengths 3 and 5 for downstream; wavelengths 4 and 6 for upstream) presents worse performance 

in relation to the other channels. This could be explained, due the higher level of crosstalk presents in 

the middle wavelengths comparing with the others (wavelengths 1 and 7 for downstream; 

wavelengths 2 and 8 for upstream). 
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Fig. 7. BER versus optical power received for NRZ-OOK frequency domain interleaved system and 20 km SMF 

(Downstream). 

 

Fig. 8. BER versus optical power received for NRZ-OOK frequency domains interleaved system and 20 km SMF 

(Upstream). 
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VII. CONCLUSION 

In this paper, we explored the concept of frequency interleaving in passive optical networks based 

in Dense Wavelength Division Multiplexing (DWDM) to provide coexistence with previous 

generations of PONs in future generation of networks. The demultiplexing operation is introduced at 

the OLT and ONU side and is processed by a set of an all-optical passive element (Mach-Zehnder 

interferometer - MZI), which is a natural candidate to be implemented on a chip with silicon-on-

insulator technology.  

The RFS technique was chosen as the method for high OSNR quality optical wavelength generation 

due to its stability, flatness, flexibility on wavelength spacing control and low driving voltages. 

The frequency interleaved system performance was evaluated in terms of BER as a function of 

several values optical received power for OOK modulation formats, after 20 km of SMF length, 

without any dispersion compensation for downstream and upstream path.  

In the OOK system, we achieved 50 Gbits/s in both transmission paths and performance bellow the 

FEC limit for an optical power received higher than -21 dBm after 20 km of fiber length, for the 

downstream. For the upstream path, the performance remains under the FEC limit for received optical 

power higher than -20 dBm. 
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