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Abstract— The statistical OFDM-PON concept with 

multiband Optical Network Units (ONUs) is 

experimentally tested with two users and an Optical Line 

Terminal (OLT) at 2.5 / 5  Gb/s total effective capacity 

with BPSK/QPSK modulation. Both downstream (DS) and 

uplink (UL) were measured based on intensity modulation 

and direct-detection (IMDD). The ONUs consisted of local 

non-preselected wavelength distributed feedback (DFB) 

laser sources centrally controlled to reduce overlapping 

probability. In addition, a radiofrequency (RF) mixing 

stage in the ONUs up/down-converts the user data to/from 

the OFDM signal reducing the computational effort. 

Compared with ONUs processing the whole signal, the 

multiband approach presents comparable results with 

almost symmetrical power budgets of around 25dB and 

20dB with BPSK and QPSK respectively, which could 

increase up to 4.5dB by allocating a spectral guard 

interval between the optical carrier and the OFDM data. 

Furthermore, elastic bandwidth allocation is explored 

which is shown to compensate for up to 18dB differential 

link-loss. 

 
Index Terms—Passive optical networks; PON; 

Orthogonal Frequency Division Multiplexing; OFDMA-

PON; statistical-PON; elastic bandwidth allocation; 

Intensity modulation direct-detection  

 

I. INTRODUCTION 

rthogonal frequency division multiplexing access 
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(OFDMA) has attracted interest for research in passive 

optical networks (PON) due to features like fine bandwidth 

(BW) granularity and elastic BW provisioning [1-4]. Several 

studies have shown its feasibility for downstream (DS) 

though few have been related to the uplink (UL) multipoint-

to-point. In [5, 6], an UL with centrally distributed optical 

carrier and coherent detection was demonstrated. As an 

alternative to reduce the cost of the optical network units 

(ONU) a statistical network with direct-modulated non-

preselected light sources was proposed [7-9]. In [7], the 

concept was studied in an OFDM-PON through statistical 

analysis and numerical simulation. It included a centralized 

thermal tuning control of random wavelength ONU lasers 

to reduce overlapping probability and limit interference. 

In current PON deployments, each ONU processes the 

complete signal BW even if the user employs only a fraction 

of it. This overcapacity in the ONU has an effect on the 

power consumption [10]. In order to reduce the ONU 

complexity and lower its energy requirements, a multiband 

OFDM approach can be employed. In this technique, the 

ONUs include tunable radio-frequency (RF) oscillators to 

place/retrieve the assigned subcarriers (SC) to/from the 

multiuser OFDM signal [11, 12]. 

A system requirement demanded by operators for future 

PON is to reuse legacy network infrastructure. Hence, the 

differential link-loss among the users spread geographically 

from the central office becomes a major challenge [13]. In 

OFDM-PON, this concern can be addressed through 

dynamic assignment of SC and modulation levels to the 

users according to their power budget availability [14]. 

 This paper experimentally validates a statistical multi-

band OFDM PON with two ONUs in both DS and UL 

including flexible BW allocation. It extends the results 

presented in [12] where only the UL was studied. It also 

compares the performance between the system in baseband 

and with a spectral guard interval (GI) between the optical 

carrier and the OFDM data signal. The technique reduces 

the processing effort in the ONU by setting their allocated 

BW into non-overlapping orthogonal frequency bands by 

means of a RF mixing stage. As a result, the fast Fourier 

transform (FFT) size in the ONU is decreased. Proper 

detection of data to/from both ONUs is achieved in DS/UL 

with performance values in line with those measured with 

digital SC allocation. In addition, the flexible BW allocation 

is also studied to compensate the difference in losses 
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experienced by the users in the PON. The paper is 

organized as follows: a description of the network 

architecture with the statistical PON concept is presented 

first; the experimental setup is then described followed by 

the results and the conclusions. 

II. NETWORK ARCHITECTURE: THE STATISTICAL 

OFDM-PON CONCEPT 

A power splitter based PON tree architecture with service 

spectrum breakdown such as the Accordance network 

proposal [6] is considered (Fig. 1). Both the optical line 

terminal (OLT) and ONUs are based on intensity-

modulation with direct-detection (IMDD) technique whose 

simplicity and performance is attractive for access networks 

[15-17]. In order to avoid backscattering effects, DS and UL 

are assigned to L-band and C-band respectively. 
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Fig. 1.  Network architecture. 

 

The ONU transmitter (Tx) consists of distributed 

feedback lasers (DFB) with non-preselected wavelength in 

the C-band. The use of such light sources would evade large 

inventory and complex provisioning to the operator. To 

avoid interference, the emission frequency of the ONU laser 

is regulated through temperature and current control 

circuits which allows for λ shifts up to 1.6nm with 0.1nm 

steps. The tuning transition time is reduced to 2μs 

approximately by employing current transients and 

temperature changes simultaneously [18].  

The OLT includes an intelligent activation and operation 

algorithm like those proposed in [19, 20] to initialize and 

track the λ of the ONUs lasers by centrally measuring and 

sending instructions to the control circuits. As a result, the 

ONU rejection probability is minimized [7]. The ONUs λ are 

kept at enough spectral distance (0.1nm) to reduce the 

optical beat interference (OBI) at the OLT below a quality 

threshold. Since the ONU lasers emit at random 

wavelengths and are centrally managed to maintain the 

overall performance, it is referred as statistical PON. 

III. EXPERIMENTAL SETUP 

The setup contained an OLT and two ONUs emulating a 

PON as depicted in Fig. 2. For the OLT Tx a total of 219 bits 

were randomly generated and mapped to either binary 

phase-shift keying (BPSK) or quadrature-PSK (QPSK). The 

symbols were arranged to have Hermitian symmetry in a 

256-point inverse Fast Fourier Transform (iFFT) to get a 

real valued OFDM signal. This FFT size was chosen 

because it is currently achievable in FPGA real-time 

processing [21]. No cyclic prefix was added since for the 

fiber lengths considered no significant chromatic dispersion 

was generated. The first half of the BW carried the DS 

information of ONU1, whereas the second were filled with 

ONU2 DS data.  The OFDM signal was loaded to an 

arbitrary waveform generator (AWG) which produced 

samples at 5GSa/s with 8-bits resolution digital-to-analog 

converters (DAC). This entailed a maximum effective 

capacity of 1.25Gb/s for each user with BPSK modulation 

and of 2.5Gb/s with QPSK. The electrical output was 

amplified and modulated a DFB emitting at 1600.85 nm 

through a Mach-Zehnder modulator (MZM) biased at 

quadrature with an insertion loss of almost 6dB. The optical 

output power was limited to 0dBm. The optical signal was 

then sent to the optical distribution network (ODN) after a 

 
Fig. 2. (a) Experimental setup block diagram; (b) Representation of the data spectra in ONU1 and ONU2. 
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red/blue filter.  

The OLT Rx involved a single 10GHz photodiode (PD) 

preceded by an erbium doped fiber optical amplifier (EDFA) 

which kept the input optical power to the PD at -9dBm. The 

signal was then sampled with a 50GSa real time 

oscilloscope (RTO). The digital samples were demodulated 

with a 256-point FFT, followed by a 1-tap equalizer whose 

coefficients were set by a known training sequence in the 

initial four OFDM symbols and the bit error ratio (BER) for 

each ONU UL signal was computed. 

The ODN entailed 25km of single mode fiber, an optical 

attenuator of 12dB and a 3dB optical coupler. The total loss 

of the ODN was 20dB. In Fig. 2 a representation of the 

transmitted spectra in the PON is shown. 

At the ONUs, the Tx generated 218 random bits which 

were mapped to either BPSK or QPSK, accommodated for 

Hermitian symmetry and modulated with a 128-point iFFT 

each. The UL samples of each ONU were loaded separately 

to two channels of an AWG with 8-bit resolution. Each user 

signal had 2.5GHz BW. The resulting baseband signals 

were shifted to their corresponding frequency slot through 

an RF mixer (Fig. 2b) and then directly modulated a DFB 

laser with 5GHz BW. The output power of each ONU was 

set to 0dBm. The optical Tx signal passed through a 

red/blue filter and it was joined in a 3dB optical coupler 

with the contribution from the other ONU. The total UL 

capacity was thus equal to that of the DS signal. Then, the 

composite OFDM UL signal was launched into the ODN 

towards the OLT where it was detected. As for the ONU Rx, 

after the red/blue filter, the isolated DS component was 

detected by a p-i-n PD preamplified by a semiconductor 

optical amplifier (SOA) with 18dB gain and noise figure 

(NF) of 6.5dB. Alternatively, for simplifying the Rx, we also 

tested an avalanche PD (APD). An RF down-conversion 

stage then took the DS spectrum corresponding to the ONU 

down to baseband. The electrical signal was low-pass 

filtered and sampled with a 50GSa RTO. The samples were 

demodulated with a 128-points FFT, equalized, demapped 

and the BER was computed. 

IV. RESULTS 

We first emulated the activation process in the statistical 

PON with efficient optical BW occupation. We tuned ONU2 

λ to transmit as close as possible to ONU1 while limiting the 

OBI below a minimum value [22-24]. The original and final 

wavelengths are shown in Fig. 3.  

 

 
Fig. 3. (a) Initial and (b) final λ separation between ONUs. 

 

Initially, ONU1 and ONU2 emitted at 1554.7nm and 

1554.2nm respectively. ONU1 was first connected to the 

PON and afterwards ONU2 was turned on (Fig. 3a). As 

measured in [7, 23], a spectral separation of 0.1nm between 

users was enough to avoid penalties. To use optical BW 

more efficiently, ONU2 was tuned to displace its emission λ 

rapidly by 0.4nm to 1554.6nm (Fig. 3b) where the reception 

quality was maintained [7, 23].  

A. Downstream 

The DS signal was generated with a single FFT at the 

OLT. The lower and higher half of the spectrum were 

reserved for ONU1 and ONU2 respectively. Each ONU then 

detected the complete optical signal but processed only its 

corresponding SC.  

As a first test, both ONUs equally shared the available 

SC. The frequency of the RF mixer in ONU2 (fIF2) was set to 

1.25GHz. ONU1 did not need any RF stage as it was 

assigned the lowest spectral band in the OFDM signal, 

which started at baseband. Then each ONU only processed 

their own half of the SC. Fig. 4 plots the BER against the 

Rx power for both ONUs with BPSK and QPSK modulation. 

At a forward error correction (FEC) target of BER=10-3, both 

ONUs detected at approximately -25dBm and -20dBm the 

BPSK and QPSK signal respectively. Considering that 

PTx=0dBm, the power budget available was 20dB and 25dB 

for QPSK and BSPK correspondingly. The difference in the 

Rx power between the modulation formats could give the 

possibility to switch them according to the power budget 

available and BW demand of each user. The small 

difference observed in the Rx sensitivities among the ONUs 

was mainly caused by small drifts in ONU2 RF oscillator. 

 
Fig. 4. BER against Rx power for the two ONUs equally sharing 

the total BW with BPSK and QPSK modulation in DS. The dotted 

lines correspond to the averaged curves of both ONUs with APD-

based Rx. The constellations are for BER=10-3 in ONU1. 

 

Since the ONU is a cost-sensitive element in the PON, we 

replace the preamplified PD in Rx with an APD 

(FRM5N143DS). Fig. 4 includes the averaged performance 

graphs over both ONUs when employing the APD with 

BPSK and QPSK. There is a penalty of about 1.5dB for the 

APD Rx for both modulation formats. However, the power 

budget can be kept by increasing the launched power to 

2dBm with the advantage of a simpler ONU Rx.  

In a second set of experiments, a spectral bandgap (BG) 

with empty SC was considered between the data spectrum 

of ONU1 and ONU2. We left unchanged fIF2 and discarded 
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the unused SC in each ONU after demodulation. The 

effective BW per ONU (BWONU), measured as the operative 

SC by the total available, was thus, reduced. The Rx 

sensitivity at BER=10-3 against BWONU for both ONUs is 

shown in Fig. 5 with BPSK and QPSK modulation.  

 
Fig. 5. Rx sensitivity at BER=10-3 against effective data BW for 

both ONUs with BPSK and QPSK modulation formats with 

multiband OFDM. The dotted lines correspond to ONU1 curves 

with a spectral GI. 

 

We observed that as the BWONU decreased, the Rx 

sensitivity improved. A value of PRx=-32dBm was reached 

when each ONU employed only 25% of the BW with BPSK. 

Furthermore, QPSK could be detected with only around 

4.5dB penalty as compared with BSPK. We also noticed 

from Fig. 5 that ONU2 had almost 1dB penalty with respect 

to ONU1 which was attributed to small drifts in the 

electrical oscillator frequency whose tolerance was limited 

to ±5kHz [14]. 

When the OFDM signal is direct-detected, there are 

mixing terms between the SC that appear in the data 

frequency band degrading the performance. A spectral GI 

between the optical carrier and OFDM signal equal to the 

signal BW is typically used to keep the mixing terms out of 

the data band [25]. In our setup, the maximum oscillator 

frequency of the RF stages is 6GHz. This entails a 

maximum GI of 3.5GHz in the DS signal. An RF stage is 

added in the OLT and ONU1 fIF1 is also tuned to 6GHz. 

ONU2 is not used because fIF2>6GHz is required. Fig. 5 

includes the Rx sensitivity curve of ONU1 with GI. There is 

an improvement of nearly 4.5dB for both BPSK and QPSK. 

However, this enhancement comes at the expense of a wider 

spectrum in the OFDM signal, 

For comparison, we carried out the same experiment with 

ONUs processing the complete DS signal, i.e. with a 256-

point FFT. For the BER computation each ONU considered 

only its corresponding half of SC, and the rest were 

discarded. The obtained results (plotted in Fig. 6) were 

comparable with those in Fig. 5 for multiband OFDM. The 

latter presented a penalty for BWONU > 45% due to the non-

ideal low-pass filter response after the RF stage in Rx. 

 

 
Fig. 6. Rx sensitivity at BER=10-3 against effective data BW for 

both ONUs with BPSK and QPSK modulation formats when the 

ONUs process the whole BW. 

B. Uplink 

For the UL performance assessment, the multiband 

OFDM contributions of both ONUs were detected with a 

single 256-point FFT in the OLT. In order to reuse the 

electrical oscillator, the SC assignment followed the same 

scheme as in DS. Since the ONUs UL spectra had to be 

accurately synchronized, we carefully set identical electrical 

and optical paths between the 3dB optical coupler and the 

ONUs electrical Tx generator. In a commercial network, the 

ONUs could be coordinated through the ranging protocol 

during the activation process. Fig. 7 plots the BER against 

the Rx sensitivity computed at the OLT for both ONUs with 

BPSK and QPSK modulation.  

 
Fig. 7. BER against Rx power for both ONUs with BPSK and 

QPSK modulation. The constellations are for ONU1 at BER=10-3. 

 

Both ONUs were detected properly below the target 

BER=10-3 at –24dBm and –18dBm for BPSK and QPSK 

respectively. However, there was a BER floor appearing in 

the QPSK signal close to BER=10-3. The same was observed 

for the BPSK signal but the floor was below BER=10-5. This 

motivated to look for the errors in each SC. Fig. 8 shows the 

number of errors against the SC number for both ONUs. 

Interestingly, the errors occurred in the SC closest to the 
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other ONU part caused by a slight overlapping due to the 

spectrum tails, as seen in the inset of Fig. 8.  

 
Fig. 8. Total errors against SC number. 

 

In order to improve the performance, a spectral BG was 

set between the ONU signals. Each ONU occupied 25% of 

the BW and both were spectrally together firstly. Then 

ONU2 spectrum was separated from ONU1 by tuning fIF2. 

The OLT processed both the ONUs data spectra and the 

BG. The Rx sensitivity at BER=10-3 for both ONUs is 

plotted against the spectral BG in Fig. 9. For a 3dB penalty, 

a 6.25% frequency BG, i.e. 312MHz, is needed for QPSK. 

This value is reduced to a moderate 1.56% (78MHz) for 

BPSK because of its lower signal to noise ratio (SNR) 

requirement. 

 
Fig. 9. Rx power for BER=10-3 against frequency BG. The insets 

illustrate the increase of the frequency BG between the ONU 

contributions. 

 

The elastic BW allocation was also evaluated in UL. The 

BW occupied by each of the ONUs was lowered by zero-

padding (ZP) some of the SC. As a result, the spectral 

separation between the users was also increased improving 

the Rx sensitivity. Fig. 10 shows the Rx optical power 

needed at BER=10-3 for both ONUs against BWONU with 

BPSK and QPSK modulation. As expected from Fig. 9 

results, there were penalties for BWONU > 45% due to 

spectral overlapping in the neighboring user SC (insets of 

Fig. 10). Notably, the curves are similar to the ones 

obtained for the DS case. Due to the limited BW of the DFB 

lasers, a spectral GI was not tested in the UL. However, a 

performance improvement is expected if a spectral GI is left 

between the OFDM signals and the optical carriers 

provided that the frequency separation between the users is 

correspondingly increased to prevent OBI. 

When increasing the ZP, besides enlarging the spectral 

BG, the total power is distributed into fewer SC, increasing 

their SNR. Hence, clearer constellations and improved Rx 

sensitivity are obtained yet at the price of a lower effective 

bitrate. The Rx sensitivity when reducing BWONU from 50% 

to 25% improves by 6dB for BPSK. Similar values are 

obtained for DS (Fig. 5). For QPSK, the Rx sensitivity is as 

low as -24.5dBm with BWONU=25%, almost 8dB better than 

with BWONU=50%. The performance is slightly better for 

ONU1 which operated in baseband than for ONU2 because 

of small drifts in fIF2 and the non-ideal laser response which 

caused some distortion in the higher part of the spectrum.  

 
Fig. 10. Rx sensitivity at BER=10-3 against BWONU for both ONUs 

with BSPK and QPSK modulation in multiband OFDM. The insets 

show the spectrum of each ONU contribution in the Rx signal. 

 

We also tested the UL with ONUs processing the 

complete signal with BPSK, QPSK, and several ZP 

percentages. The Rx sensitivity against BWONU measured at 

the OLT for each ONU is plotted in Fig. 11. The results 

were around 1dB better than the multiband OFDM due to 

the frequency drifts in the RF mixer. For BWONU >45% the 

non-ideal electrical filters used in multiband OFDM to 

confine and limit the BW of each ONU did not remove the 

spectral tails completely producing overlapping when the 

UL contributions were combined. Thus, in these cases the 

Rx sensitivity of the ONUs processing the whole OFDM 

signal, improved by 2dB. However, the multiband OFDM 

has the relevant advantage of lowering the ONU complexity 

by reducing the FFT size through the help of an RF mixer. 

This translates directly into the power consumption which 

is also lowered. 
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Fig. 11. Rx sensitivity at BER=10-3 against effective data BW for 

both ONUs with BSPK and QPSK modulation with each ONU 

processing the whole BW. The insets show the spectrum of each 

ONU contribution in the detected signal. 

 

To further evaluate the relation between the Rx 

sensitivity, modulation format and active SC, the 

experiment was extended to 8-PSK and 16-QAM. Fig. 12 

summarizes the Rx sensitivity needed at BER=10-3 (level 

lines) as a function of both the modulation format and 

BWONU considering an average over the two ONUs. 

 
Fig. 12. Rx sensitivity at BER=10-3 level lines (in dBm) as a 

function of modulation format and BWONU. (M: modulation bits). 

 

The lines in Fig. 12 can be used to allocate the active SC 

and modulation format for each ONU according to the users 

BW need and available power budget. The negotiation can 

be carried out at the registration process or dynamically 

during operation. As an example, for the ODN shown in Fig. 

2, if ONU1 transmits and receives a QPSK signal with 

BWONU=3.12% (PRx=-33dBm) and ONU2 uses BPSK with 

BWONU=96.8% (PRx=-23dBm), there is a difference of 10dB 

in the Rx power needed. This value translates into a fiber 

length separation of 50km or an extra splitting ratio of 1:8. 

Therefore, the differential link-loss can be compensated and 

both users are detected properly. 

As a final test, the SC allocation was assessed 

experimentally in UL by transmitting a short video signal. 

The complete description and results can be seen in [26]. 

V. CONCLUSION 

A statistical OFDMA PON with multiband ONUs based 

on simple independent non-preselected DFB lasers was 

experimentally evaluated. The assessment included both 

DS and UL in separate optical bands with almost 

symmetrical Rx sensitivities of -25dBm at BER=10-3 with 

BPSK. A penalty of 5dB was obtained when the modulation 

format was extended to QPSK. The total effective capacity 

was 2.5/5 Gb/s for BPSK and QPSK respectively. The digital 

SC allocation was also tested and the Rx sensitivity 

improved up to 2dB when compared with the multiband 

technique. However, the advantage of the latter was that it 

allowed the ONU to process only its intended BW. The 

technique placed the ONU BW in its corresponding spectral 

band with the aid of an RF mixer, thus reducing the 

complexity and energy consumption. For the UL, a spectral 

BG of 6.25% was required to detect simultaneously both 

ONUs at the OLT with QPSK while keeping the penalty 

below 5dB with respect to BPSK. The flexibility of OFDM to 

grant different SC and modulation formats independently 

to ONUs was also studied. The Rx sensitivity was enhanced 

by almost 6dB when BWONU was reduced from 50% to 25%. 

The results showed that the statistical OFDM PON could 

adapt to the users BW requirement and power budget 

availability. As a result, the BW can be allocated 

intelligently and dynamically through media access control 

protocols to compensate a differential link-loss of up to 

18dB among the users in the PON. 
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