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ABSTRACT We demonstrate a cost- and spectrum-effective orthogonal frequency-division multiple 

access passive optical network downstream scheme based on multi-band and modified sub-Nyquist 

sampling over transmission reach of 20km. The sampling rate and bandwidth of ADC are reduced 

effectively, and double spectrum efficiency is obtained. The aggregate bit rate achieves 50.4 Gb/s. The 

influence of bit resolution of ADC/DAC is investigated and 8-bit resolution is regarded as a reasonable 

choice. The performance of receiver sensitivity and nonlinearity tolerance is studied. A 20km PON 

downstream transmission with splitter ratio of 1:64 is considered and the FEC limit of 3.8×10
-3

 is met. The 

research results show that the proposed scheme is suitable for the short reach communication systems and 

could be regarded as a promising candidate for the system beyond NG-PON2. 

INDEX TERMS  Sub-Nyquist, Multi-band, OFDM, NG-PON2. 

I. INTRODUCTION 

The ever-growing bandwidth requirements of end-user 

applications services have put a lot of pressure on the 

access network bandwidth. In order to solve the problem, 

passive optical network (PON), as a cost-effective solution 

to provide high-speed access, has gained extensive attention 

and been widely adopted [1-6]. By comprehensively 

weighing various factors, the next generation PON stage 2 

(NG-PON2) standardization adopts Time-/wavelength-

division multiplexing (TWDM) as the solution [7]. By 

applying TWDM, an aggregate capacity of 40Gbit/s 

downlink transmission is able to be achieved, which 

contains four wavelengths each carrying 10Gbit/s 

conventional on-off keying (OOK). However, although the 

aggregate capacity is considerable, the spectrum efficiency 

(SE) is still relatively low and the ability of further 

increasing capacity is limited. Obviously, OOK with SE of 

1 bit/s/Hz is not an appropriate choice for future PON 

which inevitably exceed 10Gbit/s per wavelength.  

The systems beyond NG-PON2 are preferred to adopt 

advanced modulation formats with high SE. Among the 

existing modulation formats, orthogonal frequency-division 

multiplexing (OFDM) stands out for its superior 

advantages, such as high SE, strong robustness to 

dispersion and simple distortion equalization [8-22]. In 

addition, OFDM is transparent to modulation formats, the 

modulation formats with high SE like high order quadrature 

amplitude modulations (QAM) are able to be carried in 

different subcarriers, so it is conducive to improve capacity 

and flexibility. Moreover, the subcarriers are able to be 

assigned to any optical network unit (ONU) independently, 

so OFDM access (OFDMA) PON is a quite flexible scheme 

and has become one of the most promising solutions for 

future broadband optical access networks. 

    PON is a point-to-multi-point system, and an optical line 

terminal (OLT) at a central office is connected to a number 

of ONUs at the premises of end-users. A large number of 

ONUs will aggravate the aggregate data rate of OFDMA 

PON. According to the Nyquist sampling theorem, the 
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sampling rate should be at least more than double signal 

bandwidth so as to prevent spectral aliasing and signal 

distortion. As a result, the analog-to-digital converter (ADC) 

at each ONU must have high sampling rate, even though 

the ONU, in most cases, only requires a small portion of the 

subcarriers. The current receiving scheme causes an 

unwanted waste of cost and power, which restricts the 

widely application of OFDMA. 

An effective sub-Nyquist sampling scheme with delayed 

samplings has been proposed to reduce the sampling rate of 

ADC [23-25]. However, two main problems restrict its 

application and need to be solved. On one hand, the 

required bandwidth of ADC cannot be reduced, which 

means the cost of ADC is still high. On the other hand, the 

scheme at OLT must consider the constraints of Hermitian 

symmetry in an intensity modulation and direct-detection 

(IM/DD) system, resulting limited spectrum efficiency. 

In this paper, we propose a scheme combining multi-

band and modified sub-Nyquist sampling. The narrow 

baseband OFDM signals are moved to different frequency 

sub-bands by up-conversion at OLT, and are moved back to 

baseband by down-conversion at ONUs. Both required 

sampling rate and bandwidth of ADC are able to be 

reduced. Furthermore, the OFDM is no longer limited by 

the Hermitian symmetry structure, and double spectrum 

efficiency is obtained. We demonstrate propagation of 50.4 

Gbit/s multi-band and modified sub-Nyquist OFDM signals 

in IM/DD system. The results prove its effectiveness for 

sampling rate and bandwidth reduction and SE 

improvement. 

The rest of the paper is organized as follows. In Section 

II, we analyze the principle of multi-band and modified 

sub-Nyquist OFDMA-PON. The structure of simulation 

system setup is shown in Section III. Section IV discusses 

the results. Section V is the conclusion.  

II. OPERATION PRINCIPLE 

In conventional OFDMA-PON, the whole OFDM signal 

needs to be received at each ONU even though only a small 

portion of the subcarriers are actually required. The sampling 

rate should be at least more than double bandwidth of 

received signals to prevent spectral aliasing, which will make 

the system complicated and uneconomical. Here multi-band 

and modified sub-Nyquist sampling are introduced to solve 

the problem. 
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FIGURE 1. (a) Multi-band signal at OLT by up-conversion. (b) Selected 

band at ONU by down-conversion. 

 

Fig.1 shows the principle of multi-band. The whole 

frequency band is divided into several sub-bands. Different 

baseband OFDM signals with narrow bandwidth are 

modulated and moved to the allocated sub-bands by up-

conversion at OLT (Fig.1a). The required OFDM signal is 

moved back to baseband by down-conversion at ONU 

(Fig.1b). Both analog and digital up/down- conversion could 

be utilized. Therefore, each OFDM signal bandwidth is 

reduced, as well as the required ADC’s bandwidth at ONU. It 

should be noted that benefiting from the up-conversion, the 

OFDM modulation gets rid of the constraints of Hermitian 

symmetry in IM/DD system, so double SE is obtained. 
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FIGURE 2. (a) Sub-Nyquist sampling signal in time domain, (b) Sub-

Nyquist sampling signal in frequency domain. 

 

    Fig. 2 outlines the principle of modified sub-Nquist 

sampling scheme with an example of group number M=4 and 

subcarrier number N=256. In the modified sub-Nyquist 

scheme, downstream OFDM subcarriers are divided equally 

into M groups, and an ONU is able to receive one of these 

groups, which includes its requested data. Compared to the 

conventional OFDM(A) scheme, the application of the 

scheme requires a 1/M Nyquist sampling rate and 1/M fast-

Fourier transform (FFT) size in demodulation, which helps to 

enhance cost efficiency by means of reducing computational 

complexity and power consumption. Compared to existing 

sub-Nyquist sampling scheme, nearly all the subcarriers in 

each group could be used to carry data, such as the 2
nd

 ~64
th
 

subcarriers in group1, hence the spectrum efficiency is 

improved effectively. 

From the perspective of time domain (Fig.2a), the 

sampling interval Δt=4Δt0 is executed, where Δt0=2π/Nω0 

has been proved as the optimum value in [23]. The required 

group is obtained with specific sampling delays. For 

example, the sampling delay is set to be 0 and 2Δt0 to obtain 

group1 and group3 respectively. 

From the perspective of frequency domain (Fig.2b), 

because of spectral aliasing caused by sub-Nyquist sampling, 

the subcarriers received by ADC are linear combination of 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2982967, IEEE Access

 

VOLUME XX, 2017 9 

weighted sent subcarriers. For example, the sampled 2
nd

 

subcarrier of group1 is actually a combination of 2
nd

, 66
th
, 

130
th
, 194

th
 subcarriers, which are weighted by 

(2)mj
e


, 

(66)mj
e


, 

(130)mj
e


 and 

(194)mj
e


 respectively, where 

( )mj n
e


 

is the phase response of n
th
 subcarrier caused by a relative 

sampling delay. 

The procedure of aliasing can be represented as HS = R, 

where H is the channel response caused by spectral aliasing 

and S and R are transmit and receive data respectively. The 

analog bandwidth of an ADC with sub-Nyquist sampling rate 

must be sufficient to enable different results of spectral 

aliasing. As the H is available in advance with dedicated 

sampling interval and sampling delay, it is able to 

compensate the spectral aliasing at the transmitter and no 

more procedure is needed in the receiver, which could reduce 

the cost and complexity at ONUs. 
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FIGURE 3. Processes to get data for ONU1 in different time slot. 

 

    The data transmission process of ONU1 is shown in Fig. 3. 

As shown in Fig.3(a) and (b), the red square represents the 

data required for ONU1, which is carried in different group of 

OFDM1 in different time slot. OFDM1 is up-conversion to 

allocated sub-bands in different time slot. Fig.3(c) and (d) 

show the demodulation process of ONU1 in time slot S1 and 

S2. The ONU1 selects corresponding sub-band by adjusting 

the frequency of local oscillator. Then the corresponding 

group is selected by controlling the sampling delay of ADC. 

At last, conventional DSP process with size-reduced FFT is 

implemented for signal demodulation and the corresponding 

data is obtained. In other words, by controlling the local 

oscillator frequency and ADC sampling delay, the ONU 

could obtain the data carried in different sub-bands and 

groups, which means the proposed scheme is quite flexible. 

Furthermore, the proposed scheme does not need much 

modification for upgrading from the existing conventional 

OFDMA-PON.  

III.  SIMULATION SETUP 

Fig. 4 shows the simulation system setup of the proposed 

scheme. The DSP processes of baseband OFDM modulation 

and demodulation are implemented with Matlab. The system 

modules, such as electrical/optical modules, optical fiber 

links, are simulated with VPItransmissionMaker 10.0. The 

details of the system are summarized in Table 1. It should be 

noted that several subcarriers cannot be used because of the 

need for oversampling. The reason is that the zero-order hold 

characteristic of digital to analog converter (DAC) will create 

an image above the Nyqist frequency.  
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FIGURE 4. Simulation setup for the proposed OFDM scheme. 

Table 1. System parameters 

Parameter Value 

Sub-band number 6 

Sub-band bandwidth 2GHz 

Groups in each sub-band 4 

OFDM subcarriers 256 

Data-carrying subcarriers 220 

Cyclic prefix ratio 1/8 

Aggregate bit rate 50.4Gb/s 

SSMF attenuation 0.2dB/km 

SSMF dispersion 16ps/nm/km 

SSMF nonlinear index 2.6×10-20m2/W 

     

    The baseband OFDM signal is pre-processed to 

compensate the spectral aliasing caused by sub-Nyquist 

sampling, as well as the channel response of fiber link. The 

real part and the imaginary part of pre-processed digital 

signal are loaded to two DACs respectively, and the 

following low pass filters (LPFs) are used to remove the 

OFDM image introduced by DAC. Analog up-conversion is 

applied and the combination of 6 sub-bands adjusted with 

appropriate amplitude is loaded to a Mach-Zehnder 

modulator (MZM) to generate the optical OFDM signal. 

20km dispersion uncompensated SSMF is used as the 

transmission link. The launch power into fiber is adjusted by 

Erbium-doped fiber amplifier (EDFA) and variable optical 

attenuator (VOA). 

    The received optical power (ROP) at ONU side is 

controlled by another VOA. Analog down-conversion is 

realized by controlling local oscillator. The sampling delay is 

controlled by delay modules to pick out the desired group. 

The delayed signals are sub-Nyquist sampled by ADCs and 

processed offline in Matlab program. 
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IV.  RESULTS AND DISCUSSIONS 

We evaluate the performance of proposed OFDM scheme 

by mean of the indicators like channel response, DAC/ADC 

resolution, SNR, receiver sensitivity, nonlinearity tolerance. 

A. CHANNEL RESPONSE 

 

Fig.5 shows the measured fiber channel response of whole 

frequency band. The power fading caused by chromatic 

dispersion (CD) appears obviously in high frequency sub-

bands. The maximum power fading penalty is about 3dB at 

12GHz, which is still acceptable. In the lower frequency sub-

bands within 0~6GHz, the penalty could be nearly ignored. 

According to channel response, we allocate 64QAM to first 4 

sub-bands, 32QAM to the 5
th
 sub-band, and 16QAM to the 

last sub-band respectively. The aggregate data rate of 50.4 

Gb/s (2G×(6+6+6+6+5+4)×220/256×256/288)  is achieved. 

64QAM

32QAM

16QAM

 
FIGURE 5. Channel response of whole frequency band.. 

B.  DAC/ADC RESOLUTION ANALYSIS 

 

In the practical system, DACs/ADCs are key modules for the 

signal conversion. The signal quantization distortion will 

inevitably be caused in the processes of analog-to-digital 

conversion and digital-to-analog conversion. When the bit 

resolution of DAC/ADC is low, serious quantization 

distortion will occur and system performance will deteriorate. 

However, extra high bit resolution will increase the cost of 

system and the complexity of data processing. It is necessary 

to fix an appropriate bit resolution for practical application. 

The system performance with different bit resolution of 

DAC/ADC is investigated in this part. The launce power and 

ROP are fixed at 8dBm and -8dBm respectively. The bit 

resolution varies from 5-bit to 15-bit, and ideal DAC/ADC 

system is also investigated as comparison. 

    The 4
th
 sub-band is selected for the bit resolution study. 

Fig. 6 shows the BER and Q performance with different bit 

resolution. When the bit resolution is low, such as 5-bit, the 

system performance is seriously affected. The FEC limit is 

able to be met for all groups with 6-bit resolution. The nearly 

best performance is obtained when the bit resolution achieves 

8-bit. With further increased bit resolution, the system 

performance does not improve significantly. Therefore, the 

8-bit resolution is a reasonable choice and is adopted for the 

following simulations.  

FEC limit

 
FIGURE 6. BER and Q performance with different bit resolution. 

C.  SNR OF EACH GROUP ANALYSIS 

 

The SNR of different groups in each sub-band is studied. The 

launce power and ROP are fixed at 8dBm and -8dBm 

respectively, and the bit resolution is 8-bit. Fig.7 shows the 

measured SNR of different sub-bands. Because of the power 

fading, the SNR deteriorates from the 1st sub-band to the 6th 

sub-band. The SNR of 6
th
 sub-bands shows obvious 

deterioration. The SNR of 2
nd

 and 3
rd

 sub-bands are between 

1
st
 and 4

th
, which are not shown for simplicity. In each sub-

band, the 4th group shows the worst SNR. The SNR results 

are consistent with the channel response.   

 
(a) 

 
(b) 
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(c) 

 
(d) 

FIGURE 7. SNR of different groups in each sub-band. 

D.  RECEIVER SENSITIVITY ANALYSIS 

 

Receiver sensitivity is a key indicator and will affect the 

amount of ONU. The launce power into fiber is fixed at 

8dBm for the investigation of receiver sensitivity 

performance. The ROP varies from -11dBm to 4dBm by 

adjusting the VOA at ONU side. 

    BER and Q value are measured to evaluate the receiver 

sensitivity performance. Fig. 8 shows the results of 1
st
, 4

th
, 5

th
, 

6
th
 sub-bands. The BER and Q value performance get worse 

with low ROP. Compare the performance of different sub-

bands, the Q value performance gets worse from 1
st
 sub-band 

to 6
th
 sub-band because of the power fading. The 4

th
 sub-band 

shows worst BER performance because of the power fading 

and high order modulation. Benefiting from the lower order 

modulation format, the 5
th
 sub-band shows the better BER 

performance than 4
th
 sub-band. However, even the 6

th
 sub-

band has the lowest order modulation, the BER performance 

is worse than 5
th
 band because the serious power fading plays 

a dominant role. For all sub-bands, the FEC limit is met 

when ROP larger than -10dBm. 

 

FEC limit

 
(a) 

FEC limit

 
(b) 

FEC limit

 
(c) 

FEC limit

 
(d) 

FIGURE 8. BER and Q performance with different ROP for (a) 1
st

, (b) 4
th

, 

(c) 5
th

 and (d) 6
th

 sub-bands. 
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E.  NONLINEARITY TOLERANCE ANALYSIS 

 

High launch power is required for the PON, especially the 

number of ONU is massive. However, the system 

performance will be influenced by the consequent 

nonlinearity distortion. For nonlinearity tolerance analysis, 

the launce power into fiber varies from 5dBm to 19dBm. The 

ROP is fixed at -2dBm. 

    The BER and Q performance of 4
th
 sub-band with different 

launch power is shown in Fig. 9. The results show that the 

role of nonlinear distortion is gradually reflected when 

launch power larger than 10dBm. The system is error-free 

when launch power lower than 15dBm, and the acceptable 

maximum launch power into fiber is about 18dBm to meet 

FEC limit. The proposed scheme shows strong nonlinearity 

tolerance, and is suitable for the PON in 20km transmission 

fiber link. 

FEC limit

 
FIGURE 9. BER and Q performance with different launch power 

F.  PON downstream setup 

The trade-offs in speed, distance, and splitter ratios should be 

balanced in PON systems for various applications. For NG-

PON2, a typical parameter combination should be met, 40 

Gb/s downstream capacity and 20 km reach with at least 1:64 

splitter. The single wavelength transmission rate is 10 Gb/s in 

the NG-PON2 with TWDM [7]. 
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FIGURE 10. PON downstream setup 

 

    According to the requirement of NG-PON2, a PON 

downstream setup as shown in Fig.10 is considered. The 

fiber link between OLT and ONU is 20 km, and the splitter 

ratio is 1:64. The single wavelength net data rate is 50.4 

Gbit/s. 

FEC limit

 
(a) 

FEC limit

 
(b) 

FIGURE 11. BER of (a) 4
th

 sub-band and (b) 4
th

 group in each sub-band 

 

    The VOA at the ONU side is fixed at 18dB to simulate the 

1:64 splitter ratio for simplicity. The launch power is fixed at 

18dBm. The ROP varies form -11dBm to -4dBm by 

adjusting VOA. Fig.11(a) shows the different group BER 

performance in 4
th
 sub-band, and the 4

th
 group shows the 

worst performance. Fig.11(b) shows the 4
th
 group of different 

sub-band BER performance, and the 4
th
 sub-band shows the 

worst performance. That means the 4
th
 group in 4

th
 sub-band 

has the worst performance and restricts the whole system 

performance. 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2982967, IEEE Access

 

VOLUME XX, 2017 9 

FEC limit

 
FIGURE 12. BER performance of 4

th
 group in 4

th
 sub-band 

 

The BER performance of 4
th
 group of 4

th
 band with various 

launch power and ROP is investigated and the results are 

shown in Fig.12. Both noise and nonlinearity will influence 

the system performance. The measured point below FEC 

limit line means it could meet the system transmission 

requirement. For example, with launch power of 16dBm, 

ROP of -9dBm, -8dBm, -7dBm, -6dBm is acceptable to meet 

the FEC limit. The results in Fig. 12 show that the system 

could meet the requirement of FEC limit with launch power 

from 13dBm to 17dBm. Several launch power and ROP 

combinations are acceptable. 

V.  CONCLUSION 

We demonstrate a cost- and spectrum-effective OFDM 

scheme with multi-band and modified sub-Nyquist sampling 

for short reach communication systems. The requirement of 

ADCs’ sampling rate and bandwidth reduces effectively. 

Furthermore, the spectrum efficiency is doubled compared to 

the existing sub-Nyquist scheme. The performance of the 

proposed scheme is analyzed by virtue of bit resolution, 

receiver sensitivity and nonlinearity tolerance. A 20km PON 

downstream setup with splitter ratio of 1:64 is analyzed. The 

research results show that the proposed scheme performs 

well and could be regarded as a promising candidate for the 

system beyond NG-PON2. 
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