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Abstract—In this paper, a bidirectional Dense Wavelength 

Division Multiplexing Radio-over Fibre (DWDM-RoF) 

transmission system has been designed. In this system, four 

Orthogonal Frequency Division Multiplexing (OFDM) signals 

have been modulated using 16-Quadrature Amplitude 

Modulation (16-QAM) scheme with 20 Gbps and transmitted 

over a Standard Single Mode Fiber (SSMF). For upstream 

transmission, an optical band pass filter has been used at the 

Base Station (BS) side to reuse the same transmitted wavelength 

for the upstream transmission after being externally modulated 

with 20 Gbps On-Off Keying (OOK) baseband signal. The 

dispersion effect has been investigated and counteracted by 

employing a Dispersion Compensation Fiber (DCF). Simulation 

results showed an approximately negligible power penalty 

between Back to Back (B2B) and 120 km transmission. System 

Performance has been evaluated by measuring Symbol Error 

Rate (SER) and constellation diagram. Finally, the upstream 

signal performance has been evaluated by measuring its Bit 

Error Rate (BER) and eye diagram. As a result, error-free 

transmissions of 20 Gbps for both upstream and downstream 

signals over 30 km and up to 120 km (SMF-DCF) are 

demonstrated to verify the suitability of the proposed scheme in 

RoF systems. 
 
Index Terms—DWDM, Radio-over-Fiber, dispersion 

compensation fiber, OFDM, dispersion power penalty 

 

I. INTRODUCTION 

The architecture of the next generation Radio Access 

Network (RAN) has to manipulate the growing demands 

of high bit-rate and bandwidth requested by the end users. 

Radio over Fiber (RoF) technology can be considered as 

a promising solution for the increasing capacity and 

mobility in RAN since it introduces a good data 

transmission rate and large bandwidth [1]. In RoF system, 

Radio Frequency (RF) signals are modulated by light 

either directly or at intermediate frequency and then 

transmitted over an optical fiber to raise transmission as 

well as wireless access. It transmits RF Downlink/Uplink 

(DL/UL) signals between a Central Station (CS) and Base 

Stations (BSs), where the RF signal is transmitted 

wirelessly to different users [2]. Therefore, RoF system 

should have many BSs connected with the CS. 
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Wavelength Division Multiplexing (WDM) technique 

has been proposed to link CS with BSs effectively. In 

addition, WDM system is supported in RoF [3]. Such 

WDM-RoF architecture, could be capable of reducing 

antenna site complexity, dynamically assigning RF 

signals to different antenna sites, reducing power 

consumption and will be easy in its installation and 

maintenance [3], [4]. Accordingly, Passive Optical 

Network (PON) should be designed for WDM-RoF 

system [5]. PON is very attractive because there are no 

active components in the transmission line. It basically 

consists of an Optical Line Terminal (OLT), a Remote 

Node (RN) and Optical Network Unit (ONU) [6]. The 

design of WDM-PON structure is expected to be 

compatible with RoF system without any change of OLT 

configuration to flexibly serve both fixed and mobile 

users [7]. Bidirectional WDM-PON systems require 

expensive optical source assigned to each of the DL/UL 

signals transmission, so that it has not been largely 

deployed [8]. For this reason, an access network 

architecture utilizing a central light source at the CS with 

data re-modulation using the DL wavelength received at 

the BS is an effective solution for low-cost 

implementation of an upstream transmitter as it requires 

no wavelength management and needs no external light 

source [7].  

For the sake of reusing the received downstream 

optical carrier for upstream transmission, many systems 

have been proposed. Reference [9] and [10] are based on 

spectrum-sliced seeding for Injection Locked Fabry-Perot 

(IL-FP) laser and Semiconductor Optical Amplifier 

(SOA), respectively. However, their transmission rate is 

limited to 1.25 Gbps due to the high intensity noise of 

spectrum-sliced signals. To implement optical carrier 

separation, ref. [5] an optical circuit and Fiber Bragg 

Grating (FBG) filter are cascaded. But the FBG is very 

sensitive to temperature, so that it needs a complex 

control system to stabilize its operation. According to ref. 

[11], Vertical-Cavity Surface Emitting Laser (VCSEL) 

has been used at the ONU and injected by Amplified 

Spontaneous Emission (ASE) light to provide the light 

source needed for upstream transmission. However, the 

upstream bit-rate was limited to 1.25 Gbps. Recently, 

cost-effective approaches to achieve upstream data 

transmission have been mentioned in ref. [12] and [13] by 
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using Reflective Semiconductor Optical Amplifier 

(RSOA). The WDM-PON system based on RSOA 

doesn’t require an optical amplifier, the transmission 

length between CS and BS can be extended and there will 

be no need for an external modulator because RSOA can 

perform the two functions of amplification and 

modulation [14]. In contrast, the modulation bandwidth 

of RSOA is limited to 2 GHz by carrier lifetime in the 

active layer, which consequently limits the value of 

upstream data-rate to less than 2.5 Gbps in these schemes 

[15], [16]. 

In order to achieve high data rate as well as to optimize 

bandwidth utilization, RoF signals have been integrated 

with Dense WDM. DWDM is a multiplexing system with 

channel spacing less than or equal to 200 GHz [2]. Thus 

DWDM-RoF-PON architecture can provide the most 

extensive and cost-effective way to expand the bandwidth 

of fiber-optic channels to support a huge number of 

distributed antenna stations. Orthogonal Frequency 

Division Multiplexing (OFDM) has been chosen to be the 

modulation format for the proposed downstream RF 

signal. Very recently, OFDM has become the potential 

candidate for transmission in the next generation access 

network because of its high spectral-efficiency, resistance 

to chromatic dispersion and it can be considered as an 

effective solution to intersymbol interference (ISI) caused 

by dispersive channels [6].  

In this paper, we propose and demonstrate 4 channels 

DWDM-RoF bidirectional system with 20 Gbps per 

channel employing 16QAM-OFDM downstream signal 

carried on 20 GHz sinusoidal wave and OOK upstream 

data with 20 Gbps per channel. It could be considered as 

one of the highest upstream bit-rate value obtained 

among many published works related to this issue. In the 

proposed scheme, we have utilized, for the first time, an 

Optical Band Pass Filter (OBPF) with Gaussian transfer 

function to filter out the downstream optical carrier and 

reuse it for upstream transmission. Furthermore, we have 

successfully proposed an effective solution for the long-

haul transmission of DL/UL signals over more than 100 

Km long SMF-28 by adding a Dispersion Compensation 

Fiber (DCF) to adaptively compensate the dispersion 

caused by SMF-28 and to increase the transmission 

distance. Finally, the effect of dispersion power penalty 

on the performance of the transmitted wavelengths has 

been studied.   The obtained results showed an error-free 

performance for different transmission distances, which 

makes our proposed structure as one of the potential 

candidates to the next generation access network. 

The remaining parts of this paper have been organized 

as follows. In Section II, we describe the architecture of 

the proposed system and principle of operation. The 

simulation setup is presented in section III. Then, 

simulation results are investigated and discussed in 

section IV. Finally, section V presents the conclusion and 

future work. 

 

II. PROPOSED SYSTEM ARCHITECTURE 

The schematic diagram of the proposed bidirectional 

DWDM-RoF-PON system is shown in Fig. 1. This work 

has been designed, simulated and analysed using VPI 

transmission V8.6. In CS, Quadrature Amplitude 

Modulation (QAM) ‘4 Bits Per Symbol’ OFDM signal is 

used to generate the downstream RF signal. The 16QAM-

OFDM transmitter module uses 20 Gbps downlink 

baseband signal with Pseudo Random Binary Sequence 

(PRBS) of word length 2
31

-1. The number of carriers 

used for OFDM signal is 64 and the cyclic prefix (guard 

interval) is 0.125. 

 
Fig. 1 Proposed DWDM-RoF-PON system 

By using OFDM as modulation format for the 

downlink data stream, the cross-talk between subcarriers 

is eliminated. The baseband OFDM signal is up-

converted to a high RF carrier of 20 GHz. The electrical 

signal is modulated to an optical carrier with Continuous 

Wave (CW) laser source using Lithium Niobate Mach 

Zehnder Modulator (MZM) to generate a DSB optical 

signal. The generated optical DSB signals are then 

multiplexed by DWDM-MUX with channel spacing ∆f 

=100 GHz, which translates into a ∆λ of 0.8-nm 

wavelength spacing in order to be transmitted over SMF-

DCF system. An Erbium Doped Fiber Amplifier (EDFA) 

is used to strengthen the transmitted OFDM signals 

before being de-multiplexed by WDM-DMUX where 

various optical signals are sent to different BSs. At the 

BS, a Passive Splitter (PS) is used to equally split out the 

downstream signal between two paths. One is fed to an 

OFDM receiver after passing through a Photo Diode (PD), 

and so, to observe the constellation diagram of the 

received OFDM signal and to measure SER with the 

received power for different transmission distances. For 

uplink transmission, the second path of the received 

OFDM signal from the splitter is fed to an optical BPF to 

filter out the downstream optical carrier and reused it as 

the upstream optical carrier input to an Electro-Optic 

Modulator (EOM), which is used to modulate 20Gbps 

OOK upstream data. The upstream OOK signals are 

multiplexed by another multiplexer and sent back to the 

CS. At CS, the upstream signals are de-multiplexed and 

then detected by a Photo Diode (PD) followed by a low 

pass filter. 
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III. SIMULATION SETUP 

The simulation setup of the proposed scheme is 

presented in Fig. 2. In transmitter section, a Direct 

Detection Optical (DDO-OFDM) transmitter was used, 

where the PRBS data generated is converted from serial 

to parallel form. The mapping is accomplished by M-ary 

modulator which could be QAM or PSK; in the scheme 

16-QAM mapping was used. The signal is then processed 

by IFFT and a guard interval is added to prevent 

overlapping between subcarriers. 

 
Fig. 2. Simulation setup of proposed scheme 

The 16-QAM OFDM I and Q signals at 20 Gbps are 

mixed with a 20 GHz sinusoidal wave by an electrical 

analog IQ mixer. In the whole system, four OFDM 

signals were modulated by four optical carriers of (192.95, 

193.05, 193.15 and 193.25) THz, respectively.        

The optical carriers were obtained from a Continuous 

Wave (CW) laser with average power and linewidth of 5 

mW and 10 MHz, respectively. To support the system 

with high data rate, 4-channels DWDM/MUX were used 

to multiplex four downstream signals each of 20 Gbps, 

and so to achieve data rate of 80 Gbps. The multiplexed 

signals are then transmitted to the BSs over a 

combination of SMF-DCF link. Fiber dispersion limits 

the transmission distance for bit rates greater than 10 

Gbps. By inserting a DCF with negative dispersion into 

the link, the positive dispersion of SMF is compensated. 

The total dispersion (DT) and attenuation (AT) of a fiber 

link are given by [17]: 

𝐷𝑇 =  𝐷𝑆𝑀𝐹 . 𝐿𝑆𝑀𝐹 + 𝐷𝐷𝐶𝐹 . 𝐿𝐷𝐶𝐹                             (1) 

𝐴𝑇 =  𝐴𝑆𝑀𝐹 . 𝐷𝑆𝑀𝐹 + 𝐴𝐷𝐶𝐹 . 𝐷𝐷𝐶𝐹                            (2) 

In our design, DCF Length parameter was adaptively 

adjusted (according to (1)) to a changeable value so that 

to keep DT=0 (i.e. DCF Length= - (DSMF.LSMF/DDCF). 

Table I below illustrates the fiber parameters used in the 

system model. One of the drawbacks of DCF is (as 

illustrated in (2) above) is that the total link attenuation is 

increased. An EDFA with standard gain value of 20dB 

was used to compensate the added attenuation by DCF. 

TABLE I.  FIBER PARAMETERS 

Parameter SMF DCF 

Dispersion 16 ps/(nm.km) -80 ps/(nm.km) 

Dispersion Slope 0.08 ps/(nm2.km) -0.21 ps/(nm2.km) 

Attenuation 0.2dB/km 0.2dB/km 

Non-linear index 2.6e-20 m2/W 4e-20 m2/W 

Reference Frequency 193.1 THz 193.1THz 

The downstream signals were de-multiplexed by 4-

channels DWDM/DEMUX and sent to different BSs. At 

BS, an optical splitter divided the downstream DSB 

signal into two parts. One was delivered to a DDO-

OFDM receiver, where the received data is converted to 

parallel and guard interval is removed. It then goes 

through FFT operation and demodulated by M-ary de-

modulator which could be either QAM or PSK. The other 

part was passed through an Optical BPF, which has 

10GHz bandwidth, filter order of 5 and Gaussian transfer 

function to completely remove the sidebands and filter 

out the optical carrier. A 20 Gbps PRBS of 2
31

-1 OOK 

signal was externally modulated with the filtered optical 

carrier by using Electro-Optic Modulator (EOM) for 

upstream transmission. The upstream signals from each 

BS were multiplexed and then transmitted over the same 

SMF-DCF link to the CS. After DEMUX, the upstream 

signals were detected by Photo Detector (PD) and were 

fed into a low pass Bessel filter, which has cut off 

frequency 15 GHz to obtain better OSNR. 

IV. SIMULATION RESULTS AND DISCUSSION 

For performance analysis, several parameters were 

measured at the CS and BS sides to verify that the 

proposed scheme is suitable for RoF systems. Fig. 3a 

shows the optical spectrum of the first transmitted DSB 

16QAM-OFDM signal. The optical power of this signal 

was measured to be 4 dBm at the output of MZM before 

being multiplexed by 4-channels DWDM-MUX to 

produce four downstream signals as shown in Fig. 3b. A 

composite power of 10 dBm was measured at the 

DWDM-MUX output, which was exactly the same as the 

theoretical value calculated by (3) [18] below: 

𝑃𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑃𝑐ℎ𝑎𝑛𝑛𝑒𝑙 + 10log 𝑁 − 𝐼𝑛𝑠𝑒𝑟𝑠𝑖𝑜𝑛𝐿𝑜𝑠𝑠    (3) 

where N=4 (number of channels) and insertion loss =0. 

 
(a)                                                              (b) 

Fig. 3. Optical  spectrum: (a) Spectrum of  single OFDM  signal, (b) 

spectrum of multiplexed signals 

After 100 km SMF transmission and according to (1), 

a 20 km long DCF was needed with dispersion of -80 

ps/(nm.km) to compensate 16 ps/(nm.km) dispersion 

caused by the SMF. In correspondence to (2), the 

transmitted signals faced an attenuation of -23.55dB 

caused by SMF-DCF combination, where both links have 

an attenuation of 0.2dB/km so that the measured optical 

power at the end of the link was -13.55 dBm. This 

attenuation was compensated by using a standard gain 

controlled EDFA of 20dB. The incoming optical signals 

have been separated by DWDM-DMUX to four signals 
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and each signal was delivered to its BS, where a 3-dB 

splitter was used to divide the signal into two parts. The 

measured optical power for each signal at each part was -

2.59 dBm. At the receiver side, a PIN photodetector was 

used to convert the optical signal into an electrical signal. 

The electrical spectrum of the transmitted and received 

OFDM signals is exhibited in Fig. 4. 

 
Fig. 4. Electrical spectrum of both transmitted and received OFDM-RoF 
signals measured at 20 Gbps, BW=10 GHz, RF= 20 GHz and optical 

carrier= 193.25 THz 

The OFDM receiver module was used to measure the 

system performance in terms of SER. Fig. 5 shows the 

SER curves in correspondence to the received optical 

power. The measurements were repeated for all 

transmitted signals to verify the suitability of our 

proposed scheme in RoF. 

 
Fig. 5.  SER performance for the four transmitted wavelength  

From Fig. 5, we can notify there is a power penalty of 

about 1.5dB between the SER response of (193.15 & 

193.05) THz signals and the SER response of (193.25 & 

192.95) THz signals. This was attributed to the dispersion 

caused by the transmitted wavelengths since they have 

different values from the reference wavelength of the 

fiber. This dispersion will lead to a power penalty. 

Consequently, transmitted wavelengths will have the 

values listed in Table II. 

TABLE II.  POWER PENALTY (PPD) FOR EACH WAVELENGTH 

Frequency (THz) Wavelength (nm) 
Dispersion 

(ps/(nm.km)) 

PPD 

(dB) 

193.25&192.95 1552.4&1554.8 9.6 1.73 

193.15&193.05 1553.2&1554 3.2 0.2 

193.1 1553.6 0 0 

 
The OFDM receiver was used to evaluate the 

constellation diagram of the downstream signal, which is 

illustrated in Fig. 6. It can be clearly seen that the 

constellation diagram after 120 km transmission is little 

distorted. This was due to the chromatic dispersion and 

attenuation caused by the Fiber. 

For upstream link, a 0.19dB Optical Band Pass Filter 

(OBPF) with Gaussian transfer function as shown in Fig. 

7 was used to obtain the upstream carrier from the 

downlink signal. 

 
Fig. 6. Constellation diagram for both B2B and 120km transmitted 
signal measured at wavelength 1552.4 nm 

 
Fig. 7. Frequency spectrum of OBPF with gaussian transfer function 

Fig. 8 shows the optical spectrum for the upstream 

signal after modulation by an EOM at 20 Gbps with 

PRBS of 2
31

-1.  The power of the upstream signal after 

120 km (SMF + DCF) transmission was measured to be -

7.4dB at the PD in the CS side and the receiver sensitivity 

was -20.4dB measured at BER of 10
-9

. This gives us a 

power margin greater than 13dB for the upstream signal.  

 
Fig. 8. Optical spectrum of upstream modulated signal 
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Fig. 9& 10 exhibits the BER curves and eye diagram 

of the upstream signal measured at wavelength 1552.4 

nm. It can be clearly seen that the eye diagram is 

perfectly opened after transmission. No significant power 

penalty was observed for the transmitted upstream and 

B2B signals for all four wavelengths. 

 
Fig. 9. BER of B2B and transmitted signal measured at 1552.4 nm 

 
Fig. 10. Eye diagram measured at 1552.4 nm 

 
Fig. 11. BER Vs OSNR 

The BER performance of the upstream signal in 

correspondence to OSNR is demonstrated in Fig. 11. The 

perfect result obtained for the OSNR was attributed to the 

use of low pass filter, which used to delete any possible 

fluctuation for the signal in the receiver even if there is no 

fading and dispersion effect. 

V.   CONCLUSION 

We have demonstrated and analyzed a bidirectional 

DWDM-RoF system using 4 channels 16-QAM OFDM 

downstream signals with 20 Gbps per channel. For 

upstream link, wavelength reuse scheme was utilized by 

using an OBPF. High bit rate transmission over a long 

haul fiber link is limited by the dispersion problem. We 

handled this issue by employing a DCF. The power 

penalty is negligible for both B2B and 120 km 

transmitted signal, which verifies the efficiency of our 

proposed system. Because OFDM is an effective 

modulation format for the next generation RAN, this 

scheme can provide significant improvement on both 

system reliability and flexibility. 
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