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The optical orthogonal frequency division multiplexing (OFDM) is proven to be a most promising technology for the next-generation high-capacity and ultra-wide bandwidth 5G communication systems. 60 GHz millimeter-wave (mm-wave) frequency band is also becoming a most popular upcoming frequency spectrum due to today’s available dense frequency spectrum used for mobile, multimedia, and data communication, etc. We propose a system comprised of 60 GHz radio-over-fiber (RoF) model using optimized optical frequency quadrupling, coherent detection, channel estimation, and carrier phase correction techniques for ultra-wide bandwidth 16-quadrature amplitude modulation (QAM) OFDM baseband signal. The proposed RoF system’s outcomes have shown relatively better bit error rate (BER) of 3.1 × 10–3 to enable successful transmission of 110 Gbps data for more than 105 km optical link comprising of standard single-mode fiber (SSMF). System performance and obtained results show a potential to fulfill the requirements of 5G and cellular communication system.
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INTRODUCTION
The RoF has grown expressively and achieved good technical maturity in the past 3 decades. The research is focused on generating, transporting, and distributing radio signal in mm-wave band over optical fiber to meet the requirement of next-generation broadband 5G technology [1, 2]. In mm-wave, 60 GHz is the unlicensed spectrum which is becoming popular and would be a most promising band for 5G communication. Though it has disadvantage of huge propagation loss and caters for small distance communication, still it is found to be the most suitable wireless communication link ultra-wide bandwidth access. Inline to the above, it also shows the capability to fulfill the requirements of upcoming 5G network access [3]. OFDM-based RoF system has been widely studied and verified performance in terms of spectral signal purity and system robustness characteristics against optical fiber chromatic dispersion (CD), polarization mode dispersion (PMD), etc. [4–8]. Some of the studies represented the hybrid mm-wave RoF system optical OFDM signal transmission using various techniques such as POLMUX, double-lens scheme, and polarization multiplexing technique over 50 km over SSMF and 20 m wireless link [9, 10]. Performance of any RoF system mainly depends on the characteristics and design implementation of the elements used. These elements are laser source and its power level, optical modulator, optical fiber channel, and linear and nonlinear irregularities such as chromatic dispersion, PMD, bit rate/data rate, and modulation and demodulation scheme. In some studies, it is represented as OFDM transmission using M-ary QAM with in-phase (I) and quadrature (Q) modulator and transmitted carrier frequency ranging from 2.4–10 GHz over a SSMF achieved reasonable data rate transceiver performance. The observed BER and error vector magnitude (EVM) of such implementation scheme is quite good, but it is limited to very short range/distance [4, 6, 8, 13–15]. The M-ary QAM digital modulation and demodulation technique used in any optical OFDM system represents better spectral efficiency and achieved good BER for high-capacity data transmission as compared to the other modulation technique [11–18]. In addition to this, the robust performance of the optical transceiver is achieved against the SSMF linear and nonlinear effect of chromatic dispersion, PMD, using Mach-Zehnder modulator (MZM) as an external modulator as compared with the direct modulator [19, 20]. The main challenge of 60 GHz RoF system is the generation of 60 GHz mm-wave due to the limitation of radio frequency (RF) signal sources. There are various methods available in the optical domain for the generation of 60 GHz mm-wave such as frequency quadrupling and optical heterodyne [21, 22]. A frequency quadrupling and optical heterodyning is a cost-effective solution for the generation of 60 GHz mm-wave signal.
This paper proposes a 60 GHz RoF system implementation using 16-QAM, OFDM with training and pilot symbol. It is also realized with optical heterodyning, coherent detection, channel estimation and carrier phase estimation, and corrections techniques. It consists of central station (CS) which generates the optical OFDM signal at input data rate of 100 Gbps to 120 Gbps using 16-QAM modulator. OFDM modulation is carried out with training and pilot symbol insertion for channel estimation and carrier phase estimation and correction, respectively. A 60 GHz mm-wave signal generation is required a highly expensive optical modulator and extremely stable phase noise local oscillator. In the proposed system, a 60 GHz mm-wave generation is designed through the optical frequency quadrupling process. In this technique, frequency multiplication of input radio frequency (RF) source over a LiNbO3 Mach-Zehnder modulator- (LiNbO3-MZM-) based linear modulation is used to produce high-frequency mm-wave signal generation [23–27]. This process provides a cost-effective solution and tradeoff for the frequency generation of the 60 GHz RF signal and hence becoming more reliable and economical.
The baseband OFDM signal to optical conversation is achieved by two orthogonal arms of LiNbO3-MZM. The laser source input to the two arms of MZM modulators are given by upper optical oscillators (UOO) frequency generated using the optical frequency quadrupling technique. The lowest optical oscillator (LOO) frequency with 60 GHz offset is directly combined with an optical modulated OFDM signal. The generated two UOO and LOO frequencies are orthogonally polarized, parallel polarization with 60 GHz frequency spacing away with respect to the continuous wave (CW) laser carrier. At the base station (BS), a coherent detection technique is used to detect a 60 GHz RF signal. It has the advantage to retrieve the phase information of the transmitted optical signal [28]. The reference oscillator frequency for coherent detector is set same as the LLO frequency to convert the optical signal into 60 GHz RF signal. The generated RF signal is then propagated over a wireless channel, and it is intercepted by a remote radio terminal (RRT). The RRT consists of I-Q demodulator comprising mixer where the mixing of locally generated 60 GHz signal with received RF signal is taking place. The mixer output is passed through low pass filter with cut-off frequency less than 0.2 × data rate/bit rate to eliminate intermodulation product generated during mixing process. The output of I-Q demodulator is the baseband OFDM signal which is highly contaminated by optical channel impartments and passed through the OFDM demodulator. The same training sequence and pilot symbols are used in OFDM demodulator for channel estimation and carrier phase estimation and correction. The chromatic dispersion compensation technique is used to combat the effect of dispersion while transmission is over SSMF. The phase corrected 16-QAM symbols are passed through the demodulator to detect the received bit stream at the symbol rate of 4 bits/symbol. The results obtained through the numerical simulation have been analyzed and discussed at the various stages of designed system. The frequency spectrums at baseband OFDM, optical frequency quadrupling-based 60 GHz frequency spacing of optical oscillator frequencies, transmitted optical frequency spectrum, and received 60 GHz RF spectrum at RRT are analyzed. The 16-QAM constellation diagram before and after channel estimation and the carrier phase correction signal processing block are also analyzed for EVM% and BER estimation. The reliability and robustness of the proposed design have been verified through the result obtained and discussed in terms of achieved BER with respect to the received optical power of SSMF at various lengths varying from 85 to 130 km. The obtained results are also discussed in terms of EVM% against the received optical power for the input data rate up to 120 Gbps. The proposed RoF system would be the best solution to successfully transmit the data for more than 105 and 110 km SSMF. The BER of 3.1 × 10–3 and 2.9 × 10–3 is achieved at EVM <15% for input data rates of 110 Gbps and 100 Gbps, respectively, against the received optical power at BS which is measured around −13 dBm. This optical power is used to transmit the 60 GHz RF for connecting different RRTs. This paper is organized as Proposed 60 GHz RoF System which is describing the proposed 60 GHz RoF system for OFDM with 16-QAM optical-based link. Simulation Setup, Results, and Discussion is addressing the verification and feasibility study of simulation setup, test results, analysis, and discussion. At last, a conclusion is drawn and discussed.
PROPOSED 60 GHZ ROF SYSTEM
Radio over Fiber
The RoF system is very favorable and prominent technique for today’s wireless access network. It is mainly consisting of CS, BS, and RRT connected over fiber optic link and RF link. A larger distance transmission is done for optical signal which is transmitted between CS and BS while smaller distance communication is carried out between BS and RRT via RF wireless link. The OFDM baseband signal is modulated with UOO generated by using frequency quadrupling at CS and subsequently it is transmitted through SSMF. The wireless RF signal transmission between BS and RRT is taking place. The RRT intercepts the RF signal, demodulates it, and generates the desired data stream. The block diagram and complete setup of proposed 60 GHz RoF link are represented in Figure 1 and Figure 2, respectively.
[image: Figure 1]FIGURE 1 | Block diagram of the proposed 60 GHz radio-over-fiber system.
[image: Figure 2]FIGURE 2 | Proposed setup of 60 GHz RoF system.
Central Station (CS)
Following are the major modules at the CS which are integrated to realize the proposed RoF system.
16-QAM Modulator
A 16-QAM modulator is used to convert the input data stream into baseband I-Q symbols with 4 bits/symbol. The 16-QAM modulator is implemented by splitting the bit sequence into two parallel subsequences, each transmitted in two arms of I and Q subcarrier. When transmitting the information, amplitude of a signal is varied according to the source symbol input.
OFDM Modulator
The 16-QAM I-Q signal is passed through the OFDM modulator. The OFDM modulator consists of serial to parallel converter, inverse fast Fourier transform (IFFT), cyclic prefix (CP) insertion, and parallel to serial (S/P) with digital to analog (DAC) conversion with smoothing filter. In OFDM modulator, an S/P converter block takes the coded serial data from 16-QAM modulator and the insertion of training and pilot symbol at the specific symbol interval for channel estimation and carrier phase correction. The digital input data stream is arranged into optical symbols allocated by the 16-QAM modulated subcarrier. This subcarrier signal is passed through the IFFT algorithm through which all subcarriers are converted into time domain OFDM symbols and maintain the orthogonality. The OFDM symbols are again converted into frequency domain to reduce the dispersive effect of the optical channels. It is achieved by adding a guard extension called cyclic prefix (CP) to each OFDM time-domain symbol. It is used to reduce the inter symbol interference (ISI) and inter channel interference (ICI). Each time-domain OFDM symbol is again converted into a serial stream using parallel to serial (P/S) converter, followed by DAC with interpolation factor, to maintain the desired sampling rate.
Frequency Quadrupling
A CW laser diode ran at fundamental frequency of [image: image] and emitted the light wave of [image: image]. The RF local oscillator with clock of [image: image] is being modulated with light wave generated by laser source using LiNbO3-MZM. LiNbO3-MZM is biased at maximum transmission point to produce even-order side bands along with carrier. In this system, first-order sidebands [image: image] are extracted to generate the quadruple frequency at the photo-detector. The resultant RF frequency at photo-detector is 4[image: image] quadruple signal [image: image]. The biasing voltages of LiNbO3-MZM are optimized to modulate the RF signal and light wave signal to suppress odd-order sideband generation and canceled out completely. When the modulation index is more than 2.405, the CW laser carrier frequency gets suppressed. The optimized biasing of two arms of LiNbO3-MZM generates a higher-order sideband carrier with a small amplitude. It is mainly consisting of positive and negative second-order harmonics with reference to the fundamental carrier [29]. Eq. 1 represents modulating carrier signal generated at LiNbO3-MZM output,
[image: image]
[image: image]
where [image: image] is the insertion loss of MZM and mh is the modulation index and Jn(mh) is the nth order Bessel function. The two optical carrier is separated by using two independent band pass filter (BPF) with bandwidth of 10 GHz. The UOO frequency [image: image] is represented by
[image: image]
The LOO frequency is transmitted without modulating signal, while the UOO is used to modulate optical OFDM signal.
Optical OFDM Generation
The baseband I and Q signal of OFDM modulator is represented as
[image: image]
The single side band (SSB) modulation using two orthogonal arms of LiNbO3-MZM modulator is used. Theoretically, it configured with bias voltages of [image: image] and phase difference of [image: image]. The modulation index is chosen as [image: image] and [image: image]. The SSB optical modulated signal is represented as
[image: image]
where [image: image] is the insertion loss of MZM. After combining two optical oscillators, the combiner output is expressed as
[image: image]
[image: image]
This [image: image] is generated at CS and transmitted over SSMF with standard dispersion and attenuation factor.
Base Station (BS)
The BS is realized with coherent detection and band pass filter (BPF). The optical coherent detection consists of four high-speed photo-detectors PIN to convert optical signal into 60 GHz RF signal. The amount of the current flow through it mainly depends on the PIN responsivity characteristics. It also preserves the phase information of the incoming signal which is the main advantage over the direct detection technique. The optical coherent receiver consists of a heterodyne receiver design, in which a set of 3 dB optical couplers, local oscillator (LO) laser, and balanced detection is used. A 60 GHz mm-wave RF signal generation is done by detecting optical signal which is received at the end of SSMF. The beating LO laser frequency is set with 60 GHz frequency offset of transmitted optical OFDM signal. Due to coherency nature of this process, it preserves the phase information of the optical signal. Hence, large distance communication coverage without any dispersion compensation technique can be achieved to some extent.
Remote Radio Terminal (RRT)
The RRT consists of the following major blocks.
IQ Demodulator
The detected 60 GHz RF signal from BS is transmitted to RRT for a short-range coverage over a wireless link. The RF signal is intercepted by RRT terminal where the I-Q demodulator process is carried out. The I-Q demodulator consists of mixer, RF LO, and low pass filter (LPF). The intercepted RF signal is mixed with 60 GHz LO generated locally, followed by LPF with the cut-off frequency 0.2 × bit rate to discard the intermodulation product generated by mixing process.
OFDM Demodulator
OFDM demodulator is accomplished by the analog to digital (ADC) conversion with down-sampling factor to convert signal into global symbol rate. Dispersion compensation, removal of CP, fast Fourier transform (FFT), training, and pilot symbol insertion for channel estimation and carrier phase noise estimation and correction are used in the OFDM demodulator. Digital filtering is used to combat dispersion compensation generated due to propagation over a SSMF. It is implemented in the frequency domain indicated in Ref. [30].
[image: image]
where z, w, λ, c, S, λ0, D = Do + S x (λ − λo) are the distance coverage, angular frequency, wavelength, speed of light, dispersion slope, reference wavelength, and dispersion coefficient of the fiber for wavelength, respectively.
To reduce ISI and ICI, CP is added during OFDM modulator, hence CP is removed at CP removal stage. Each time domain OFDM subcarrier is converted back to a symbol stream by performing FFT, consisting of useful symbols, pilot symbols, and training symbols. A constructed transfer function is used to compensate for CD, fiber non-linearities, PMDs, and polarization-dependent loss. It also improves the symbol error rate (SER). The transfer function for dispersion in the frequency domain can be characterized as
[image: image]
where k is the sub-carrier index, i is the training symbol index, Ntraining is the number of training symbols, and tk, Rx are the received symbols in the training symbol locations and tk, training at the original symbols. In case of any receiver conFigureuration, the carrier phase will drift over time. It is usually assuming that the drift remains relatively constant over each OFDM symbol but changes from one OFDM symbol to the next. This is compensated by modifying the transfer function above to one that varies between OFDM symbols [31].
[image: image]
where l is the OFDM symbol index and ϕl is the estimated phase over each OFDM symbol.
[image: image]
where the index n which goes over the Np pilot symbols is used within each OFDM symbol, [image: image] is the received pilot symbol, and [image: image] is the original transmitted pilot symbol. Since it is assumed that the phase drift is approximately constant over each OFDM symbol, an average over the pilots is taken for calculation. The I and Q symbols are normalized on each channel to their respective 16-QAM constellation grid based on normalized threshold decision setting. Once the decision is set, then the EVM is calculated as
[image: image]
where s is the symbol sequence[image: image] which indicates the mean value and [image: image] is the decision of s. The received signals after decision are compared with the originally transmitted symbols and count the symbol error and subsequently bit error. The BER for 16-QAM is estimated as
[image: image]
SIMULATION SETUP, RESULTS, AND DISCUSSION
The proposed 60 GHz mm-wave RoF link implementation is built by using optisystem tool and the obtained results are analyzed in MATLAB. A simulation setup diagram for the proposed system is depicted in Figure 2. At the CS, a CW laser is tuned with frequency of 193.1 THz with linewidth of 10 MHz. It is used as light source of LiNbO3-MZM modulator. A 15 GHz LO signal is applied as the RF input to the LiNbO3-MZM modulator and amplitude of RF source is set as 6 V peak-peak. The extinction ratio and bias voltage of LiNbO3-MZM modulator are set as 30 dB and 4 V, respectively. The output of LiNbO3-MZM modulator generates two optical oscillator frequencies by frequency quadrupling of 15 GHz with respect to CW laser carrier frequency of 193.1 THz. The generated optical oscillator frequencies 193.07 THz, LOO, and 193.13 THz, UOO, maintained the frequency offset of 60 GHz, as shown in Figure 3. The amplitude of both optical oscillators is amplified by an optical amplifier with 30 dB gain to compensate the losses governed during the modulation process. The signal amplitude at amplifier stage output is measured around −1 dBm.
[image: Figure 3]FIGURE 3 | 193.07 THz LOO and 193.13 THz UOO Frequencies generation using frequency quadrupling.
The two independent rectangular band pass filter (BPF) centered at the frequency of 193.07 THz and 193.13 THz is used to separate out two optical oscillators with BW of 10 GHz. A 16-QAM modulator with 4 bits/symbol is used to map the input pseudo-random data stream at the different data rates of 100 Gbps, 110 Gbps, and 120 Gbps and generates the baseband I-Q signal. The 16-QAM, I-Q signals are passed through the OFDM modulator with 10 training and pilot symbols located at 25, 44, 64, 84, and 104 OFDM symbols location which is used for channel estimation and carrier phase estimation. The total number of 128 OFDM symbols per frame are generated through the modulation process. It is observed that the amplitude of OFDM signal generated as −15 dBm for all input data rates with variation in occupied channel band width (BW) depends on the input data rate chosen from 100 Gbps to 120 Gbps.
The baseband OFDM, I-Q signal is passed through optical conversion block. This block consists of two orthogonal pairs of LiNbO3-MZM in which the I and Q signals are separately modulated in optical domain with 90° phase shift. The input laser source for this optical modulation process is chosen as the highest UOO 193.13 THz. The optical OFDM spectrum generated by two arm LiNbO3-MZM is depicted in Figure 4.
[image: Figure 4]FIGURE 4 | Optical OFDM frequency spectrum.
The amplitude of the optical OFDM is observed as −27 dBm which is further combined with the LOO 193.07 THz and generates 60 GHz mm-wave optical OFDM signal transmitted over SSMF. The combine output of the 60 GHz mm-wave optical OFDM is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Transmitted 60 GHz optical OFDM frequency spectrum.
The generated mm-wave optical signal is propagated over SSMF optical link with the power loss of 0.2 dB/km with chromatic dispersion of 16.75 ps/km/nm. To compensate for the loss of SSMF, an optical amplifier and Gaussian optical filter are used with 10 dB gain and 60 GHz BW, receptively, connected between CS and BS. The BS consists of optical coherent receiver which is designed with two arms of high-speed photo diode with reference CW laser operated at 193.07 THz. The amplitude of CW laser is set at +10 dBm. The detected 60 GHz RF signal at the coherent detector output is shown in Figure 6.
[image: Figure 6]FIGURE 6 | 60 GHz RF spectrum.
The 60 GHz RF from BS is propagated to the RRT. The RRT mainly consists of I-Q demodulator in which the signal is converted into baseband by mixing the incoming RF signal with locally generated 60 GHz RF signal. The mixer output is passed through the LPF with cutoff frequency 0.2 × bit rate which discards the unwanted harmonics and intermodulation products generated during the mixing process. The output of I-Q demodulator is passed through OFDM demodulator with chromatic dispersion compensation using digital filtering, a frequency domain technique for the desired optical fiber length.
The OFDM demodulator also estimated the channel characteristics as per the 10-training sequence symbol inserted at the same symbol instances of transmitter training symbols.
A typical 16-QAM constellation mapping symbols diagram before and after channel estimation is shown in Figure 7, Figure 8, and Figure 9 for 120 Gbps, 110 Gbps, and 100 Gbps input data rates, respectively. In addition to this channel estimation, carrier phase estimation and correction with a known training pilot symbol are used in the proposed system. The OFDM demodulator training pilot symbol’s location is set at the position of 25, 44, 64, 84, and 104 among total 128 OFDM symbols. The constellation diagram after carrier phase estimation is shown in Figures 7–9 for 110 km, 110 km , and 115 km for input data rates of 120 Gbps, 110 Gbps, and 100 Gbps, respectively.
[image: Figure 7]FIGURE 7 | 16-QAM constellation at 110 km SSMF for 120 Gbps data rate.
[image: Figure 8]FIGURE 8 | 16-QAM constellation at 115 km SSMF for 110 Gbps data rate.
[image: Figure 9]FIGURE 9 | 16-QAM constellation at 115 km SSMF for 100 Gbps data rate.
It is highlighted that carrier phase estimation and correction are calculated properly, maintaining less BER between received and transmitted bits stream. After channel estimation and carrier phase estimation and correction of received OFDM symbols, the baseband I-Q signal is passed through the QAM demodulator with 4 bits/symbol setting. Finally, the BER is estimated between input and received data stream using offline method. Figure 10 represents the BER performance with respect to SSMF fiber lengths from 80 to 130km for the data rates of 120Gbps, 110Gbps, and 100Gbps. A typical BER of 9.1 × 10–4, 3.1 × 10–3 and 2.9 × 10–3 is achieved at the approximate fiber lengths of 90km, 105 km , and 110km for the data rates of 120Gbps, 110Gbps, and 100Gbps, respectively.
[image: Figure 10]FIGURE 10 | BER vs fiber length.
The received power at the end of SSMF based on its length is varied between –8.2 dBm and –18.23 dBm for 80–130 km fiber length, respectively. The received power vs BER performance is shown in Figure 11. It is observed that for the higher data rate of 120 Gbps, the BER of 10–4 to 10–2 is achieved against the received power from −8.2 dBm to −15 dBm. Similarly, for the data rate of 100 Gbps, the BER of 10–5 to 10–3 is achieved against received input power from −9 dBm to −15 dBm. Figure 12 shows the EVM in % against the received optical power at the end of SSMF for the different input data rates. It can be seen that EVM increases with the reduction in received power and increases with reference to fiber distance/length increases.
[image: Figure 11]FIGURE 11 | Received power vs BER.
[image: Figure 12]FIGURE 12 | Received power vs EVM%.
It is also observed that <15% EVM is measured at the SSMF length for 105 and 110 km, but due to novel and effective channel estimation and carrier phase estimation and correction method, the system maintains the BER less than 3.1 × 10–3 and 2.9 × 10–3 at the input rates of 110 Gbps and 100 Gbps, respectively.
Table 1 highlights the comparison on the implementation of 60 GHz mm-wave RoF system for optical OFDM with some variations in baseband modulation technique. It is observed that the proposed implementation is supported for longer distance communication by using effective utilization of coherent detection, channel estimation, and carrier phase correction technique and maintaining the BER 3.1 × 10–3 and 2.9 × 10–3 for SSMF at a distance of 105 and 110 km, respectively, with EVM <15%. As per Figure 12, it can be seen that BER is achieved at a threshold value of EVM <15%. The EVM performance degrades with larger optical fiber distances due to fiber irregularities and path loss effect.
TABLE 1 | Comparison of the pervious implementation with the proposed 60 GHz mm-wave OFDM RoF.
[image: Table 1]CONCLUSION
The proposed implementation of the 60 GHz mm-wave RoF system is designed and verified through numerical simulation. Also, it is optimized and simplified considerably for the generation of 60 GHz mm-wave signal using frequency quadrupling technique, which would be economical compared to expensive instrumentation. Similarly, the system also uses the optical heterodyning and coherent detection technique for regeneration of 60 GHz RF signal propagated to remote radio terminal. The implemented design also represents its superior performance using channel estimation and carrier phase estimation and correction method, which maintains the desired BER of 3.1 × 10–3 and 2.9 × 10–3 at EVM <15% for SSMF at 105 and 110 km distance with the input data rates of 110 Gbps and 100 Gbps, respectively. Furthermore, the proposed RoF model is most suitable for the ultra-wide bandwidth requirement to satisfy future communication needs.
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