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" This paper describes a novel technique to increase the numbers of access points (APs) in a

wavelength division multiplexed-passive optical network (WDM-PON) integrated in a 100GHz radio-
over-fiber (RoF). Eight multi-carriers separated by 25 GHz intervals were generated in the range

. of 193.025 to 193.200THz using a microring resonator (MRR) system incorporating an add-drop

. filter system. All optically generated multi-carriers were utilized in an integrated system of WDM-
PON-RoF for transmission of four 43.6 Gb/sec orthogonal frequency division multiplexing (OFDM)
signals. Results showed that an acceptable BER variation for different path lengths up to 25km was
achievable for all four access points and thus the transmission of four OFDM channels is feasible for a
25 km standard single mode fiber (SSMF) path length.

. Increasing demands for video-based interactive and multimedia services drive requirements for very
. large bandwidths and high data rates in next-generation access networks. In this regard, the 100 GHz
© radio over fiber (RoF) system with an associated low cost and high transmission performance is intro-
duced as a promising technique to satisfy the bandwidth requirements for delivering multi Gb/s services
© to substantial numbers of users in optical and wireless access systems'. Using RoF technology allows for
- the possibility to replace expensive broadband electronics with all-optical signal processing functions,
one example being optical millimeter wavelength (MMW) generation in base stations (BSs). However, a
major disadvantage of 100 GHz MMW signals lies in access convergence being limited to short distances
of less than 10 meters due to high atmospheric loss**. Apart from RoF, cost-effective wavelength division
multiplexed-passive optical networks (WDM-PON) are able to support several local subscribers in wired
access networks. WDM-PON has several advantages such as large data bandwidth (high capacity), large
coverage range, enhanced security, upgradeability, and scalability*-S.
: In order to increase the capacity and coverage area of the 100 GHz RoF access networks, integration
. with WDM-PON provides a very appealing solution such that the integrated system of WDM-PON-RoF
© can be considered as an auspicious scheme to distribute wired and wireless services simultaneously.
Several recent reports on WDM-PON-RoF systems were mainly focused on different means of mod-
ulation’2, or they are only designed for the downstream link, i.e. without upstream link, in an ROF
system!>!4,

While such innovations have enhanced the integrated system, less effort has been spent on providing
more access points (APs) for users in optical network units (ONUs) since the number of ONUs is lim-
ited in a PON*®. In the WDM-PON-RoF architecture, the number of APs that can be provided is based
on optical multi-carrier generation in optical line terminal (OLT). There have been several techniques
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Figure 1. MRR system, R: ring radii, k: coupling coefficients, R 4: add-drop ring radius, E; : input
power, E_ : Ring resonator output E;: throughput output, E;: drop port output, E, and E;: Circulating
fields.

reported up to now for the generation of multi-carriers used in optical communications®*-1¢, One
method to generate optical multi-carriers lies in adjusting parameters of Mach-Zehnder modulators
(MZM) such as biasing point'’~*°.

Microring resonators (MRRs) have attracted considerable attention in the field of optical communi-
cations?*?!. In addition to the superior stability and beam quality associated with muti-carriers generated
by MRRs, a chief objective of using MRR systems lies in producing greater numbers of multi-carriers
than have been previously reported. Achieving such an objective will lead to an increase in serviceable
APs and hence a dramatic upsurge in the capability of entire integrated systems?*-%.

Optical MRR, filters and switches have been successfully demonstrated in the two important mate-
rial systems comprising GaAs-AlGaAs and GalnAsP-InP?~%°, and®' reports the fabrication process of
the vertically-coupled InP devices. Generation of optical multi-carriers is possible via MRR systems,
wherein nonlinear light behavior occurs inside an MRR after it receives a strong pulse of light input®?-3,
Ring resonators can be used as filter devices whereby suitable selection of system parameters leads to
generation of high frequency (GHz) carrier signals®. The add-drop ring resonator system in connection
with other ring resonators can be used to generate the optical soliton pulses of GHz frequency that are
necessary for wired and wireless optical communication®*. The advantage of the proposed system is
that the transmitter can be fabricated on-chip or operated alternatively by a single device. Exciting new
technological progress, particularly in the field of tunable narrow band laser systems, multiple transmis-
sion, and MRR systems, provides the foundation for the development of new transmission techniques.
In addition to improvements in efficiency and beam quality, these soliton sources provide better quality
transmission®”~%.

Although it is possible to generate great numbers of optical carriers using MRRs, in this study, eight
optical carriers are generated at the OLT using the MRR system. In order to achieve high spectral efhi-
ciency (SE) and better transmission performance multi-carrier modulation schemes such as frequency
division multiplexing signal (OFDM) is used. Hence, four of these carriers are used to modulate 43.6 Gb/s
OFDM for downlink to provide wired and wireless connections, and the other four carriers remain
un-modulated for use in generating a 110 GHz OFDM signal. The unmodulated carriers are also split
to be employed for uplink connection via a wavelength reuse technique. Theoretical analysis indicates
this scheme has excellent performance and constitutes a promising candidate for future hybrid access
networks.

Theoretical background

The proposed system of THz frequency band generation is shown in Fig. 1. Here, a series of MRRs are
incorporated to an add-drop filter system. The filtering process of the input soliton pulse is performed
via the MRRs, in which frequency bands ranging from 193.025 to 193.200 THz can be obtained. Soliton
self-phase modulation provides for a large output gain that is necessary in order to balance the dispersion
effects of the linear medium. It is important to note that soliton solutions of the nonlinear wave equation
are temporally very stable. Solitons are also highly stable against changes of the properties of a medium,
provided that these changes occur over sufficiently long distances, and as such, solitons can adiabatically
adapt their shape in response to the slowly-varying parameters of a medium®.
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Ring resonators are made from waveguides by a fabrication process in which the construction medium
has the Kerr effect-type nonlinearity. This Kerr effect causes the refractive index (n) of the medium to
vary in accordance with?*!

n
n:n0+n212n0+A—2P W
eff 1

where n, and n, are the linear and nonlinear refractive indices respectively, and I and P are the optical
intensity and power respectively. The effective mode core area, A5 ranges from 0.10 to 0.50pm?* in
terms of material parameters for InGaAsP/InP*2. A bright soliton with a 1.55pum central frequency and
800 mW power is introduced into the first ring resonator, R,. The input optical field E;, of the optical

bright soliton is given by*?
iz .
= | = iwyt
[ 2Ly ] (2)

Where A and z are the amplitude of the optical field and propagation distance respectively, L, is the
dispersion length of the soliton pulse, and wj is the carrier frequency of the signal. The soliton pulse
maintains temporal width invariance while it propagates and is hence known as a temporal soliton. A
balance of Lp=Ly; should be achieved between the dispersion length L, and the nonlinear length
Ly, = 1/Tp,,, where I'=n, X k is the length scale over which disperse or nonlinear effects make the
beam become wider or narrower. The normalized output of the light field, which is the ratio between the
output and the input fields for each round trip, can be expressed by**

I

E;, = Asech T exp

0
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k is the coupling coefficient and x = exp(—«L/2) represents the round trip loss coefficient, where the ring
resonator length and linear absorption coefficient are given by L and « respectively. ¢ = ¢+ ¢n;, where
¢o=kLny and o, = kLn, |E .| are the linear and nonlinear phase shifts respectively. The wave propa-
gation number in vacuum and the fractional coupler intensity loss are given by k= 27/\ and ~ respec-
tively*. The bright soliton pulse is input into the nonlinear MRRs, whereupon a chaotic signal can be
formed via selection of appropriate parameters. For the add-drop system, the interior electric fields E,
and E, are expressed as?®

=1 =9 x|1-

_ Eoutl X j'\/ K2
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Where , and k; are the coupling coefficients, L,;=27R,;, and R,, is the radius of the add-drop system.
The throughput and drop port electrical fields of the add-drop system can be expressed as*’

E, kg1 = Rye?lahba o T 750, — (1 = ky) [T — kye? b ok
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The normalized optical outputs of the ring resonator add-drop system can be expressed by equa-
tions (8) and (9).

B (1= #;) = 2T — ;T = kge ¥ cos(k,Lyg) + (1 — ky)e @

Egual 1+ (1= k) (1 — wy)e bt — 2T — &, - T~ rye 750 cos(k,L,y) (8)
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Table 1. Fixed parameters of the MRR system.
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Figure 2. Results of soliton signals: (a) input bright soliton, (b) output from first MRR which is input into
the add-drop MRR, and (c) throughput output signals from the add-drop MRR.
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where |E,|* and |E|* are the optical output powers of the through and drop ports respectively*®.
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|Eout1|2

1 — rye 25 cos(k,L,y)

©)

Results of soliton generation

The parameters of the MRR system are listed in Table 1. The results of the chaotic signal generation are
shown in Fig. 2. The input pulse of the bright soliton pulse with a power of 800 mW, as represented by
Fig. 2(a), was inserted into the system. A bright soliton pulse inserted into the nonlinear system was
chopped into smaller signals spreading over the spectrum, and the subsequent nonlinear effects resulted
in a large bandwidth arising in the MRRs. Careful selection of ring parameters resulted in the creation
and trapping of a frequency soliton pulse within the system.

Chaotic soliton pulses are widely used as carrier signals in securing optical communication, wherein
information is inserted within the signals and later retrieved via appropriate filtering systems wherein a
filtering of the carrier signal occurs as pulses pass through the MRRs. The output signal from the MRR
(R;), as shown in Fig. 2(b), was inserted into the add-drop ring resonator. The throughput output signals
from the add-drop MRR can be seen in Fig. 2(c), where soliton pulses range from 193 to 193.15THz. The
drop port of the system showing multiple chaotic signals as illustrated in Fig. 3(a). These signals could
be filtered within the MRR (R;) during the round-trips, thus allowing clear carrier signals ranging from
193.025 to 193.200 THz to be generated as represented in Fig. 3(b). The free spectral range (FSR) of these
signals was calculated as FSR = 25 GHz. Figure 3(c) shows the signal in time domain.

One important aspect of the system is that carrier signals possessing desired parameters, e.g. for full
width at half maximum (FWHM), can be obtained at the drop port of the add-drop filter system by
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Figure 3. Results of multi-carrier signal generation, (a) output signal from the drop port of the add-drop
MRR (R,;), (b) multi-carrier output signals from the MRR (R,), and (c) time-domain waveform of the

signal.

tuning parameters of the system such as the ring radius and coupling coefficients. The soliton pulses are
sufficiently stable that their shape and velocity are preserved during travel along the medium. In addi-
tion to improvements in efficiency and beam quality, these soliton sources also provide better quality
transmission as reported in®.

System setup
The schematic of the system setup is shown in Fig. 4. At the OLT, the MRRs were connected to an

add-drop MRR in order to generate multi-carriers. As described in the previous section, eight optical
carriers of different wavelengths were generated using the MRR system. These carriers are labeled as f;.. ..
fg. The carriers are first separated via de-multiplexer and four of them (f,...f,) are modulated using the
MZM while the rest (f;...f) are kept un-modulated.

Data transmission with OFDM technique has been done by Kaur et al*®. As shown in Fig. 2 (a) in
the manuscript, the input bright soliton has a Gaussian wide spectrum. By changing the MRR’s radius,
the longer or shorter FSR could be achieved in the drop port®, i.e. the MRR could filter out some spe-
cific wavelengths. These extracted wavelengths corresponded to f;,..., f; in the frequency domain. Four
carriers, of frequency f, to f,, were used to transmit four continuous OFDM signals optically via MZM;
continuous waves of OFDM signals were generated from an arbitrary waveform generator (AWG) as pos-
sesses the parameters listed in Table 2. A power coupler with 1:4 ratio was utilized to enable generation
of four separate continuous OFDM signals.

The length of the OFDM symbol signal is equal to

N N 512 1
= sc T G — + 6:44nsec

f 12 (10)

N

T

The data rate for the 16-QAM-OFDM signals is equal to:
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Figure 4. System setup.
Sampling rate f,=12 G Samples/Sec
IFFT size Ngc=512
Number of modulated subcarriers N, =480
Cyclic prefix Ng=16
IF Frequency 10GHz
Table 2. OFDM parameters.
N, x M 480 x 4
R=— = = 43.6Gb/sec
T 44n sec (11)

Here, M is the number of bits per symbol. This generated baseband OFDM signal is moved to IF
region using an I/Q mixer with f;;=10GHz. The 1:4 RF power coupler is used to generate four OFDM
signals.

The modulated carrier e.g f; has two sidebands, as can be seen in Fig. 5, in which the four band-pass
filters (BPFs) were used to suppress the carrier and the upper sideband of each modulated signal to
generate the optical single sideband (OSSB) without carrier signals. Each BPF has the center wavelength
(CWL) and the bandwidth (BW) as specified below:
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CWL;,34=1f1,34+ 10 GHz

BW1,273’4 = 25 GHz

Subsequently, the four OSSB signals and the four un-modulated carriers were multiplexed, amplified
by an erbium doped fiber amplifier (EDFA), and the consequent signal was transmitted through 25km
standard single mode fiber (SSMF).

At the ONU section, the de-multiplexer was used to receive a beam consisting of multiple optical
frequencies from an SMF and subsequently separate it into frequency components. Here, as shown in
Fig. 6, the first channel was multiplexed with the un-modulated wavelength f; which had a 100 GHz
frequency difference, the second channel was multiplexed with f;, and so on. For APs, the un-modulated
carriers were split into two parts by an optical splitter (OS) and frequency centered at the frequency of
an un-modulated carrier to be used for uplink applications.
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Figure 10. BER vs. different path lengths at an optical power of 4dBm.

Accordingly, there were four APs (AP1...AP4), in which high-speed photo diodes (PDs) are used to
generate four electrical 110 GHz mm-wave signals for wireless propagation via the transmitter antenna.
To transmit and receive W-band signals, a dielectric resonator array antenna was used. The array antenna
is mainly used to increase the antenna gain. It is noted that the antenna gain is stable and exceeds 23 dBi
in all operational bands. At the receiver side the propagated W-Band signal is received by the OFDM
receiver (Rx) and is demodulated and detected using local oscillator (LO) with W-band frequency. The
detected signal is further analyzed with bit error rate tester (BERT).

In order to investigate the optical link performance, the total optical power level after amplification
was adjusted with a variable optical attenuator (VOA) from —3 to 7dBm. A propagated RF signal was
received at the receiver antenna base station of each AP, with a corresponding received signal to AP1
having the spectrum pattern representative of that shown in Fig. 7.

At the receiver side the detected signal was analyzed in order to evaluate the bit error rate (BER) of
each AP, where BER measurement provides for an assessment of digital communication signal quality
and evaluation of link degradation. The BER results for APs at different optical power and in different
optical path lengths (back-to-back (B2B) and 25Km) are shown in Fig. 8. The 3.2 x 10~ BER is the
threshold for successful transmission and is represented in the figure by a dashed line.

As illustrated in Fig. 8, the system performance for two circumstances, 25km fiber link and B2B, was
investigated. In consideration of the BER threshold of 3.2 x 1073, it can be concluded from observation
of the figure that increasing the received power of all APs allows for acceptable BER performance. For
the B2B case, the minimum optical power to achieve successful transmission to all APs was 2.7dBm,
while minimum optical power was 4dBm for 25km fiber; this latter increase mostly resulted from the
dispersion effects of the SMF link. Figure 9 shows the system performance in the case of AP1 servicing
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when the wireless distance is 2m and the optical link is 25km. Observation of the eye and constella-
tion diagrams presented in this figure led to a conclusion that it is possible to use MRR to generate
multi-carriers with suitability for WDM-PON-ROF applications.

A graph of BER vs. different path lengths at an optimal optical power value of 4dBm for one particu-
lar access point (AP3) is illustrated in Fig. 10.

The BER value increased, as shown in Fig. 10, as a consequence of dispersion effects in the fiber optic
component. The achieved optimum path length was 25km for an optical power of 4dBm.

Conclusion

A MRR system incorporating an add-drop filter system was used to generate a THz frequency band.
Filtering of the input pulse within the system resulted in the generation of multi-carriers suitable for use
in WDM-PON-RoF communication. Eight multi-carriers separated by 25 GHz intervals were generated
in a frequency range spanning 193.025 to 193.200THz by using MRRs. All these optically generated
multi-carriers were used in RoF applications. Results provided evidence that the proposed system allows
for four access points to be serviced with an acceptable BER variation for different path lengths. This
paper shows the transmission of four OFDM channels is feasible for up to a 25km SMF path length and
should be of considerable interest as a basis for further work in this area.

References

1. Chang, G. K, Yu, ], Jia, Z. & Yu, J. in Optical Fiber Communication Conference. (Optical Society of America).

2. Jiang, W.-J. et al. Simultaneous generation and transmission of 60-GHz wireless and baseband wireline signals with uplink
transmission using an RSOA. Photonics Technology Letters, IEEE 22, 1099-1101 (2010).

3. Jia, Z., Yu, J,, Ellinas, G. & Chang, G.-K. Key enabling technologies for optical-wireless networks: optical millimeter-wave
generation, wavelength reuse, and architecture. Lightwave Technology, Journal of 25, 3452-3471 (2007).

4. Banerjee, A. et al. Wavelength-division-multiplexed passive optical network (WDM-PON) technologies for broadband access: a
review [Invited]. Journal of optical networking 4, 737-758 (2005).

5. Chang, G.-K. et al. Key technologies of WDM-PON for future converged optical broadband access networks [invited]. Journal
of Optical Communications and Networking 1, C35-C50 (2009).

6. Yu, J. et al. Demonstration of a novel WDM passive optical network architecture with source-free optical network units. Photonics
Technology Letters, IEEE 19, 571-573 (2007).

7. Zhang, L., Hu, X,, Cao, P, Chang, Q. & Su, Y. Simultaneous generation of independent wired and 60-GHz wireless signals in an
integrated WDM-PON-ROF system based on frequency-sextupling and OCS-DPSK modulation. Opt. Express 20, 14648-14655
(2012).

8. Xiang, Y., Chen, C., Zhang, C. & Qiu, K. Wired/wireless access integrated RoF-PON with scalable generation of multi-frequency
MMWs enabled by polarization multiplexed FWM in SOA. Optics express 21, 1218-1225 (2013).

9. Cao, Z. et al. WDM-RoF-PON architecture for flexible wireless and wire-line layout. ] Opt Commun Netw 2, 117-121 (2010).

10. Zhu, M. et al. Efficient delivery of integrated wired and wireless services in UDWDM-RoF-PON coherent access network.
Photonics Technology Letters, IEEE 24, 1127-1129 (2012).

11. Ji, W. & Chang, J. The radio-on-fiber-wavelength-division-multiplexed-passive-optical network (WDM-RoF-PON) for wireless
and wire layout with linearly-polarized dual-wavelength fiber laser and carrier reusing. Optics & Laser Technology 49, 301-306
(2013).

12. Xiao, Y. & Yu, J. A novel WDM-ROF-PON architecture based on 16QAM-OFDM modulation for bidirectional access networks.
Optics Communications 295, 99-103 (2013).

13. Zhou, E et al. Photonic generation of frequency quadrupling signal for millimeter-wave communication. Optics Communications
304, 71-74 (2013).

14. Zhu, Z. et al. Optical millimeter-wave signal generation by frequency quadrupling using one dual-drive Mach-Zehnder
modulator to overcome chromatic dispersion. Optics Communications 285, 3021-3026 (2012).

15. Cheng, G., Guo, B,, Liu, S. & Huang, X. Novel wavelength division multiplex-radio over fiber-passive optical network architecture
for multiple access points based on multitone generation and triple sextupling frequency. Optical Engineering 53, 016108-016108
(2014).

16. Xiao, Y. & Yu, J. A novel WDM-ROF-PON architecture based on 16QAM-OFDM modulation for bidirectional accessnetworks.
Optics Communications 295, 99-103 (2013).

17. Zhu, J. H., Huang, X. G. & Xie, J. L. A full-duplex radio-over-fiber system based on dual quadrupling-frequency. Optics
Communications 284, 729-734 (2011).

18. Fang, W. J. & Huang, X. G. Transmission of multibands wired and wireless orthogonal frequency division multiplexing signals
using a full-duplex dense wavelength division multiplexing radio-over-fiber system. Optical Engineering 52, 015003-015003
(2013).

19. Zhang, L., Hu, X,, Cao, P, Chang, Q. & Su, Y. Simultaneous generation of independent wired and 60-GHz wireless signals in an
integrated WDM-PON-ROF system based on frequency-sextupling and OCS-DPSK modulation. Opt Express 20, 14648-14655
(2012).

20. Ji, R. et al. Microring-resonator-based four-port optical router for photonic networks-on-chip. Optics express 19, 18945-18955
(2011).

21. Cai, X. et al. Integrated compact optical vortex beam emitters. Science 338, 363-366 (2012).

22. Ferdous, E. et al. Spectral line-by-line pulse shaping of on-chip microresonator frequency combs. Nature Photonics 5, 770-776
(2011).

23. Kippenberg, T. J., Holzwarth, R. & Diddams, S. Microresonator-based optical frequency combs. Science 332, 555-559 (2011).

24. Levy, J. S. et al. CMOS-compatible multiple-wavelength oscillator for on-chip optical interconnects. Nature Photonics 4, 37-40
(2010).

25. Lee, B. G., Biberman, A., Dong, P, Lipson, M. & Bergman, K. All-optical comb switch for multiwavelength message routing in
silicon photonic networks. Photonics Technology Letters, IEEE 20, 767-769 (2008).

26. 1. S. Amiri, S. E. Alavi, H. Ahmad, A.S.M. Supaat & N. Fisal. Numerical Computation of Solitonic Pulse Generation for Terabit/
Sec Data Transmission. Optical and Quantum Electronics doi: 10.1007/s11082-014-0034-9 (2014).

27. Rafizadeh, D. et al. Waveguide-coupled AlGaAs/GaAs microcavity ring and disk resonators with high f inesse and 21.6-nm f ree
spectral range. Optics Letters 22, 1244-1246 (1997).

SCIENTIFIC REPORTS | 5:11897 | DOI: 10.1038/srep11897 10



www.nature.com/scientificreports/

28. Van, V., Absil, P. P,, Hryniewicz, ]. & Ho, P.-T. Propagation loss in single-mode GaAs-AlGaAs microring resonators: measurement
and model. Journal of Lightwave Technology 19, 1734-1739 (2001).

29. Heebner, J. E. & Boyd, R. W. Enhanced all-optical switching by use of a nonlinear fiber ring resonator. Optics letters 24, 847-849
(1999).

30. Absil, P. et al. Wavelength conversion in GaAs micro-ring resonators. Optics Letters 25, 554-556 (2000).

31. Djordjev, K., Choi, S.-J., Choi, S.-]. & Dapkus, P. High-Q vertically coupled InP microdisk resonators. Photonics Technology
Letters, IEEE 14, 331-333 (2002).

32. Spyropoulou, M., Pleros, N. & Miliou, A. SOA-MZI-based nonlinear optical signal processing: A frequency domain transfer
function for wavelength conversion, clock recovery, and packet envelope detection. Quantum Electronics, IEEE Journal of 47,
40-49 (2011).

33. Amiri, I. S. & Alj, J. Data Signal Processing Via a Manchester Coding-Decoding Method Using Chaotic Signals Generated by a
PANDA Ring Resonator. Chinese Optics Letters 11, 041901 (041904) (2013).

34. Amiri, L. S., Ahsan, R, Shahidinejad, A., Ali, J. & Yupapin, P. P. Characterisation of bifurcation and chaos in silicon microring
resonator. IET Communications 6, 2671-2675 (2012).

35. Lin, S. & Crozier, K. B. Planar silicon microrings as wavelength-multiplexed optical traps for storing and sensing particles. Lab
Chip 11, 4047-4051 (2011).

36. Alavi, S. E., Amiri, L. S., Idrus, S. M. & Supaat, A. S. M. Generation and Wired/Wireless Transmission of IEEE802.16m Signal
Using Solitons Generated By Microring Resonator. Optical and Quantum Electronics 47, 975-984 (2014).

37. Amiri, I S. et al. W-Band OFDM Transmission for Radio-over-Fiber link Using Solitonic Millimeter Wave Generated by MRR.
IEEE Journal of Quantum Electronics 50, 622-628 (2014).

38. Amiri, L. S., Alavi, S. E., Fisal, N, Supaat, A. S. M. & Ahmad, H. All-Optical Generation of Two IEEE802.11n Signals for 2x2
MIMO-RoF via MRR System. IEEE Photonics Journal 6, doi: 10.1109/JPHOT.2014.2363437 (2014).

39. Suwanpayak, N., Jalil, M. A., Aziz, M., Ali, J. & Yupapin, P. Molecular buffer using a PANDA ring resonator for drug delivery
use. Int ] Nanomed 6, 575-580 (2011).

40. Gordon, J. P. & Mollenauer, L. E Effects of fiber nonlinearities and amplifier spacing on ultra-long distance transmission.
Lightwave Technology, Journal of 9, 170-173 (1991).

41. Amiri, L. S., Alavi, S. E. & Ali, J. High Capacity Soliton Transmission for Indoor and Outdoor Communications Using Integrated
Ring Resonators. International Journal of Communication Systems 28, 147-160 (2013).

42. Amiri, I. S., Naraei, P. & Alj, J.. Review and Theory of Optical Soliton Generation Used to Improve the Security and High
Capacity of MRR and NRR Passive Systems. Journal of Computational and Theoretical Nanoscience (CTN) 11, 1875-1886, doi:
10.1166/jctn.2014.3581 (2014).

43. Amiri, L. S,, Alavim, S. E,, Fisal, N., Supaat, A. S. M. & Ahmad, H. All-Optical Generation of Two IEEE802.11n Signals for 2x2
MIMO-RoF via MRR System. IEEE Photonics Journal 6, doi: 10.1109/JPHOT.2014.2363437 (2014).

44. Amiri, . S, Alavi, S. E., Idrus, Sevia M., Nikoukar, A. & Ali, J.. IEEE 802.15.3c WPAN Standard Using Millimeter Optical Soliton
Pulse Generated By a Panda Ring Resonator. IEEE Photonics Journal 5, 7901912, doi: 10.1109/JPHOT.2013.2280341 (2013).

45. Sadegh Amiri, I, Nikmaram, M., Shahidinejad, A. & Ali, J. Generation of potential wells used for quantum codes transmission
via a TDMA network communication system. Security and Communication Networks 6, 1301-1309, doi: 10.1002/sec.712 (2013).

46. Amiri, L. S., Soltanmohammadi, S., Shahidinejad, A. & Alj, j. Optical quantum transmitter with finesse of 30 at 800-nm central
wavelength using microring resonators. Optical and Quantum Electronics 45, 1095-1105 (2013).

47. Alavi, S. E. et al. All Optical OFDM Generation for IEEE802.11a Based on Soliton Carriers Using MicroRing Resonators. IEEE
Photonics Journal 6, doi: 10.1109/JPHOT.2014.2302791 (2014).

48. Amiri, L. S. et al. Transmission of data with orthogonal frequency division multiplexing technique for communication networks
using GHz frequency band soliton carrier. IET Communications 8, 1364-1373 (2014).

49. Jalil, M. A. et al. Embedded nanomicro syringe on chip for molecular therapy. International journal of nanomedicine 6, 2925
(2011).

50. Kaur, T., Bhatia, K. S., Kaur, H. & Kaur, S. Data transmission with OFDM technique using soliton carriers. Proc. of the Second
Intl. Conf. on Advances In Computing, Electronics and Communication (ACEC), United States 2014, doi: 10.15224/ 978-1-
63248-029-3-175.

51. Rafiee, E., Emami, F. & Nozhat, N. Coupling coefficient increment and free spectral range decrement by proper design of
microring resonator parameters. Optical Engineering 53, 123108-123108 (2014).

Acknowledgements

The authors wish to express their gratitude to Ministry of Higher Education (MOHE), Malaysia and
Research Management Center (RMC) of Universiti Teknologi Malaysia (UTM) for the financial support
of this project under Research Grant no. Q.J130000.2609.10J97. Amiri and Ahmad would like to
acknowledge the financial support from University Malaya/MOHE under grant number UM.C/625/1/
HIR/MOHE/SCI/29 and RU016/2014.

Author Contributions

LS. Amiri has performed the microring resonator analysis and propagating the soliton signals inside
the system. S.E. Alavi has performed the fiber and wireless transmission setup and he worked on the
optical communication section. M.R.K. Soltanian has worked on the analysis of the eye and constellation
diagrams and the system perfomance (Figs (8-10)). H. Ahmad, N. Fisal, A.S.M. Supaat are our supervisors
and they have checked the whole paper based on the paper quality and have given many advices and
comments result in significant improvement of the paper. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Amiri, I. S. ef al. Increment of Access Points in Integrated System of
Wavelength Division Multiplexed Passive Optical Network Radio over Fiber. Sci. Rep. 5, 11897;
doi: 10.1038/srep11897 (2015).

SCIENTIFIC REPORTS | 5:11897 | DOI: 10.1038/srep11897 11



www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:11897 | DOI: 10.1038/srep11897 12


http://creativecommons.org/licenses/by/4.0/

	Increment of Access Points in Integrated System of Wavelength Division Multiplexed Passive Optical Network Radio over Fiber ...
	Theoretical background

	Results of soliton generation

	System setup

	Conclusion

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ MRR system, R: ring radii, κ: coupling coefficients, Rad: add-drop ring radius, Ein: input power, Eout: Ring resonator output Et: throughput output, Ed: drop port output, Ea and Eb: Circulating fields.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Results of soliton signals: (a) input bright soliton, (b) output from first MRR which is input into the add-drop MRR, and (c) throughput output signals from the add-drop MRR.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Results of multi-carrier signal generation, (a) output signal from the drop port of the add-drop MRR (Rad), (b) multi-carrier output signals from the MRR (R2), and (c) time-domain waveform of the signal.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ System setup.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Modulated subcarrier with OFDM signal.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ W-band signals generation.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Received OFDM signal for AP1.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ System performance under two optical lengths, (a) B2B, and (b) 25 Km.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ AP1 performance, (a) eye diagram, and (b) constellation diagram.
	﻿Figure 10﻿﻿.﻿﻿ ﻿ BER vs.
	﻿Table 1﻿﻿. ﻿  Fixed parameters of the MRR system.
	﻿Table 2﻿﻿. ﻿  OFDM parameters.



 
    
       
          application/pdf
          
             
                Increment of Access Points in Integrated System of Wavelength Division Multiplexed Passive Optical Network Radio over Fiber
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11897
            
         
          
             
                I. S. Amiri
                S. E. Alavi
                M. R. K. Soltanian
                N. Fisal
                A. S. M. Supa’at
                H. Ahmad
            
         
          doi:10.1038/srep11897
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep11897
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep11897
            
         
      
       
          
          
          
             
                doi:10.1038/srep11897
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11897
            
         
          
          
      
       
       
          True
      
   




