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Abstract: In this study, we have demonstrated two schemes for the generation of millimeter-wave (mm-wave)
using optical frequency sixupler with a dual-electrode modulator (MZM). For scheme one and scheme two, the
phase of RF signal 1s shufted by 180 degrees, drives the two electrodes of MZM at different bias levels and then
high order sidebands is removed by optical bandpass filter. Theoretical analysis and simulation results show
that the performance of millimeter-wave for scheme two is better than that of scheme one.
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INTRODUCTION
For the future breoadboard access networks,
generation and distribution of ligh frequency

millimeter-wave become a key techniques. High power
loss of high frequency millimeter-wave has make base
station more costly. As consequence, Radio over Fiber
(RoF) technique has been considered a cost-effective and
promising candiation for the distribution of the future
access networks. Now, reasearch about generation and
distribution millimeter-wave m RoF system 1s intensively
conducted. All optical photonic up-conversion has
become a promising resolution for optical millimeter-wave
generation such as using four-wave mixing m high
nonlinear dispersion fiber (Ma et al., 2006, Dong et al.,
2009; Ia et al., 2005; Yu et al., 2005a) or semiconductor
optical amplifer and cross-gain modulation or cross-phase
modulation in EAM (Yu et al., 2005b; Seo et al., 2006) and
optical heterodyne techmques (Yu et al, 2006), using
external modulation to realize frequency doubling
(O’ Reilly and Lane, 1994), frequency quadrupling and
sextupling using Optical Frequency Multiplication (OFM)
(He et al, 2009, Chi and Yao, 2008; Lin et al, 2008,
Wang et al., 2006, Zhang et al., 2007, Shih ef al., 2009,
Chang et al., 2008, Mohamed ez al., 2008).

The principle of OFM is to modulate the power of
sidebands through settting the value of peak-to-peak
amplitude of RF signal and bias voltage of MZM and then
through O/E conversion, desired millimeter-wave is
generate. Tt can use only low frequency oscillator to

generate high frequency. OFM technicues is based on the
inherent nonlinearality of the response of modulator and
this can be well studied m microwave photomic fields
which can reduce the bandwidth requrement of
modulator. Futhermore, signal processing in optical
domain can eliminate the effect of electronic bottleneck
and shuft more complex component to Central Station (CS)
which can reduce the cost of Base Station (BS). O’Reilly
and Lane (1994) proposed another method to generate a
frequency-quadrupled electrical signal. Recently, an
approach using an optical phase modulator to generate a
frequency-quadrupled electrical signal was proposed
(Shen et af, 2003). In this scheme, a F-P filter was
proposed to select two second order sidebands.
Qi et al (2005) is using a intensity modulator and a notch
filter to generate a wide-band continuous frequency
tunable  millimeter-wave. When the frequency
multiplication factor is higher than four, the method so
far typically depended on four-wave mixing using
semiconductor combined with optical filter or using two
cascaded single arm intensity modulators which could
result in complicate structure and high cost.

In this study, we have comprehensively demonstrate
two schemes for the generation of millimeter-wave using
frequency sixupler with a dual-electronic modulator
(MZM) theoretically and simulatedly. At first, the
generation of millimeter-wave and its dispersion
performance when transumitting SMF, 13 analyzed
theoretically and then performance of the generation

millimeter-wave for two schemes is evaluated by
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simulation. With comparing system, performance at
different modulation index and in the case of whether
system has optical filter or no optical filter and the impact
of extinction ratio of modulator 1s mverstiagted. At last, it
has been concluded that the performance of the generated
millimeter-wave for scheme two is better than that for
scheme one.

COMPARISON BETWEEN TWO SCHEMES

Theoretical analysis: [t 15 assumed that wavelength
launched from DFB laser 1s continuous wave in nature, it
can expressed as E,, (t) = E; cos(w,t) and the electrical RF
signal can be expressed as Vi, (1) = V,, cos(wg,t) and then
the electrical signal 1s splitted into two parts by an
electrical splitter and the two outputs directly drives the
two electrodes of the MZM. For scheme one and scheme
two, odd optical sidebands are generated The output
electrical field after dual-electrode MZM can be expressed
as:
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where, splitting ratio:
Y=(Jg—1)/(«/§+1)

€ 18 the MZM extinction ratio, g (t) 1s digital signal. If the
value of £ 1s bulky, splitting ratio v = 1/2. When optical
power is boosted by amplifer and undesirable sidebands
is removed by optical filter, the electrical field of optical
signal can be expressed as:
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where, Hy (nwyy) is the transfer function of optical filter.

After fiber transmission, the optical field can be
expressed as:
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Due to limited bandwidth of electrical spectrum
analyser, higher order sidebands is not visable. For
scheme one, the electrical field of photocurrent at 6t
after O/E conversion can be expressed as:

T, = (B)+ 1, (B, (B) cos(126 B (e, )L} (4)

Equation 4 clearly shows that the generated
mm-wave at frequency 60 GHz mainly be composed of
harmonics that is result from beating of optical
components at +3wg which 1s almost independent of
inter-sidebands beating interference caused by fiber
chromatic dispersion but walk off which will mduce
broadening of optical pulse width and result in
Inter-Symbol Interference (ISI) and harmomcs that 1s
generated from beating of optical components at tw, and
+50g: which has a dispersion term cos(12ef:p (e, )L) which
can lead to periodic destructive and constructive
interaction caused by fiber chromatic dispersion. When
optical filtering, the output of the photocurrent at the
frequency of 6wg; 1s given by:

Iﬁmm, = Ji (B)HIZ? (?’(’JRF)Jr T (B (BYH; (('ORF) (5)
H, (5o ) c0s{12e, B (o3 )L)

For scheme two, when optical filtering, the ouput of
the photocurrent at the frequency of 6wg; 1s given by:

IﬁmRF = Ji (ﬁ)Hi (3% ) +J (B)Jj (ﬁ)HF ((’ORF)
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Where:

B

H, () =exp {—m,ﬁ{M}

N is order of filter, B is bandwidth of filter, f, is the center
frequency of optical bandpass filter.

Simulation analysis: Figure la and b show that the
principle of generation mm-wave using dual-electrode
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Fig. 1(a-b): Principle of three optical modulation techniques for mm-wave generation using a dual electrode MZM

(a) Scheme one and (b) Scheme two

modulator for two modulation schemes. For the
simulation of scheme one and scheme two, a Continuous
Wave (CW) laser 1s assumed to have a wavelength of
Ay =1552.52 nm, a linewidth of 10 MHz, the frequency of

RF signal is 10 GHz and the phase of electrical signal is
shifted by 180 degrees and then the RF signal is split into
two parts by an electrical splitter and the two outputs
directly drives the two electrodes of the MZM. The DC
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Fig. 2(a-c): Electrical spectra of the generated photocurrent though O/E conversion after fiber transmission over

(2)3.95 km, (b) 6.19 km and (c) 11.85 km

voltage of two arms of MZM is set at different values for
scheme one and scheme two. For scheme one, the bias
voltage of MZM is set for V. = 6V, the power ratio
between third-order sidebands and first-order is -8.5 dBm
and for scheme two, the bias voltage of MZM is set for
Ve = 976V, the power ratio between third-order
sidebands and first-order is 52 dBm. The extinction ratio
of MZM is 35 dB. In simulation, the filter has a 3rd order
Gaussian transfer function with a bandwidth of 68 GHz
and a central wavelength of 15352.52 nm. After optical
filtering, through optical signal transmission SMF, the
photocwrrent is  generated with O/E  conversion by
photodiode and BER analysis is made. Optical receiver is
composed of photodiode, electrical bandpass filter,
lowpass electrical filter and mixer. The dark current is

I, = 10 nA, responsibility is & = 1 A/W and the bandwidth
of electrical Gaussian bandpass filter is 1.5 bitrate,
centered at 60 GHz the bandwidth of electrical lowpass
Gaussian bandpass filter is 0.75 bitrate. In practice, this
mm-wave is launched into air by antenna. The frequency
component of photocurrent after O/E conversion is
20, 40 and 60 GHz.

The mm-wave signal at 60 GHz is selected by
electrical bandpass filter and is mixed with 60 GHz L.O
signal and then baseband signal is selected by lowpass
filter. At last, baseband signal is BER analyzed.

Simulation results analysis: Figure 2 shows the spectrum
that the photocurrent at different components through
transmission different lengths of SMF. With theoretical
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analysis, the power of frequency component at 40 and
60 GHz has mncreased due to L = 6.19, that 1s fading node
when optical signal transmission is 6.19 km in SMF due to
term of cos(12cl P (3 L) =1, from this equation, it can be
calucated that L. = 6.19xk but when L. = 11.85 km, the
power of frequency at 40 GHz 13 increasing continuously
and the power of frequency at 60 GHz i1s mimmized due to
term of cos(12e,f'(ey) L)~ ~1, it can be calculated that
transmission length L = 3.95%(25-1). These constructive
and  destructive
contributions  are
cos(l 265 (e)L).
Now we mnvestigate the impact of optical filter on the

interactions between the two

periodic  due to the term

performance of mm-wave for two schemes. Figure 3 shows
that the impact of fiber length transmission on Q-factor of
mm-wave due to fiber chromantic dispersion for scheme
one. This figure shows that the fluctuation of Q-factor is
different between using optical filter and no optical filter.
It 1s resulted from that, after optical filtering, beating
interference among undesirable sidebands is removed
which can lead to reduce fluctuation of Q-factor of
mim-wave. When no optical filter is used, the fluctuation
of Q-factor 1s large and the curve of Q-factor of mm-wave
is in irregular status. From above theoretical analysis,
when trangmission length of 3.95 km in SMF, the Q-factor
1s at the lowest pomt of curve due to transfer function of
mm-wave power at fading node, so Q-factor is decreasing
when transimission length 1s range from 0-3.95 kan. When
transmission length of SMF is 6.19 km, the curve of
Q-factor 1s at the second peak due to transfer function
of mm-wave power at fading loop, so Q-factor is
increasing when transmission length is range from
3.95-6.19 km. But when transmission lenth of SMF is
L. =11.85 km and L. = 12.38 km, the curve of Q-factor is
decreasmg whiuch is contrast to above theoretical
analysis. Tt shows that, when no optical filter is used in
simulation, the performance of mm-wave is easily affected
by fiber chromatic dispersion and mnter-sidebands beating
interference. But when optical filter is used in system,
the curve of Q-factor is increasing slightly. It 15 implied
that the performance of mm-wave is not affected by
mter-sidebands beating interference and fiber chromatic
dispersion for scheme two.

Figure 4 shows the comparsion of simualted Q-factor
of mm-wave versus fiber length for scheme two between
the two cases of using optical filter and no optical filter. Tt
shows that the fluctuation of curve of Q-factor 1s nearly
the same when no optical filter and no optical filter is
used in the simulation. Tt shows that the power of

first-order sidebands 1s small which can lead to

—O— Scheme | without filter
—&— Scheme 1 with filter

6 T T 1
0 10 20 30

Fiber length (km)

Fig. 3: Two curves of Q-factor for scheme one vs. fiber
length about two cases of using optical filter and
no optical filter

20 —— Scheme 2 without filter
—&— Scheme 2 with filter
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Fig. 4: Two curves of Q-factor for scheme two vs. fiber
length about two cases of using optical filter and
no optical filter

suppression of frequency component beating between
other
so this scheme 1s hardly suffered from data

first-order sidebands and undesirable
sidebands,
inferference from other components falling within the
same mm-wave frequency.

Harmonic Convertion Ratio (HCR) is a parameter
that is used to evaluate the performance of generated

mm-wave. It 13 defined as “the average power ratio
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between power of generated frequency component
that inter-sidebands beating and power of generated
frequency component that self-beating”. Tn simulation,
for the power of 60 GHz mm-wave, the power of
generated spectral component beating between +3 and -3
order sidebands 1s power of generated frequency
component that 1s through self-beating. But +1rd and -5rd
sidebands and  frequency component
generated from beating between +1rd sidebands and +7rd
sidebands is the power of frequency component of

electrical

self-beating. So, the performance of generated mm-wave
is dependent on the power ratio between the two values.
The more value of HCR, the more serious the beating
mterference which can lead to deterioration of the
performance of generated mm-wave and when the value
of HCR 1s decreasing, the performance of mm-wave 1is
better.

For scheme one, it 1s assumed that the modulation
index B = 1.57, extinction ratio is 35 dB, when no optical
bandpass filter is established, it is calculated that HCR
value of generated mm-wave 1s:

er < LB B) e

By
()

when, 3rd optical filter is used, whose bandwidth is

68 GHz, its HCR 1s:

fer = DB (e )T (B HE (S0 ) 0
Ji (B)Hi (3(01@)

It 1s showed that, for scheme one, the difference
between two cases that optical filter 15 used and no
optical filter 1s used 1s large. It 13 unplied that the
performance of mm-wave is easily affected by
mter-sidebands beating, so the quality of mm-wave is
reduced.

For scheme two, it is assumed that modulation depth
18 P = 244w, extinction ratio 1s 35 dB, when no optical
bandpass filter is established, it is calculated that HCR

value of generated mm-wave 1s:

Her < LBLE LB E) o g
(D)

when 3rd optical filter 15 used, whose bandwidth 1s
68 GHz, its HCR 1s:

ter BT (B (0 )Hy (o) o0 o
T2 (BYH; (3e, )

179 = Scheme 1
- Scheme 2

14 T T T T 1
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Fig. 5: Sumulated Q-factor vs. MZM extinction ratio using
scheme one and scheme two

The theoretical analysis shows that for scheme two,
the fluctuation of HCR 1s slight between the case of
optical filter is used and no optical filter 1s used. The HCR
for scheme two is smaller than that of scheme one, it
shows that the performance of generated mm-wave for
scheme two 1s better than that for scheme one and the
generated mm-wave for scheme two 1s hardly sensitive to
fiber chromantic dispersion.

In the above analysis, a constant extinction ratio of
MZM 18 used. It 13 known that sidebands suppression
ratio 1s dependent on extinction ratio of MZM and thus
the performance of mm-wave may also be affected. To
wvestigate the performance of the two modulation
schemes impacted by extinction ratio of the MZMs, we
have measured the Q-factor versus MZM extinction ratio
ranged from 5-50 dB by simulation and the results is show
in Fig. 5. Tt shows that for two schemes, Q-factor is
immune to extinction ratio 1f more than 25 dB. Moreover,
scheme two leads to better performance than scheme one
and thus the curve of Q-factor for scheme two is smooth.

CONCLUSION

In this study, we have demonstrated two schemes
using for the generation of millimeter-wave using
frequency sixupler with a dual-electromc modulator
(MZM). At first, the generation mm-wave and the
performance of mm-wave being impacted by fiber
chromantic dispersion 1s analyzed theoretically and then
compare the two schemes by simulation and the
performance of two schemes 1s mvestigated by measuring
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Q-factor and comparing two cases betweem optical filter
is used and no optical filter is used simulatedly.
According to theoretical analysis, the fluctuation of the
power of generated mm-wave 1s periodic due to
inter-sidebands beating if no optical filter is established
in the system and thus the performance of mm-wave is
mstable. When optical filter 1s required, the performance
of mm-wave 1s improved. Then, the HCR for scheme two
is calculated and make comparsion. The result shows that
the performance of generated mm-wave for scheme two is
better than that of scheme one. Then make simulation and
the sumulation results show that for scheme one, the
power of generated mm-wave is easily sensitive to fiber
chromatic dispersion due to inter-sidebandes beating and
for scheme two, the performance of generated mm-wave
15 mmmune to chromantic dispersion due to reduction of
the power of first-order sidebands which can lead to
destruction of interference resulted from beating among
sidebands. Moreover, we have considered the
performance of the generated mm-wave impacted by
extinction ratio of MZM. At last, we found that the
performance of generated mm-wave for scheme two is
better than that of scheme one.

ACKNOWLEDGMENTS

This study was financially supported by the Hunan
Provincial Natural Science Foundation of China
(12772040), the Construct Program of the Key Discipline in
Hunan Province, China, the Aid Program for Science and
Technology Inmnovative Research Team i Higher
Educational Institute of Hunan Provinve, China.

REFERRNCES

Chang, Q., T. Ye, J. Gao and Y. Su, 2008. Generation of
60 GHz optical millimeter-wave and 20 GHz
channel-spaced optical multicarrier using two
cascaded 10 GHz modulators. Proceedings of the
Asia  Optical Fiber  Commumcation and
Optoelectronic Exposition and Conference, October
30-November 2, 2008, Shanghai, China.

Chi, H. and J. Yao, 2008. Frequency quadrupling and
upconversion in a radio over fiber link. I. Lightwave
Technol., 26: 2706-2711.

Dong, 7., 7. Cao, I. T, L. Chen, S. Wen, Z. Jia and
G.K. Chang, 2009. All-optical up-conversion of
millimeter-wave signals for ROF system using optical
carrier suppression-based dual-pump FWM in an
SOA. Proceedings of the Conference on Optical Fiber
Communication-Incudes Post Deadline Papers,
March 22-26, 2009, San Diego, CA., ppr 1-319.

He, I, L. Chen, 7. Dong, 8. Wen and I. Yu, 2009
with
optical

Full-duplex radio-over-fiber

photonics

system

frequency quadruples for
millimeter-wave generation. Optical Fiber Technol.,
15: 290-295.

Tia, Z.,]. Yuand G K. Chang, 2005. All-optical 16x2.5 Gb/s
WDM signal simulatanoues up-convers-ion based
on XPM in an NOLM in ROF system. TEEE. Photonic
Technol. Lett., 17: 2724-2726.

Lin, C.T., P.T. Shih, J. Chen, W.Q. Xue, P.C. Peng and
3. Chi, 2008. Optical millimeter-wave signal
generation using frequency quadrupling technique
and no optical filterng. IEEE. Photomic Technol.
Lett., 20: 1027-1029.

Ma, I, I. Yu, C. Yu, Z. Tia and X. Sang et al., 2006.
Wavelength conversion based on four-wave mixing
in high-nonlinear dispersion shifted fiber using a
dual-pump configuration. J. Lightwave Technol,
24: 2851-2858.

Mohamed, M., X. Zhang, B. Hraimel and K. Wu, 2008.
Frequency sixupler for millimeter-wave over fiber
systems. Opt. Express, 16: 10141-10151.

O'Reilly, J. and P.M. Lane, 1994 Remote delivery of
video  services using mm-waveand optics.
I. Lightw. Technol., 12: 369-375.

Q1, G, J. Yao, I. Seregelyi, S. Paquet and C. Belisle, 2005.
Generation and distribution of a wide-band
continuously tunable millimeter-wave signal with an
optical external modulation technique. TEEE. Trans.
Microw. Theory. Tech, 53: 3090-3097.

Seo, JH., Y.85. Kang, YD. Chung, J. Kin and
W.Y. Choi 2006, SOA-EAM frequency
up/down-converters for 60-GHz bi-directional
radio-on-fiber  systems. TEEE Trans. Microwave
Theory Tech., 54: 959-966.

Shen, P., N.J. Comes, P.A. Dovies, W.P. Shdlue,
P.G. Hoggord and B.N. Ellimn, 2003. High-purity
millimetre-wave photonic local oscillator generation
and delivery. Proceedings of the International
Topical Meeting on Microwave Photomnics,
September 10-12, 2003, Hungary, pp: 189-192.

Shih, P.T., CT. Lin, W.JI. Liang, J.J. Chen and
H.S. Huang et al, 2009. WDM up-conversion
employing frequency quadrupling in  optical
modulator. Opt. Express, 17: 1726-1733.

Wang, Q., H. Rideout, F. Zeng and I. Yao, 2006.
Millimeter-wave frequency tripling based on
four-wave mixing in a semiconductor optical
amplifer. TEEE Technol. Lett.,
18:1041-1135.

Photonic

2340



Inform. Technol. J., 13 (14): 2334-2341, 2014

Yu, I, I Gu, X Liu, Z. Jia and G.K. Chang, 2005a.
Seamless integration of an 8%2.5 Gb/s WDM-PON
and radio-over-fiber using all-optical up-conversion
based on Ramean-assisted FWM. IEEE Photonics

Technol. Lett., 17: 1986-1988.

Yu, I, Z. Jia and G.K. Chang, 2005b. All-optical mixer

based on  cross-absorption

electroabsorption  modulator.
Technol. Lett., 17: 2421-2423.

modulation  1n
IEEE Photenics

Yu,I,2. Jia, 1. Yi, Y. Su, G.K. Chang and T. Wang, 2006.

Optical millimeter-wave generation or up-conversion
using external modulators. IEEE Photonics Technol.
Lett., 18: 265-267.

Zhang, 1., H. Chen, M. Chen, T. Wang and S. Xie, 2007.

2341

A photonic microwave frequency quadrupler using
two cascaded intensity modul lators with repetitious
optical carrier suppression. IEEE Photonic Technol.
Lett., 19: 1057-1059.



	2334-2341_Page_1
	2334-2341_Page_2
	2334-2341_Page_3
	2334-2341_Page_4
	2334-2341_Page_5
	2334-2341_Page_6
	2334-2341_Page_7
	2334-2341_Page_8
	ITJ.pdf
	Page 1


