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Dispersion is one of the potential limiting parameter for generation of microwave signal using photonic

methods. In this paper, we analyse theoretically, the influence of fiber dispersion parameter on the
photonically generated microwave/millimeter wave signal using dual-parallel dual-drive LiNbO3; Mach-
Zender modulators. Intensity at the output of photodetector having, eight and sixteen times frequency of
microwave drive signal and harmonic suppression versus modulation index (B) and filter attenuation is
discussed and it has been found that dispersion plays a major role on generation and transmission of

microwave signal in optical domain.

1 INTRODUCTION

Microwave Photonics (MWP) systems are emerging
as a new aspect for generation and transmission of
microwave and millimeter wave signal in optical
domain for applications such as broad-band wireless
communication system, modern instrumentation, bio-
medical, radar, warfare systems, and recently for THz
Technology. There are various advantages of
photonic generation of the microwave signal like high
band-width, large tunability and immune to
electromagnetic interference over conventional
technique in electrical domain (Yao, 2009; Seeds and
Williams, 2006). The low frequency modulated
double-sideband (DSB) optical signal suffers less
from the chromatic dispersion of the fiber than that of
the high frequency modulated signal when
transmitted through standard single mode fiber
(SSMF) (Schmuck, 1995; Gliese et al., 1996; Smith
et al., 1997) and high frequency signal generated by
DSB technique is limited by the bandwidth of the
optical sources like laser diode or the external
modulator and the fiber chromatic dispersion
(Hofstetter et al., 1995). To overcome these
limitations, a photonic generation method that uses
narrow bandwidth optical components to generate
high frequency electrical signals is one of the
promising solutions now a day. Electrical signal
generation based on optical heterodyning can be
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achieved by using either two stable lasers or one laser
with external optical modulator. The electrical signal
generation by beating two free running lasers may
meet system application specifications but is of poor
quality (spectral response). Optical injection locking
and optical phase-locked loop (OPLL) (Yao, 2010)
have been proposed to improve the signal quality.
Methods using a laser with external optical
modulator, such as optical intensity modulator or
optical phase modulator (O'reilly et al,. 1992; Qi et
al., 2005) have shown great potential for producing
high purity, high-frequency microwave/millimeter-
wave signals. Frequency octupled millimeter-wave
signal is proposed using dual-parallel Mach-Zehnder
(DPMZD) and a wavelength fixed optical notch filter
(Zhang and Pan, 2012). Recently a microwave signal
generation using dual-parallel dual-drive Mach-
Zehnder modulator having frequency, sixteen times
of microwave drive signal is proposed (Kumar and
Priye, 2014).

One of the most limiting factor in microwave
photonics systems are dispersion that deteriorate the
performance of generated microwave signal. The
dispersion analysis of reported work (Kumar and
Priye, 2014) is proposed and demonstrated for beat
frequency of 4" and 8" order optical sidebands,
obtained at the output of respective photo detectors.
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2 PROPOSED MODEL AND
ANALYSIS

In this proposed approach, shown in Figure 1, light
wave emitted from a tunable laser source (TLS) is
launched into to a DPMZM which is driven by two
amplified RF signal with phase difference of m/2.
The bias voltage of the two arms of upper and lower
dual-drive LiNbO; MZM are at 0 V and phase
difference between the RF signal of two arms of each
modulator is T i.e., MZM is biased at maximum
transmission point (MATP) to suppress all the odd-
order optical sidebands. The output of DPMZD is
passed through fibre Bragg grating (FBG)
wavelength fixed notch filter which is tuned to
attenuate optical carrier of frequency wy with
attenuation factor o in dB and splitted into two paths.
From the Figure 1, the splitted signal is launched into
the upper and lower photo detectors (PD; & PD»)
through optical amplifier (EDFA) and optical fiber of
length 25 km. If the intensity of optical carrier and
modulation index is small only the 4" and 8" order
sidebands will be significant at the input of PD; and
at the input of PD,, 8" and 16" order sideband will be
significant after rejection of 4" order sidebands
through optical band reject filter, considering high
optical carrier intensity and significant modulation
index. A beat signal with eight and sixteen times the
frequency of the electrical drive signal is generated at
photo detectors, PD; and PD; respectively. The power
of suppressed sidebands at the output of DPMZM is
transferred into the even-order sidebands (4, 8% and
16™M), improving the signal generation efficiency.

The output electric field from the dual-drive
LiNbO; Mach-Zehnder modulator is given as (Dai et
al. 2013)

EO‘"’(t) = %EO eXP(jﬂJot) [exp (]n <V1(t) + VBiasl))
O]

VnRF VnDC
. (V2(0) | Vaias2

* exp <]n (VnRF * VI[DC ))

Where Ej and wq are, the electric field & angular
frequency of the input optical carrier respectively,
Vrrp 1s switching voltage, Vypc is switching bias
voltage, Vpjas1 and Vpjasp are the DC bias voltage
between two arms, and V;(t) & V,(t) are the RF
modulating electrical signal voltage. V; (t) and V,(t)
can be expressed as two sinusoidal functions; V; (t) =
Ajcos(wgpt) and  V,(t) = A,cos(wgpt + @),
where A; and A, are the amplitude of the two RF
signals, wgp is the frequency of modulating RF
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signal, and ¢ is the phase difference between two RF
signals.

The optical field at the output of the DPMZM can
be expressed as

Eout pemom () = V2 EgJo(B) cos(wot) +
w21 V2 EqJan(B)[cos(wot — 4noggt) +
cos(mgt + 4noget)] +
Tz V2 Eglgn(B)[cos(wot — Bnoget) +  (2)
cos(wot + 8nwgpt)] +
Yh=1 V2 EoJ16n(B)[cos(wot — 16nwgst) +
cos(wgt + 16nwggt)]

Where 4, Jgn and J;4n are the Bessel function of
the first kind and of order4n,8n and 16n
respectively, and f is the phase modulation index
(PMI). For 0 < 8 < 2, the Bessel functions Jg,(B)
and J;4,(B) for n = 2 are much smaller than Jg(B)
and J;6(B). Therefore, it is reasonable to ignore the
optical sidebands with order higher than 16 in our
analysis, so only the carrier, 4" 48" and +16%
order sidebands are left.
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Figure 1: Schematic of the proposed microwave signal
generation system. (LD: laser diode; RF: radio frequency;
PC: polarization controller; MZM: Mach-Zehnder
Modulator; EG: electrical gain; PS: phase shift 90%; OF:
Optical band reject filter; PD: photo detector; BPF: band
pass filter).

The Figure 2, illustrates the optical spectra at the
output of DPMZM, since the two sidebands
originated from the same optical and microwave
sources, an excellent phase correlation is maintained.
Beating the two sidebands at a PD, a high-spectral-
purity signal, eight times as well as sixteen times
frequency of microwave drive electrical signals is
obtained.
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Figure 2: The spectrum of the modulated optical signal at
the output of DPMZM using OptiSystem software (Kumar
and Priye 2014).

2.1 Performance Analysis in Dispersive
Media

It is known that in a wide-band electrical
heterodyning system purity of generated signal is
main concern. The generated electrical signal at the
PD, Vi can be expressed as

Voue1(t) = RJ§(B)cos(8wgr) (3)
Vout2(t) = R]E? (B)cos(16wgy) (4)

Where R is a constant that is related to the
responsivity of the photodetector (PD). Since the two
optical sidebands originate from the same optical
source, the frequency stability and phase noise of the
generated signal are mainly determined by the
electrical drive signal. Equation (3) and (4) also
shows that the amplitude of the generated electrical
signal can be maximized by optimizing the value J?
and J2 respectively.

Assuming that, all unwanted odd-order and even
order optical sidebands generated by the modulation
of the DPMZM due to microwave drive radio
frequency signal, completely suppressed by using a
suitable dc-bias voltage and the attenuation of the
optical notch filter at its notch wavelength is o dB.
From equation (2), the optical signal at the output of
the FBG optical notch filter can be written as

Eout ppmpm (1) = V2 Ek]o (B) cos(wot) +
721 V2 EoJan(B)[cos(wot — 4noggt) +
cos(mwot + 4noggt)] +
w=1V2 Eqlgn(B)[cos(wot — Bnwggt) + Q)
cos(ot + 8noggt)] +
71 V2 EgJ1n(B)[cos(mot — 16nmget) +
cos(wpt + 16nwgpt)]
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Where k is the optical field attenuation factor,
which is related as o = —20log; k.

Generally, for a commercially available MZM,
the maximum available phase modulation index 8,,,
is2. When 0 < § < 2, Bessel function /4, Jgn & J16n
for n>1 are all monotonically increasing with
respect to B and monotonically decreasing with
respect to the order of Bessel function n, and /,(2) =
0.033996, Jg(2) =0.00002218 and J4(2) =
4.5060e — 014. Hence, it is reasonable to ignore the
optical sideband with a Bessel coefficient higher than
J16(B) for significant amplitude of optical carrier and
microwave drive (RF) signal in our discussion.
Therefore, equation (5) can be further simplified as

Eout ppmpm () = V2 EokJo(B) cos(wot) +
V2 EoJ.(B)[cos(mot — 4ogpt) + cos(wgt + 4mppt)] +
V2 EgJg(B)[cos(wot — Bwggt) + cos(wot + 8wgpt)] + (6)
V2 Egl16(B)[cos(wot — 160ggt) + cos(mot +
16wgpt)]

t 4 t
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Figure 3: Illustration of the electrical spectrum at the output
of'a PD.

Equation (6) shows that the optical signal consists
of an attenuated optical carrier and six optical
sidebands. The spectrum of this optical signal is
illustrated as shown in Figure 3. The arrow direction
shows that initial phase with respect to the phase of
optical carrier before transmission.

When the optical signal shown in Figure 3 is
transmitted over a single-mode fiber, the chromatic
dispersion of the fiber will cause an extra phase shift
to each optical sideband compare to the optical
carrier. By expanding the propagation constant 5 (w)
of'the fiber for each optical sideband to a Taylor series
around the angular frequency of the optical carrier
(Okamoto 2000), i.e.

B(wo + 4nwgp) = B(wo) + B* (we)(F4nwgr)

2 2 (7)
+§.B (wo) (H4nwgp)® + -
B(wo £ 8nwgr) = B(wy) + B (wo) (£8nwgr) ®)
42 B2 (@0) (EBrge)? + -
B(wo + 16nwrr) = Bwy) + B (wo) (X 16nwey) (9)

1
+ Eﬁz(wo)(i16nwm)2 +
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Where p*(wg) and 5%(wy) are the first and second-
order derivative of the propagation constant 8 (w,) at
angular frequency wo, respectively. The effect of
higher order dispersion is neglected for the single-
mode fiber at 1552nm band (Marshall, Crosignani
and Yariv 2000) and 8% (w,) can be expressed by the
chromatic dispersion parameter D as

C
ﬁz(wo)=—;f(2)0 (10)

Where c is the speed of light in vacuum and f; is
the frequency of the optical carrier.

The electric field at the end of the transmission
over single-mode fiber of length L can be obtained by
adding the transmission phase delay B(w, *
4nogp)L , (0 + 8nogp)L and B(w, + 16nwge)L
to the corresponding optical sideband shown in (6).
Electrical harmonic will be generated by applying this
optical signal to a photodiode. The power intensities
(Qi et al. 2005) of the 8™ and 16™ order electrical
harmonic Is and I;¢ respectively are proportional to
the coefficient of optical sidebands.
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Figure 4: Power intensity and harmonic suppression versus
modulation index (a) Power intensity Is & lis, eighth and
sixteenth order harmonics. (b) Harmonics suppressions
Is/Ti6. (Frequency of the electrical drive.fgg = 7 GHz.).
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Figure 5: Power variation versus frequency of the electrical
drive signal. (a) Power variation of Is, (b) Power variation
of Ii6. (Modulation index = 0.6).

For a distribution system that operate at 1552.52
nm with a transmission distance of 25 km over a
standared single mode fiber withD = 17 ps/
(nm. km), the power intensity Is,l;s and harmonics
suppression of Is/ Ij¢ verses the modulation index
B(0 < B < 2) are plotted in Figure 4.

From figure 4(a) the power intensity of 8" and 16™
order harmonics are monotonically increases for 0 <
B <2 and Figure 4(b) show that the harmonic
suppression Ig/I ¢ is monotonically decreases for 0 <
B < 2, which is independent of the attenuation « of
optical notch filter.

Figure 5(a) and 5(b) shows the power variation of
the generated electrical signals Iy and I;s respectively,
which is due to the combined effect of the limited
attenuation of the optical carrier and the chromatic
dispersion of the fiber when tuning the frequency of
the electrical drive signal from 2 to 7 GHz. It is clearly
seen that when o > 40dB, this power variation is
smaller. This means the amplitude of the eight and
sixteen times of microwave drive signals are stable
over the tuning band when 8 is a constant and « is
greater than equal to 40 dB.

2.2 Analysis for Higher Order
Dispersion

By expanding the propagation constant 5(w) of the
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fiber for each optical sideband to a Taylor series
around the angular frequency of the optical carrier up
to 5™ order dispersion (Okamoto 2000), i.e.,

B(wo £ 2nwgp) = /3(“)(1)) + B (wo) (£2nwgp)* +
> B (o) (F2nope)?+ =B (w) (£2nwgp)® + (13)
i B*(wp) (£2nwgp)* + ﬁ B®(wo) (+2nwgp)®

The third order dispersion parameter is given by

3 T _ 2 207t o
B (@0) = 305 = Gz [A o T 24 6/1] (14)
¥ 2
— 2 147D, + 2D]

Where D is Group Velocity Dispersion (GVD) and
D; is the Dispersion Slope.

The fourth order dispersion parameter is given by
(Keiser 2008)

o) = BT R 30 o0 o
B(wo) =355 = (2mc)? 5% + 6475 + 643 15)
3
- (an)s [23D, + 642D, + 6AD]

The fifth order dispersion parameter is given by
(Keiser 2008)

ﬁs ((Uo) :ﬁ =

4 3 2
Mt 1232 136222 L

dw* = (2mc)* oAt A3 a2
24157] (16)
.
= (22—)4 [A*D; + 1223D; + 362Dy + 24AD]

The electric field at the end of the transmission
over single-mode fiber of length L can be obtained by
adding the transmission phase delay B(w, +
4nogp)L , p(og + 8nogp)L and B(w, + 16nwgp)L
to the corresponding optical sideband shown in (6).
Electrical harmonic will be generated by applying this
optical signal to a photodiode. The power intensities
(Qi et al., 2005) of the 8" and 16" order electrical
harmonic Iz and I respectively for higher order
dispersion are proportional to the coefficient of
optical sidebands

1o % B {2(8) + 2000 (B)a B)cos [£ 42 wo) (Bue)? +
2
L B (wo) (Bwre)*]}
e o Z{J3(B) + 2K10 ()1 (B) cos [3 £2(wo) (16 +
L B4 @0 (160ee)*}

amn

(18)

3 RESULTS AND DISCUSSION

In our calculation, we used the electrical drive signal
frequency nearly equal to 7 GHz, optical carrier of
193.1 THz, modulation index (f) range of 0-2 for the
MZM and assumed the initial phase of the electrical
drive signal for the MZM equal to zero. Referring to
ITU’s G.655 fiber ITU-T 2009); Fiber chromatic
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dispersion, D = 0.5ps/km-nm, Dispersion curvature,
D; = 0.085ps/km-nm?, Dispersion curvature, D, =
2.3776x10* ps/km-nm?, Electrical field attenuation
factor, « =100 dB, Gain of EDFA= 100 and Electric
field strength, Eo= 10V/m.

4 CONCLUSIONS

In this paper, the detail theoretical analysis of
influence of fiber dispersion on photonically
generated microwave/millimeter wave using dual-
parallel dual-drive LiNbO; Mach-Zender modulators
is investigated. Performance analysis of eighth and
sixteen orders harmonics generated from microwave
drive signal (RF) on SSMF and ITU’s G.655 fiber of
length 25 km are calculated theoretically and it is
observed that dispersion parameters have significant
impact on microwave/millimeter wave signal
generation using photonic technique. The impact
decreases as the order of dispersion term increases.
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