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Abstract

This work presents a theoretical study of harmonic generation of
microwave signals after detection of a modulated optical carrier in
cascaded two electro-optic modulators. Dispersion is one of the major
limiting factors for microwave generation in microwave photonics. In
this paper, we analyze influence of chromatic dispersion, dispersion
slope, dispersion curvature on microwave generation using two
cascaded MZMs and it has been found that output intensity of
photodetector reduces when dispersion term up to fifth order are
added. We have used the two cascaded Mach-Zehnder Modulators for
our proposed model and tried to show the dispersion effect with the
help of modulation depth factor of MZM, which have been not
discussed earlier.
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1. INTRODUCTION

Microwave Photonics (MWP) is the study of devices at
microwave frequency and their application to the optical devices
[1-3]. Research in the field of microwave photonics is going on
in a rapid phase. Various application of MWP includes like
radar, communication system, sensor network, warfare systems
[4]. Main advantages of MWP technology over conventional
electrical-transmission technology include reduced size, weight
and cost, low and constant attenuation over the entire microwave
and millimeter-wave modulation frequency range, immunity to
electromagnetic interference, low dispersion, no electro-optical
conversions and high data-transfer capacity [5]. In the past few
months various methods have been proposed for microwave /
millimeter wave signal generation but simple method is beating
of optical carriers from two laser sources at THz frequency,
followed by photodiode (PD) [6-7]. But its disadvantage is that
high phase noise is produce if phase of two beating optical
carriers are not correlated [6]. Other advance methods include

optical injection locking [8-9] and optical phase — locked loop
(OPLL) [10-11]. But problem with this method is that optical
sources with very narrow linewidth mainly in KHz are required
[12]. Solution to this problem is that we can use Lithium-niobate
Mach-Zehnder Modulator (LiINbO; — MZM), which involves
concept of frequency multiplication [6]. O’Reilly et al proposed
a method to generate microwave / millimeter wave using MZM
[13]. Mach-Zehnder Modulator (MZM) can be operated in two
transmission points: Maximum Transmission Point (MAXTP)
and Minimum Transmission Point (MINTP) [14].

Dispersion is one of the most important limiting factors in
MWP. Dispersion is spreading out of light pulses as they travel
along a fibre and mainly occur due to the dependence of speed
of light through the fibre on the wavelength [6]. Unlike
attenuation, dispersion does not weak a signal. It only blurs the
optical signal transmitted through optical fibre. In this paper, we
analyze the effect of higher order dispersion term, i.e. up to fifth
order, dispersion parameters on microwave/ millimeter wave
generation using two cascaded MZMs.

Section 2 consists of the theory of proposed model for
millimeter wave / microwave generation, followed by the
derivation of output of two MZM in series with higher order
dispersion terms. In section 3 we plotted various graphs of
output intensity of photo detector versus modulation depth (5)
considering individual dispersion term and combinations of
dispersion term up to fifth order.

2. PROPOSED MODEL

A novel approach to generate microwave wave using two
series MZMs is shown in Fig.1. An optical carrier of 193.1 THz
and an electrical drive signal of frequency 12.5 GHz are applied
to a first Mach-Zehnder Modulator (MZM). We have used ITU’s
G.653 fiber of different length for calculation and simulation.

G.653 Fiber
RF Signal RF Signal
: :
. outl(t) Eout(t)
Optical CW
pLaser FBG PD [~ RF Output
2 Signal
: : Eoutz(t) R .
. ] Optical Signal
DC bias DC bias

Electrical Signal

Fig.1. Generalized diagram of millimeter wave / microwave frequency generation system using two series MZMs. CW: continuous
wave, PC: Polarization controller, MZM: Mach-Zehnder modulator, FBG: Fibre Bragg Grating, G.653: International Telecommunication
Union’s standardized, PD: Photo Detector
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Consider the case when only one arm of first MZM s
modulated, the phase difference becomes [6],
An2rz.L
A =
¢ y)
where, An is the optical refractive index change in the arm of
modulator, A is optical wavelength, L is the length of the
modulating arm of MZM. Due to Pockel’s effect in LiNbO;
MZM, Eq.(1) becomes [6],
Ng.1ij Ve -27.L
C o 2d4
where, rjj is the electro-optic coefficient of LiNbOj; crystal, Vge

is the amplitude of applied low frequency RF signal, d is the
distance between MZM arms.

M

d. .
3—”, therefore above equation reduces to,
ng.r.L

AsV, =
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where, V is the voltage value at which voltage induced phase
difference reaches 180°.

If the MZM is driven by a low frequency electrical signal
and biased with a constant DC voltage then phase difference
becomes [6],

Vge 7w
\Y

4

AV ()] = gy + 2
where, A¢[V(t)] is the optical phase difference caused by
between the two arms of the MZM, ¢ is a constant phase shift,
Exr is the amplitude of the electrical drive signal. If the MZM is
driven by a sinusoidal electrical signal and biased with a
constant dc voltage, ¢[V(t)], then electric field at the output of a
lithium niobate MZM can be approximately expressed by [6],

or
Eoutl (t) = Eo (t).COS {M}.COS(WJ) (3)

where, Eq(t) and ay are, respectively, the electric field amplitude
and the angular frequency of the input optical carrier, V(1) is the
applied RF electrical drive voltage. The generalized electric field
equation at the output of modulator up to n terms can be written
using Eq.(3) and Eq.(4), as follows [14]:

E(t) = Eq cos(®/2){cos(wpt + D/2)3o(8)+
32 (0 320 (Boos(eot + 2n(wet + )+ /2)
n=1

cos(aot — 2n(wget +¢)+ @/2)]} +

Eg sin(@/2)] 3 (=1)" 350 (B)cos(aot + (2n-1)
n=1

x (wget+ @)+ ®/2)+ cos(wot — (2n —1) g t + @)+ D/2)]}

(4)
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where, ﬂz\%.z is a modulation depth, ® is the phase

difference between the arms of the modulator and ¢ is the phase
of the electrical drive RF signal. The MZM can be operated at
either Maximum transmission point (MAXTP), i.e. ® = 0 or
Minimum transmission point (MINTP), i.e. ® = x [14]. Hence,
by connecting two MZMs in series we get four combinations: 1)
MAXTP, MAXTP; 2) MAXTP, MINTP; 3) MINTP, MAXTP;
4) MINTP, MINTP. An FBG (Fiber Bragg Grating) is connected
at the output of the MZM to remove the optical carrier and hence
act as optical filter.

2.1 MAXTP, MAXTP

As both MZMs are operating at MAXTP. Therefore, ® = 0
for both MZMs. Expanding Eq.(4) for n = 2, the electric field
(Eoute(t)) at the output of first MZM is given by,

Eoua(t)= Eo{Jo (8, )-cos(ept)
—J5(1)cos(wot — 2pet — 241
—3,(8,)cos(wot + 2ge t + 24 )}

where, ¢ is the initial phase of an electrical drive signal for
MZM1 and g, is the modulation depth of MzZM1. If the
attenuation of the Fiber Bragg Grating at its center notch
wavelength is « dB. The electric field at the output of FBG
becomes,

Eoun (t)= Eo ko (8; ) cos(apt)
—J5(/1)cos(wpt — 2pet — 241 )
—3,(8)cos(wgt + 2wt + 24, )}

where, k is the electrical field attenuation factor and related to «
by a= '20'0910'(.

As shown in Fig.1, Equ(t) is input to the second MZM.
Therefore, electric field (Eq(t)) output of second modulator is
given by,

Epvo®) = Ey {3, ()3, (5, )08 (et~ daoet — 26, 26,
—k 3, ()30 (B,)cos(@yt —2mpt — 24, )
-35(8)-3, (ﬁz)cos(a)ot—Za)RFt—Mz)
+3,(8,)3,(B,)cos( e, t—2¢, +24, )
+k J5(,)-3,(5;)cos(awpt)
+3,(8,)3,(B,)cos(ay, t+2¢, +24, )
=35(8,)3, (3, )c08( @y t + 20 t + 24, )

-k J,(8)-J, (ﬂz)cos(a)ot+2wRFt+2¢l)
+3, ()3 () c0s (@ t+ deoget + 24, + 24, )|

where, ¢ & ¢, are the initial phases of the applied RF electrical
drive signal of MZM1 and MZM2, respectively and 5, & £, are
the modulation depth of the MZM1 and MZM2, respectively.
Considering initial phases of applied RF electrical drive signal
for both the MZMs equal to zero, i.e. ¢ = ¢, = 0.

(®)

(6)
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Eo(t)=E, {[k Jo (ﬂl)-Jo (ﬂz)+2J2 (ﬂl).Jz (ﬂz)]COS(a)Ot)
_[k 3,(8.)35(B2)+ 35 ()3, (B, )}{cos(wot 2wRFt)+} ®

cos( @yt + 2w t)

+Jz(ﬁl).az(ﬂz){cos(w"t_m”t)q}

cos( @yt + 4aet)

The electric field representing the optical signal at the end of
the transmission over a ITU G.653 fiber can be obtained by
adding the transmission phase delay [f(an £ 2naxe)L] to the
corresponding optical sideband shown in Eq.(8).

kJO(ﬂl)-Jo( 2)+
Eou (t): Eo {|:232(,81)"]2(ﬁ2)

_ {kJ 2(B)30(82)+] _cos((wot - ZwRFt)+J:|
JO(:BI)"]Z(ﬂZ) A1 ﬁ(wo — 2 )'—
+008(ot + 2get + By + 205¢ )L)]

(a)ot - 4a)RFt)+
+35(B32(8 {COS Bl - booge )LJ

+cos(wpt + daget + Blag + dage L)|}

}os(wouﬁ(wo)u

9)

Expanding the propagation constant S(w) of the fiber for
each optical sideband using Taylor’s series around the angular
frequency of the optical carrier [15].

dp d2p

1
B(@y £ 2nawy. ) :ﬁ(a}o)+%(12na)RF )+Eda)2

1d°s8 s 1d'p s 1 d°pB
= +2n + == P (12n = P4
6 dor (2N ) * oy G (P20 )+ p s

B, £ 20wy ) = @)+ B (0, ) (£2nepe )+

% £ () (£2n05 ' +% B (@) (£2n00e ) +

(20w )

NWge )5

2—14 £ () (£2n005 )4+%ﬂ5(a)0)(12na)w ¥
where, f'(a) = dfldw = 7, the propagation delay per optical
length.
The second-order dispersion parameter is given by [15],
) dr 1> or  A?
P )= 46" 2m0 01~ 270
where, D is the Group Velocity Dispersion (GVD).

The third-order dispersion parameter or Dispersion Slope is
given by [15],

(11)

2 2 2
Flo) =g o=t Shea1 s
do® (27¢) oA oA
2 (12)
= -[4°D, +24D]
(27[0)
where, (D; = S) is the Dispersion Slope.
The fourth-order dispersion parameter or Dispersion

curvature is given by [15],
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3 3 3 2
ﬁ“(wo)=d—2=’l—3 /136—Z+6/126—Z+6,1@
do’  (2z0) | 04 oA oA
(13)
13

=—— _|A°D, +64°D, + 64D
(m)z[ ’ ' |

The fifth-order dispersion parameter or Dispersion curvature
is given by [15],

dr
5
), = —=
ﬁ ( 0) d(1)4
4 4 3 2
A0 12200 13602 0T 120297 | (14
(27¢) oA oA oA oA
4
A 2D, +124°D, +364°D, + 244D
( )4 3 2 1
2rc
2 3 4
where, g_;:D’STZ:Dl’%:DZ ,STZ:D3. We have

neglected the dispersion parameter /() = df/dw = 7, because
it produces only a phase delay of the carrier signal and has no
influence on distortion of the signal. Inserting dispersion
parameter in Eq.(9) up to fifth order with the help of Eq.(10),
Eq.(11), Eq.(12), Eq.(13) and Eq.(14) i.e. the electric field at the
output of MZM2 with dispersion is given by,

[k 30(81)30(82) +
Eoua() =, {IZJz(ﬂl).Jz(ﬁz) ]COS(COot+ﬂ(C00)L)

_2_[ kJ,(8.)35(8,)+ Jo(ﬁl)-Jz(ﬂz)]

o+ (@) L+ = (@) (20 ) L
X COS 1 2

+£ﬂ (a)o)(Za)RF) L

20t + () (200 L) 4 = () (2055 ' L
X CO0S 6

1 5
+ﬁﬂ (%)(ZCURF) L

2

O+ B(0y) L+ (@) (dovee ) L +
+2.3,(,)-3,(B, ) x cos . 2
ﬂ[3“(@0)(4%)“ L

Ao t+ ,Bl(a)o)(4a)RFL)+% (@) (400 L

XCO0S
5

+ﬁﬁ5(a)0)(4a)m:) L
At the end of the fiber, z = L, the output intensity of photo
detector is given by,

*

I PD (t) = Eout2'Eout2

2.2 MINTP, MINTP

(15)

As both MZMs are operating at MINTP. Therefore, ® = =
for both MZMs. Expanding Eq.(4) for n = 2, the electric field
(Eoue(t)) at the output of first MZM is given by,
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_ 3,(B1)sin((eg — oge )+
Eoua(t)=Eo :
31(By)sin(wt + wpet + 1)
3 J3(By)sin((@p —3wge X —341)+
J3(8, ) sin(wot + 3wget +34;)
where, ¢ is the initial phase of the electrical drive signal for
MZM1 and p is the modulation depth of MZM1. As shown in

Fig.1, Eou(t) is input to the MZM2. Therefore, electric field
(Eout2(t)) output of MZM2 is given by,

Eou(t) = Eo{31(81)31(B, )cos(@ot — 2ope t — ¢ — ¢ )
+31(8,)31(8; )eos(@ot ~ ¢y + ¢5)
—Jl(ﬁl) 3(/B2 )cos(mot — dwpet — ¢ — 3¢, )
( )‘]3(ﬁ2)cos(a)0t+2wRFt ¢ +34y)

)Jl(ﬁz)cos(a)ot+¢1—¢2)

318, Jeos (@t + 2pet + ¢ + 6,)
)3(8, )cos (gt — 2mpet + ¢ — 3¢,
))iiﬁ | o
)31(5,)

)J
)
)31(5,)

23:(5,)

)
)

3(82)

3(82)

1(ﬂ2 cos

(8, )cos(wt + 4wrget + 34, + )
(,31 3 (/5'2 )COS(wot +3¢, — 3¢, )

+33(8.)0J5(, )cos(wpt + Boge t + 3¢ + 34, )}

where, ¢ & ¢ are the initial phases of the applied RF electrical
drive signal of MZM1 and MZM2, respectively and 5, & £, are
the modulation depth of the MZM1 and MZMZ2, respectively.

Considering initial phases of applied RF electrical drive
signal for both the MZMs equal to zero, i.e. ¢ = ¢, = 0.

2.3,(B):1(8,)+
E°“t2(t):E°{[2.J3( )0,(5,) }cos(a)ot)
+[‘]1( )91(82) = 31(B1)33(B2)— 33(8,) 35 1)]

x [cos(wpt — 2wpet)+ cos(wyt + 2mge t)]

~[31(B0)033(8,)+ 35(8 )31 (8, )]

+35(8) 3362 ){COS(wot—ewRFt)q}

cos(wyt +B6wpet)

Ba
B

(A7)

The electric field representing the optical signal at the end of
the transmission over an ITU G.653 Non Zero Dispersion
Shifted fibre (NZDSF) can be obtained by adding the
transmission phase delay [S8(ay + 2naxg)L] to the corresponding
optical sideband shown in Eq.(17).

Eouilt)= Eoﬂzzjz((ﬂll ;les((ﬂﬂzz)ﬂ cos(ot + Han)L)

+Fl(ﬁ1)ﬂ]1(ﬁ2)_ ‘]1( 1)-‘]3(ﬂ2)_}
J3(ﬁ1)“]3( 1)

[cos(wpt — 20get + By — 20ge )L)+ |
*| cos(@ot + 20pe t+ Blay +20pe L) | (18)
- [31( 1)-33(ﬁ2)+ Js(ﬁl)-Jl(ﬁz )]
[cos(wpt — 4eget + By — dwge )L)+ ]
_Cos(a)ot +4wget + ﬂ(a)o +4wge )L) ]

+35(8,)35(8 ){Cos(wot—ewRFH Ble, — 6w )L)Jﬂ}

2 cos(wt + 6wget + (wy + 6wge L)

X

Inserting dispersion parameter in Eq.(18) up to fifth order
with the help of Eq.(10), Eq.(11), Eq.(12), Eq.(13) and Eq.(14)
i.e. the electric field at the output of MZM2 with dispersion is
given by,

A A
J

{(B)31(B2)- 318 )35(82)-
*2{ 3833, }
L+

oot + B (500
X COS

2—145 (wO)(za)RF) L

(‘00 szRF )3 L+

1
20pet + Blag N20pe L)+ Eﬁ3(a}0 J2oge FL+
cos

Eﬂ (a’o )(ZWRF )

~[31(8)35(8,)+ 35(8,)3:(B, )] 19)

o+ Blan)L+5 % Ydoge P L+
% COS

1
21 B ! (a’o )(40)RF )4 L

1
doget+ ,B(a’o )(4a)RF L)+ 5 ﬂ3 (a’o )(4a)RF )3 L+
X COS

Eﬁ *(wp N4ooge 'L

ot Bl )L+ 52y Youoge L +
33(61)}33(8, )x cos 1
N B (@ N6eoge )L

1
Bt + Bl@p NBwge L)+ Eﬂs(wo N6 L+
X C0S

Eﬂ (a’o)( wRF)

At the end of the fiber, z = L, the output intensity of photo
detector is given by,

IPD( ) Eout2 Eout2
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2.3 MINTP, MAXTP

As the MZML1 is biased at the MINTP and MZM?2 is biased
at MAXTP. Therefore, ®; = 7 and ®, = 0 for MZM1 and
MZM2, respectively. Expanding Eq.(4) for n = 2, the electric
field (Eouu(t)) at the output of MZML1 is given by,

R o
]

3 33(B1)sin((@p —3wge X -341)
J3(8 ) sin(eot +3wget +3¢;)
where, ¢ is the initial phase of the electrical drive signal for
MZM1 and f; is the modulation depth of MZM1. As shown in
Fig.1, Equ(t) is input to the MZM2. Therefore, electric field
(Eour2(t)) output of MZM2 is given by,

Epunlt)= Eo{iﬁf(lz'ffffzj )_}

x [sin(@pt — wget)+ sin(wot + wpet )]
+31(8)03,( 2){ }}

Considering, ¢, = ¢, = 0 which are the initial phases of the
applied RF electrical drive signal of MZM1 and MZM2,
respectively and p; and g, are the modulation depth of the
MZM1 and MZM2, respectively. The electric field representing
the optical signal at the end of the transmission over an ITU
G.653 can be obtained by adding the transmission phase delay
[B(an = 2nane)L] to the corresponding optical sideband shown
in Eq.(21).

Eoue (t)= Eo{[3:(8)32(8,)- K3, (8,)130 (5, )]
><{SIn(a)ot—a)RFtﬂB Wy — Ope ) ) }

(
Sln(a)ot + wpet +/3(a)0 + g ) )

(20)

(21)
sin(wpt — 3wget)+
sin(wot + 3wget)

(22)

+3.05)3,(8,) [Sln(a)ot—Sa)R,:t+ By —30ge )L)+}}

* Sin(a)ot +3wget + /J’(a)o + 3wpe )L)

Inserting dispersion parameter in Eq.(22) up to fifth order
with the help of Eq.(10), Eq.(11), Eq.(12), Eqg.(13) and Eq.(14)
i.e. the electric field at the output of MZM2 with dispersion is
given by,
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EoutZ(t): 2.E, {[31( 1)-\]2( 2)— le(ﬂl)-Jo(ﬂz )]

1
a’ot+ﬁ(a’o)|—+§ﬁz(wo)(a’rep )2 L+
xSin

1
zﬁ‘l(wo )(a)RF )4 L

1
Opet+ ﬂ(a)o )(4C‘)RF L)+ gﬂg(a’o Xa)RF )3 L+
X COS

E B (@ Nore L

ot + ﬁ(a)o)L+%ﬂ2(a)o JBoge 'L+

+2.3,(8,)3,(8, )xsin

1
e B N (wo )(3(0RF )4 L
B3 (@ \3oge L+

Bwget+ o N3wge L)+ =
X C0S

% B (wo )(3‘0RF )

At the end of the fiber, z = L, the output intensity of photo
detector is given by,

*

l'ep (t): Eoute-Eou
2.4 MAXTP, MINTP

As the MZML1 is biased at the MAXTP and MZM2 is biased
at MINTP. Therefore, ®; = 0 and ®, = 7 for MZM1 and MZM2,
respectively. Expanding Eq.(4) for n = 2, the electric field
(Equtz(t)) at the output of MZML1 is given by,

Equa(t) = Eqo1Jo(/)-cos(qt)
—J3,(3, ) cos(wpt — 2get — 24
—3,(3 ) cos(wpt + 2cge t + 244 )}

where, ¢ initial phase of an electrical drive is signal for MZM1
and g, is the modulation depth of MZM1. If the attenuation of
the Fiber Bragg Grating at its center notch wavelength is « dB
then the electric field at the output of FBG becomes,

EoutL(t): Eo {kJo(ﬂl)Cos(a’ot)
—J3,(3 ) cos(wpt — 2get — 24
—3,( ) cos(wpt + 2cge t + 244 )}
where, k is the electrical field attenuation factor and related to o
by a= 'Zologlok.
As shown in Fig.1, (Equu(t)) is input to the second MZM.
Therefore, following the similar procedure as done in the above

three cases. The electric field (Equ(t)) output of MZM2 by
considering dispersion parameters up to fifth order is given by,

(23)

(24)

(25)
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EoutZ(t) =2.E, {[31(/32 )-Jz( 1)‘ 31( 2)-Jo(ﬁ2 )]

1
. oyt +ﬂ(wo )L +Eﬂ2(0)o )(a)RF )2 L
xsin

1
+ﬂﬂ4(w0waF )L

Opel+ ﬂ(a)o )(40)RF L)+%,B3(a)0 )(CURF )3 L
X COS 1
+Eﬂ5(a’o)(a’m: )SL
@t + Bl )L +%ﬂ2(a)o Y3wre L
+2.31(B2)}32(By)xsin 1
+§/’74(“’0)(3Q’RF )4 L

1
3wget + Bl NBoge L)+ 5 B (@ J3eoge 'L
X COS

+ mﬂ%% )(3a)RF )5 L

At the end of the fiber, z = L, the output intensity of photo
detector is given by,

lep (t) = Eout2'E;ut2 (26)

3. RESULTS AND DISCUSSION

In our calculation, we have used the electrical drive signal
frequency nearly equal to 12.5 GHz, optical carrier of 193.1THz,
modulation depth (/) range of 0 to 2 for both the MZMs and
assumed the initial phase of the electrical drive signal for both
the MZMs equal to zero. Referring to ITU’s G.653 fiber [16].
We have neglected the dispersion parameter £'(a) = dfldw = 7,
because it produces only a phase delay of the carrier signal and
has no influence on distortion of the microwave signal
generation.

Fibre chromatic dispersion = % = D =4.5 ps/km nm;

2
Dispersion Slope = ST; =D; =S =0.085 ps/km nm?;

3

o

Dispersion curvature =

31 =D, =2.3776 x 10 ps/km nm?;

o
~

4
T

4

o

Dispersion curvature = = D5 =7.0647 x 10°° ps/km nm* and

Electrical field attenuation factor = o= 100 dB.
3.1 MAXTP, MAXTP

In Fig.2, we have shown the combine effect of &2 + & + ' +
/& dispersion parameters on the microwave generation using two
cascaded MZMs operating in MAXTP- MAXTP condition.
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Fig.2. Plot of Intensity (lpp) at the output of Photo Detector
versus Modulation depth (8) for the MAXTP, MAXTP at
different values of distances under the combined effect of 5 +
B+ '+ £ MAXTP: Maximum Transmission Point

From Fig.2 we observe that better performance occur for

L = 25 km and we get two notches at points (1.5, -79.64) and
(1.59, -70.27) for L=10 km, 20 km, respectively.

0 T T T T T T T

lop (@B)

. .
0 0.2 04 0.6 08 1 12 14 16 18 2

2120 I I I
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Fig.3. Plot of Intensity (lpp) at the output of Photo Detector
versus Modulation depth (8) for the MAXTP, MAXTP at
different values of distances under the effect of 4 only.
MAXTP: Maximum Transmission Point
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Fig.4. Plot of Intensity (Ipp) at the output of Photo Detector
versus Modulation depth (5) for the MAXTP, MAXTP at
different values of distances under the effect of 5 only.
MAXTP: Maximum Transmission Point

In Fig.3, we plotted the output intensity of photo detector
versus modulation depth (8) with due consideration of 4*
dispersion parameter. In this case, at L = 10 km better
performance occur. Here, the notch occurs at point (1.42, -64.67)
for L = 20 km. In Fig.4, we plotted the output intensity of photo
detector versus modulation depth (8) with consideration of 4°
dispersion parameter. In this case, the better performance take
place for L = 10 km and L = 25 km. Here, we again get two
notches at points (1.11, -71.56), (1.9, -57.24) for L = 15 km and
L = 20 km, respectively. Summary of result for different
dispersion parameters for MAXTP, MAXTP condition is shown
in Table.1. It has been found that the output intensity of photo
detector reduces by the combined effect of &2 + /£ + ' + £ and
the dominating dispersion parameter is /°.

Table.1. Comparison of Intensity (Ipp) At the output of Photo
Detector at Different Modulation Index () With Combined
Effect of Dispersion Parameters for MAXTP, MAXTP Case

Dispersion Length of lep (dB)] lpo (dB)
- . with with
parameters |Fiber in km p=18| p=2
10 -32.18 -25.1

15 -48.68 | -43.26

FrB+B+F 5 2837 | -17.95
25 -19.04 | -19.61

10 -15.33 | -8.496

15 -35.15 | -34.29

Fonly 20 2819 | -14.99
25 -24.78 | -16.58

10 -26.02 | -18.18

15 -42.58 | -13.31

Fronly 20 1728 | 26557
25 -16.01 | -17.23
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3.2 MAXTP, MINTP

The Fig.5 shows the combine effect of g2 + £ + ' +
dispersion parameters on the microwave generation using two
cascaded MZMs operating in MAXTP-MINTP condition. Better
performance occur at L = 10 km. We observed that for L = 25 km
the response is similar to the Band pass filter and get single notch
at point (1.06, -84.55).
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Fig.5. Plot of Intensity (lpp) at the output of Photo Detector
versus Modulation depth (8) for the MAXTP, MINTP at
different values of distances under the combined effect of 5 +
£+ + £ MAXTP: Maximum Transmission Point, MINTP:
Minimum Transmission Point

In Fig.6, we plotted the graph of output photo detector
intensity versus modulation depth (8) with due consideration of 4
term only. Response is similar to the bandpass type response for
all fibres. So we can say that fourth order dispersion parameter
alone is dominating dispersion parameter for this case.
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Fig.6. Plot of Intensity (Ipp) at the output of Photo Detector
versus Modulation depth (5) for the MAXTP, MINTP at
different values of distances under the effect of 4 only.

MAXTP: Maximum Transmission Point, MINTP: Minimum

Transmission Point
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Summary of result for different dispersion parameters for
MAXTP, MINTP condition is shown in Table.2.
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-201

40t

-60

-80r

lop (dB)

-1001 /

-1207;

-140 1

-160 1

08 1 12
Modulation depth (8)

180 I I I
14 16 18 2

0 0.2 04 06

Fig.7. Plot of Intensity (Ipp) at the output of Photo Detector
versus Modulation depth (5) for the MINTP, MAXTP at
different values of distances under the combined effect of /& +
B+ g+ F. MAXTP: Maximum Transmission Point, MINTP:
Minimum Transmission Point

We observe that the output intensity of photo detector
reduces by the combined effect of &2 + £ + & + /£ and the
dominating dispersion parameter is /".

Table.2. Comparison of Intensity (Ipp) at the output of Photo
detector at different modulation index (f) with combined effect
of dispersion parameters for MAXTP, MINTP case

Dispersion Length of |lpp (dB) with,|lpp (dB) with,
parameters Fiber in km p=138 p=2
10 -21.04 -11.12
F+f+ g+ f 15 -12.43 -12.99
20 -55.56 -28.46
25 -10.23 -42.24
10 -22.82 -8.342
15 -7.91 -5.407
fonly 20 -23.2 -10.78
25 -11.6 -13.95

3.3 MINTP, MAXTP

In Fig.7, we have shown the combine effect of &2 + £ +  +
/A dispersion parameters on the microwave generation for
MINTP- MAXTP condition. Figure shows that we not get any
notch and best response occur at L = 10 km. So we can say that
dispersion has little effect on microwave generation for MINTP-
MAXTP condition. Fig.8 shows the output photo detector
intensity versus modulation depth with consideration of #* term
only. Best response occur for L = 15 km and also we observed
that no notch occur for this case.
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Fig.8. Plot of Intensity (Ipp) at the output of Photo Detector
versus Modulation depth (8) for the MINTP, MAXTP at
different values of distances under the effect of 4 only.
MAXTP: Maximum Transmission Point, MINTP: Minimum
Transmission Point

Summary of result for different dispersion parameters for
MINTP, MAXTP condition is shown in Table 3. It is found that
the output intensity of photo detector reduces by the combined
effect of &£ + £ + '+ /£ From the Figs.(7-8), we can say that
dispersion parameter has little effect on microwave generation
for the MINTP- MAXTP case.
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Fig.9. Plot of Intensity (Ipp) at the output of Photo Detector
versus Modulation depth () for the MINTP, MINTP at different
values of distances under the combined effect of &2+ f* + & +
/. MINTP: Minimum Transmission Point
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Table.3. Comparison of Intensity (Ipp) at the output of Photo
detector at different modulation index (8) with combined effect
of dispersion parameters for MINTP, MAXTP case

Dispersion I__eng_th of IP\?Vi(fIhB) IP\?vi(tth)
parameters | Fiber in km
p=18 p=2
10 -2348 | -11.39
15 2879 | -16.7
FHB+B+P 30.54 | -27.44
25 -3338 | -21.28
10 2022 | -8.126
15 -14.44 | -2.343
B only 20 2259 | -10.5
25 -24.65 -12.56

3.4 MINTP, MINTP

The Fig.9 shows the combine effect of &2 + £ + £ +
dispersion parameters on the microwave generation using two
cascaded MZMs operating in MINTP- MINTP condition. We
observed that best response occur at L = 25 km and found that
response resemble to bandpass type response for both fibres
(L=15 km and L = 20 km). Fig.10 shows the plot of output photo
detector intensity wversus modulation depth (5) with due
consideration of 4* dispersion parameter. Here, better response
occur for L = 10 km and we observed bandpass type response for
both fibre of length L = 15 km and 20 km, respectively.
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Fig.10. Plot of Intensity (Ipp) at the output of Photo Detector
versus Modulation depth () for the MINTP, MINTP at different
values of distances under the effect of 4* only. MINTP:
Minimum Transmission Point
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Fig.11. Plot of Intensity (lpp) at the output of Photo Detector
versus Modulation depth () for the MINTP, MINTP at different
values of distances under the effect of 4° only. MINTP:
Minimum Transmission Point

Table.4. Comparison of Intensity (Ipp) at the output of Photo
detector at different modulation index () with combined effect
of dispersion parameters for MINTP, MINTP case

Dispersion Len_gth (:jplg) (:jplg)
parameters O;Cn':l'(tr’sr with with
p=18| p=2

10 -31 -51.11

15 -48.75 -39.7

B+ +3+F 20 -26.86 | -32.14
25 -19.02 | -18.28

10 -9.59 -15.73

15 -41.73 | -35.33

Fonly 20 | -27.65 | -26.27
25 -11.47 | -17.06

10 -26.51 | -19.36

15 -35.73 | -18.09

fonly 20 | 1679 | -22.63
25 -15.98 | -16.63

In Fig.11, we try to show that the plot of output photo detector
intensity versus modulation depth (8) with due consideration of &
dispersion parameter. Here, better response occur for L = 15 km
only and we observed bandpass type response for case of L = 15
km. Summary of result for different dispersion parameters for
MINTP, MINTP condition is shown in Table.4. It is found that the
output intensity of photo detector reduces by the combined effect
of £+ £ + B + fFand the main dominating dispersion parameter
is £
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4. CONCLUSION

In this paper, the detailed theoretical analysis of influence of
chromatic dispersion, Dispersion Slope, Dispersion curvature on
microwave generation using two cascaded MZMs is discussed.
It is observed that higher order dispersion parameters have
significant impact on microwave generation. The impact
decreases as the order of dispersion term increases. It has been
found that dispersion parameter has little effect for the case of
MINTP- MAXTP case. We observed that fifth order dispersion
parameter is dominating for the case of MAXTP-MAXTP and
MINTP-MINTP where as fourth order dispersion term is
dominating for the case of MAXTP-MINTP. We notice that
effect of dispersion can be reduced by increasing the modulation
depth from 1 to 2. According to the theory and simulation in the
paper, harmonics at the output of the photo detector is dependent
on the frequency and the combined effect of dispersion
parameters up to fifth- order dispersion parameter, which is
relevant to the fibre length.
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