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Abstract

Impact of Nonlinear Distortion in Radio over Fiber Systems with Single-Side Band and
Tandem Single-Side Band Subcarrier Modulations

Caigin Wu

In radio over fiber (RoF) systems there are two popular optical subcarrier modulations
(SCMs) which are single side band (SSB) modulation and tandem single side band
(TSSB) modulation. In TSSB modulation one optical carrier carries half of radio
frequency (RF) signal tones to lower sideband (LSB) and the reminder to upper sideband

(USB); while in SSB modulation all multiple RF signal tones in either LSB or USB.

We analyze the impact of nonlinear distortion considering one wavelength carrying two
RF signals. For small modulation depth TSSB and SSB SCMs lead to similar and very
small nonlinear distortion. Because harmonic distortions (HDs) and inter-modulation
distortion (IMDs) are strongly dependent on modulation depth, TSSB and SSB SCMs
lead to different nonlinear distortion if modulation depth is not small, depending on two
RF difference. To reduce nonlinear distortion for high modulation depth the two RF
difference of 1GHz is preferred for both TSSB and SSB SCMs because some nonlinear
distortions are dependent on the difference and sum of the two RFs and transmission
fiber. However for the larger RF difference, either small modulation depth or medium

modulation depth combined with minimum RF of 6GHz has to be used.

iii



Comparison of TSSB and SSB SCMs in DWDM RoF systems with 12.5GHz channel
spacing and two subcarriers uniformly distributed in the optical spectrum shows that
better performance is obtained using SSB SCM when small modulation depth is used. On

the contrary, TSSB SCM is better than SSB SCM when large modulation depth is used.
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Chapter 1 Introduction

Wireless communication, being the most convenient of communication systems,
continues to increase in popularity. However, disadvantages of wireless systems include
narrow bandwidth and limited frequency. In order to use the same frequency repetitively
and efficiently, the pico-cell wireless system is investigated [1]{2], since the average cell
is typically less than 400 feet in diameter, a large number of the base stations are required
for effective signal distribution over a given area. Future wireless networks, must
therefore require cost-effective technology for the transmission of radio signals from
central stations to base stations. A new technology was proposed to transmit the radio
signals through fiber optic systems starting from the central station and heading towards
the base stations. This is called radio over fiber (RoF) technology, which has been
investigated for mobile and personal communication and may be applied combined with

coarse/dense wave length division multiplexing (C/DWDM) [3]-[10].



1.1 Optical subcarrier modulation techniques in radio over fiber systems

In this thesis, radio frequency subcarrier transmitted by optic link is used for the purpose
of supplying broadband signals to a large number of base stations. One of the key parts of
the optical link is optical subcarrier modulation. We will focus on the investigation of two

main optical subcarrier modulations.

In fiber optic system, the standard optical channel space is 200GHz, 100GHz, S0GHz
25GHz and 12.5GHz. In order to use the optical fiber bandwidth efficiently, we consider
the optical channel space of 12.5GHz. We also use single side band modulation for
eliminating one side subcarriers, which save the bandwidth and thus more subcarrier
signals can be transmitted in one optical channel. Furthermore, in order to improve optic
spectral efficiency in transmission and reduce chromatic dispersion impact on
transmission, new modulation with one optical wavelength carrying two or more
subcarrier signals has been proposed [11]-[13]. Two different subcarrier modulations can
be used: tandem single side band (TSSB) modulation and single side band (SSB)
modulation. In TSSB modulation, one optical carrier contains half of Radio frequency
(RF) or frequency division multiplexing (FDM) signal tones allocated to low sideband
(LSB) and the reminder to upper sideband (USB); while in SSB modulation one optical
carrier can carry multiple RF or FDM signal tones in either LSB or USB, therefore the

spectral efficiency of both modulations can be the same.



1.2 Nonlinear distortion caused by optical subcarrier modulations

Since optical fiber transmission system has a good anti-interference ability, interference
from related environment or optical devices can be ignored. The main interference is
nonlinear distortion because of the optical subcarrier modulation. Both TSSB and SSB
modulations can be accomplished by using Mach-Zehnder modulators (MZMs), which
theoretically have a squared cosine transfer function in power. In other words, MZMs
have nonlinear transfer functions, resulting in nonlinear distortion which consists of
harmonic distortions (HDs) and inter-modulation distortions (IMDs). The IMDs can be
increased significantly when multiple radio frequency (RF) signals or frequency division
multiplexed (FDM) signals are carried by one optical carrier. Such nonlinear distortions
would considerably reduce receiver sensitivity and dynamic range [5], [14]-[16].
Intuitively, since the spectral efficiency of both TSSB and SSB modulations can be the
same, one might expect that two modulations might have the same nonlinear distortion.
However, nonlinear distortions in these two cases haven’t so far been carefully

investigated.

In these two modulations, nonlinear distortion between the RF signals is different either
in single optical channel or in multiple optical channel DWDM transmission system.
Even in same modulation for either TSSB or SSB with different optical modulation depth,
the nonlinear distortion will be different, considering one optical carrier containing two
RF signal tones using an MZM. We analyzed and compared the nonlinear distortions for
one optical carrier having both SSB modulation and TSSB modulation. Moreover,
interference due to nonlinear distortions in dense WDM systems was analyzed by

simulation.



1.3 Organization of this thesis

Chapter 2 provides the theoretical analysis of nonlinear distortion caused by the two
optical subcarrier modulations. We derivate the output signals for TSSB and SSB
modulations, and study the nonlinear distortion between two RF signals in the same
optical channel with different optical fiber length and optical modulation depth. Then we
also investigate nonlinear distortion from different optical channels, with different optical
modulation depth of 0.1, 1 and 1.7, and also compare the distortion interference between
the TSSB and the SSB modulations. Chapter 3 verifies the theoretical analysis in Chapter
2 by using simulations, and also compares nonlinear distortion of TSSB and SSB
modulations in DWDM systems. Then, Chapter 4 summarizes the thesis and a conclusion

is drawn.



Chapter 2 Theoretical Analysis of Nonlinear Distortion

2.1 SSB modulation in single channel radio over fiber systems with one

optical subcarrier

The ideal Mach-Zehnder modulator was used to get optical single sideband modulation,
Figure 2.1 shows the schematic structure of Mach-Zehnder interferometer type modulator.
RF signal is applied to both electrodes with 7/ 2 phase delay in one electrode, a DC bias
sets the modulator at a quadrature. This means that the DC in one arm is half of the bias

voltage and the other arm is put to the ground.

KO)=V+V,8@®

A 4

v

E, N\ e

V0=V, +V3g,®

Figure 2.1 The schematic structure of Mach-Zehnder interferometer type modulator.



The electric field for each arm corresponding to Figure 2.1 can be written as
E = %Eo exp(—iat +iAL,d) (2.1)
E, = %EO exp(—iot +iAf,d) 2.2)

The combined electric field is then given by

E=E +E, = —;—EO exp(— icot)cos[Aﬂ%A’B2 d:| exp{i(ﬂlz—é&)c{l (2.3)

Where Af, and Af, are the propagation constants in the two waveguide arms

respectively, and d is the length of the arm. In addition, we can obtain

ABd =7 VAIg/l(t) 2 2.4)
AB,d = n%(’—)m?i 2.5)

Where E, is the input optical signal, @ is the frequency of the optical signal, V', and
V, are the constant driving voltages for the two arms, V: and V; are DC bias
voltages. g,(t) and g2(t) are modulated signals, ¥, is the voltage inducing a =

phase shift in each arm of the MZM.

Since RF signals at the two electrodes of the MZM modulator must be a Hilbert
transform pair, which means that one of two RF signals has to pass through a 90°
phase shifter and the modulator is DC biased at a quadrature point of the nonlinear
electrical to optical transfer curve of the modulator to avoid second-order nonlinear

distortions. We set g,(t)=V,cosQt , Q is radio frequency of RF signal,



g(t)=V, cosQt through a 90° phase shifter and the signal is
g, (t) =V, cos(Qt +§) =—V,sinQt. Letusset V, =V, =V, V= %Vﬂ. Then we put
g (t)=Vm cosQ and g, (t)= -V, sin Q¢ into equation (2.4) and (2.5), then with

equation (2.3), (2.4) and (2.5), we get the modulated optical signal from the MZM

modulator

E=F +E,= —l-E0 exp(—ia)t)cos Vot cosCu + 2 —Msinﬂt exp| Vol cosQ + 2+ 1 sin X
2 2y, 4 2F 2V, 4 2

F2 3 k2

(2.6)

If we define optical modulation depth &7 = %ﬂ' , according to the Bessel function, then

T

(2.6) becomes
E= %{\/—fJO (fﬂ)cos(cot + %) —2J,(ér)cos(w + Q)

+ \/EJZ (cfrr)(cos(a) + 2Q)r + cos(a) - ZQ)t)+ 2 cos((a) - 3Q)t)+ } 2.7)

After photo detector, the current is given by

E

out

I=Rn P x MTEOI{]OZ(@)J«/EJO (&), (fﬁ)cos[Qt —%)

++2J,(é7), (éﬂ)“{m"‘%j

— 227, (Ex)J,( 7z)sin(3Qt+Z—j+o" } (2.8)

The optical spectra corresponding to (2.7) are shown in Figure 2.2 (a), and the electrical

spectra corresponding to (2.8) are shown in Figure 2.2 (b).
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Figure 2.2 (a) the optical and (b) electrical spectra of the single side band modulation.

In the optical spectra diagram in Figure 2.2 (a), there are optical carrier, single side
subcarrier RF, and HDs at £2Q and—-3Q in frequency. MZM modulator will generate

harmonic distortion HDs if one optical wavelength carries one RF subcarrier.

2.2 TSSB modulation in single channel radio over fiber systems

In order to use both upper and lower sidebands of the optical carrier, one optical
wavelength will carry two or more different RF subcarriers, half of subcarriers are
located in LSB and the reminder in USB. We analyzed one optical carrier containing two
RF subcarriers without loss of the generality. Two sets of the data modulated by the
microwave carriers are simultaneously applied, with both signals delayed for 90° and

combined through a 4-port and 90° RF hybrid. This means that RF1 signal is combined



with 90° delayed RF2 signal, and RF2 signal is combined with 90° delayed RF1
signal. Then these two combined signals were injected into two ports of the MZM

modulator. The principle diagram of TSSB is shown in Figure 2.3.

DC bais

gz(t)
Laser /, MZM >-_>
Ee ™ Out put signal

90°

A 4

RF1
V. cosCt

RF2 0
V cosQtf—> 9

Figure 2.3 The principle diagram of TSSB modulation.

In Figure 2.3, input signals in both ports are the combination of two RF signals. RF1

signal is ¥, cosQ,¢ and the RF2 signal is V, cosQ,t, and each of the RF signal is

separated to two parts and one of the part is 90° phase delayed; then they are combined

together, i.e.



g (t) =V, cosQit+V, co{ta +—72—[-j =V, (cosQlt - siant) (2.9)

g, (t) =V cosQ,t+V, cos(Q,t + %) ==V (sin Q¢ —cos ta) (2.10)

Optical carrier signalis  E,, = Ee '™ (2.11)
From the detail derivation given in Appendix, we obtain the output electric field from the

MZM modulator as follows:

E, - %{ﬁJoz(fﬁ)cos(a)t +§j_zjo (0, (& )oos(ar + 4t~ 27, (€ ), (€ )sin(or - 2y)
B er)sin] o0+ (@, -0 -2 )R r)sin{ ot - (@, -0

+J§J12(gn)sin(ax+(92 +Q1)z+%]—«/5J12(k)Sin("’t -@ +Qz)t+%)

~2J,(&r)J, (&x)cos(ax — (2, +Q,)t) +2J, (éx) J, (éx) cos(ax - (2, -Q,)1)

+2J,(&n), (Ex)sin(ar + (29, +Q, )+ 2J,(Ex )/, (éx)sin(er +(2Q, - Q, ))

N Yoo o+ 20,2 (5 r)eof 201

—2J,(Ex ), (§7r)cos(a)t +2Q,¢ —%} ~2J,(Ex ), ”)COS(“” —2Q,t - %}

—2J2( ﬂ)cos(a)t +2(Q, -Q, ) + %j -2J( ﬁ)cos(a)t -2(Q, -Q, )+ %j

_2J,(en), (f;r)sin(a)t +(30, -Q, ) —%j— 2J,(¢7)J, (én)sin(wt - (0, -Q,) —%)

+2J,(éx)J, (§ﬂ)cos(a)t - 3Qlt)+ . } (2.12)

where J,( ) is the Bessel function of first kind, k=0, 1,2,3 ..., and &=V, [V, is

10



optical modulation index, ¥V, - RF modulation voltage at two arms, and ¥V, - the
voltage inducing a 7 phase shift in each arm of the MZM. In (2.12), the first term
represents the optical carrier, the second and third terms are the USB subcarriers and LSB
subcarriers which carry different RF data, and all others are either IMDs or HDs. The
IMDs occur at —(Q,-Q), (@,-Q), -(2Q,-Q), 20-Q,), (Q+Q,),
- +9Q,), -02Q,+Q), 2Q+Q,), 2Q,-Q), -2Q,-Q), (3Q,-Q,) and
~-(3Q,-Q,) etc; and the HDs occur at 2Q,, -2Q,, 2Q,, -2Q,, -3Q,, and 3Q,
etc. In order for better knowing HD and IMD frequency locations relative to the two
optical signal subcarriers, let us consider a case of Q, =4GHz, and Q, =7GHz without
loss of the generality. Thus, we obtain -_F(Q2 —Q,)= +3GHz, +2(Q,-Q,)=+6 GHz,
-(2Q,-Q,)=-10 GHz, (2Q,-Q,)=1 GHz, +(Q, +Q,)= +11 GHz, +2Q, =+8 GHz,
and +2Q, =+ 14 GHz etc. If optical channel spacing of 12.5 GHz in DWDM is
considered, nonlinear distortions with frequencies of beyond channel pass-band are
supposéd to be suppressed by optical filtering. Therefore, nonlinear distortion may be
introduced from IMDs at -(2Q,-Q,), +2(Q,-Q,), £(Q,-Q,) and (2Q,-Q,), and
from HD at +2Q, for the above case. Note that when  Q, =Q,, -(2Q,-Q,)=-Q,=Q,,
(2Q,-Q,)=Q,=Q,, these two IMDs are overlapped with the two RF subcarriers, and
thus the worst nonlinear distortion occurs. However, some IMDs and HDs will not be
suppressed by optical filtering because they are close to the two RF subcarriers and
within the pass-band of DWDM multiplexer. If we only consider the IMDs and HDs

which are not possible to be suppressed by optical filtering, the output electric field after

11



transmission over optic fiber with a length of L is given by

E, = %{\5 Jy (é;r)cos(a)t +%) -2J,(¢r)J, (fﬂ')cos[a)t +Qt-BQL —%ﬂfoL}
~2J,(&n)J, (§7r)sin|:a)t —Q,t+ ,BIQZL—% ,BZQjL}
+2J7(En sm(a)t+ Q,-Q )t——-—ﬂl(Q -Q )L——,BZ(Q -Q, VL

2.7 é‘izsm(wt -(Q, Q)t——+,Bl(Q —o)-1 ,BZ(Q Q)L

+2J,( §7z’)s1n(a)t+(§2 +Q t+——,81( +QI)L—%,82(Q2+QI)2L
~2J . (r sm[a)t @ +Q)t+ +4(Q, +Q)L——,BZ( ,+Q )L

2, eV (emJoos -2, -+ 4260, ~0)L -1 5,00, -0 L
—2J,(&x)J,( ﬂ')sin(a)t —(20,-Q, )+ 420, -Q,)L —% 5,20, —QZ)ZLJ

+J20,(Ex ), (fﬂ)cos(a)t +2Q ¢ —-;5 ~280Q,L —-ZﬂzﬂfLJ
+~2J,( ﬂ)Jz(fﬁ)cos(wt—2Qlt—%+2ﬂlQlL—2ﬂ2§2fLJ
+ 2J22(§7z')cos(a)t +2(Q, - Q) +%- 26,(Q, -Q,)L-28,(Q, - Q])ZL)
+2J3( ﬂ)cos(a)t—Z(Qz —Ql)t+%+2ﬂ](92 —Q)L-25,(Q, —QI)ZL)

U n>J3<:7z)sin[a»+(ml ~a.¥-Z-2460,-0,)1-1 5,60, —thj
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- 2J1 (:”)Js(‘f”)sm(a” - (391 - Qz)t - % + zﬂl (391 - Qz)L - %ﬂz (391 - Qz )ZL)

+2J,(&n ) ( ﬂ)cos{a)t —-3Qt+34Q,L —% [ggfz;} (2.13)

where S and f, denote the first and second derivatives of the propagation constant
with respect to the optical carrier frequency respectively[17] [18]. The propagation phase
shift AL for each optical subcarrier term is different due to the change in the refractive
index as a function of the frequency, the subcarrier signal propagates in a fiber link with a
group velocity 1/f,, and the fiber dispersion D is related to the chromatic dispersion
parameter B, by D =-2mcf,/A’, where A is the operating wavelength and c is the

velocity of light in vacuum. The optical spectra for the electric field in (2.13) are shown

in Figure 2.4 (a) for the case of Q,=4GHz and Q,=7GHz.

By photo-detection, the current corresponding to the electric field (2.13) is expressed by

I=RnE

out

“n % {‘104(5”)_ 2‘/5‘]03 (577)‘]1 (f”)cos(glt -5QL _%ﬁzgf[/ —%j

~23273 (Ex ) ( ﬂ)sin(ta— ﬁIQZL+% ﬂ29§L+%)

42, () @ lsin 3 .0, -0 L sinl0, -+ 40,00
- 4'Jo2 (5”)‘]12 (‘f”)cos(% B, (Qz +Q, )2 Lj Sin[(Qz +€Q, )t + (Qz +Q, )L]

- 4J02(§7Z')J12 (fﬂ)sin[(Qz + Ql)t -5 (Qz +Q )L +%ﬂ2 (Q; -Q] )L)
- 2‘/EJOZ (4:”)‘]1 (f”)Jz («f;r)sin((ZQl - Qz)’ -5 (291 - Qz)L _%ﬁz (291 . QZ)ZL + %)

13



+ 242, (Ex ), (Ex)cos ZQlt———Z,BlQL 28,0 Lj

+2+/2J,(En), (En cos(ZQt+ +28Q,L+25,0 ZL)
(

+4J,2(En)2 (En)sin(2,(Q, -0, P L)sin(2(Q, - Q) -28,(Q, - ©,)L)

+40,(En ) (ER W, ), (En)eos(2(Q, - 0 X - 28, -0, )L 28,29 -7~ 0,0, )

-4 r)sin 00, -0 L sin(00, - 2, -24,60,-0,)1)

—22J3(Ex ), (f;r)cos(?ant -38Q,L +-z- B, +-Z-) (2.14)

The electrical spectra corresponding to (2.14) are shown in Figure 2.4 (b) for the case of

Q,=4GHz and Q,=7GHz. Note that the HD at 2Q, and IMD at 2(Q, —Q,), which are
closer to the RF signal at Q,, and IMDs at (2Q, -Q,) and (Q,-Q,), which are closer

to RF signal at Q , are dependent onboth €, and Q,.

14



Electrical power

(b)

Figure 2.4 (a) Optical spectra corresponding to (2.12) and (b) electrical spectra corresponding to
(2.14), for one optical carrier having TSSB modulation with two optical signal subcarriers at

Q =4and Q,=7GHz.

Case 1: Suppose that Q, =Q, +3GHz, if Q,= 4GHz then we have Q,= 7GHz. Note
that frequency €, cannot be beyond 7GHz and thus €, is less than 10GHz which is
not beyond pass-band of the optical channel spacing of 12.5GHz. If nonlinear distortions
are separated in frequency far away from the RF signals, they can be removed by
electrical filtering even though such filtering only reduce interference to some extent and
does not significantly improve receiver sensitivity. Moreover, very narrow-band electrical
filtering does not result in a significant performance improvement. Without loss of

generality, we assume that an electrical band-pass filter is used to reduce interference

15



with a 3dB bandwidth of 2GHz. It is seen that for small Q, and €, more nonlinear
distortions are closer to two RF signals. Thus electrical filtering may not be helpful to

reduce them. Figure 2.5 shows the frequency locations of the IMDs and HDs with respect
to the frequencies Q, and Q, for Q,=Q +3GHz. When Q, < 5GHz, HDs and

IMDs at (2Q,-Q,) (Q,-Q,), 2Q, are closer to RF subcarrier at Q,; while 3Q,,

(@, +9Q,), 2Q,-Q,) are closer to RF subcarrier at Q,. When 5GHz <Q, < 7GHz,

HDs and IMDs at (2Q,-Q,) (Q,-Q,) 2(Q, —Q,) are closer RF subcarrier at Q;

while 2Q, is closer to RF subcarrier at €2, .

20

15

1020 — )4

Frequency [GHZz]

Frequency Q1 [GHz]

Figure 2.5 The HDs and IMDs frequency locations with respect to RF signals at €, and Q,,

in which Q, =€, +3 GHz is supposed.

16



To study the impact of nonlinear distortions due to HDs and IMDs with fiber dispersion
impact, we calculate the noise-to-signal ratio (NSR) to estimate the impact of nonlinear
distortion. The reason why we use NSR (instead of the signal-to-noise ratio or SNR) is
because nonlinear distortion is noise-like in the system, therefore, NSR is much fit for
expressing nonlinear distortion in this system [7]. Based on (2.14), NSR is given in Table
2.1 for different RF frequencies €, and €,. It is assumed that if nonlinear distortions
are out of 12-GHz frequency pass-band, the nonlinear distortions can be removed by
optical filtering, and thus that nonlinear distortions are not considered. However, due to
limited pass-band of DWDM multiplexer optical carrier and two signal subcarriers may
be suppressed. For TSSB modulation, two optical signal subcarriers may have a larger
suppression because one of the two optical signal subcarriers is located in one side of the
optical carrier and the other in the other side of the optical carrier. Therefore, this
suppression is equivalent to decrease of optical modulation index. However, in our
analysis we do not consider this suppression of optical modulation index. As shown in
Figure 2.4 (b), there are a number of HDs and IMDs in the electrical domain, which
degrade both RF signals. One method to show nonlinear distortion impact is to use the
ratio of HD or IMD to RF signal in power. Thus there are several ratios for different HDs
and IMDs; and it is impossible to have an entire picture of nonlinear distortions. In this
thesis, it is assumed that two electrical filters are used to extract the RF signals. We also
assume that the electrical filter has 3-dB bandwidth of 2GHz. If nonlinear distortions are

within 2GHz pass-band for each RF signal, the nonlinear distortions are considered in
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calculation of NSR for that RF signal.

Table 2.1 NSR for one optical carrier having TSSB modulation with different combinations of

Q, and Q, and Q, =Q +3GHz.

o o Nonlinear distortion Nonlinear distortion RF RF
1 2
oz | GHz frequencies for Q frequencies for Q, Q Q,
NSR NSR
1 4 2Q,, (Q,-2Q)) 30,(Q,-Q,), @,+Q,) | NSR, | NSR,,

2 5 1(Q,-9), (@,-2Q) | 39, 29, 2(Q,-Q,), | NSR, | NSR,,

3-5 | 6-8 (Q,-Q) 2Q,, 2(Q,-Q,) NSR,, | NSR,,
6-7 | 9-10 2(Q,-Q) (6, -Q,) NSR, | NSR,,
NSRs are given by
NSR, = IOIOgI: 2J5(¢x )z (en )Sirzlz(zﬂz?sz)Jf A ﬂ)} (2.152)
HEQYHED)

2J; (é‘n)sinz(% B(Q, -, )ZLJ +2J) (f”)smz(%ﬂz @ +) L)+ Joem) (¢n) (2.15b)

NSR,, =10log

VHEVHES
273 ﬁ)sinz(l 5, —QI)ZL)+J22( )
NSR,, =10log 2 ) (2.15¢)
NSR,, =10log YHEDA n‘)sinz(ZQfL)+2J;( )+ Jo(Ex )3 (er) (2.15d)
» VHEHED)
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25(ex)E(emsin’{ 5 4.0, - L)+ a2 em1er)

NSR,, =10log TG (2.15¢)

NSR, =10l0g| Je€7V2 @gjﬁfgﬁ 2J; (fﬂ)} (2.150)

NSR,, =10log Jé(fn)J;‘(fn)sinz(2/32(5326;)2}22(;)5 2J;(gn )3 (En)J3 6r) 2.15g)
277 (fzr)sinz(l 5,69, —QZ)ZL]

NSR,, =10log 2 (2.15h)

Je(¢r)

Suppose that fiber has chromatic dispersion of 16 ps/ (nmkm) , we calculated NSR for
optical modulation depths of &z = 0.1, 1.0, and 1.7, and optical fiber lengths of 0, 25 and
50km, respectively, which are shown in Figure 2.6. It is seen that for £x of up to 1.0,
NSR for RF1 subcarrier is always below -16 dB, as shown in Figure 2.6 (a) and (b).
Moreover, for small modulation depth like &7z =0.1 in Figure 2.6 (a) NSR is independent
of RF frequencies. With the increase of modulation depth like &7 =1 and 1.7 in Figure
2.6 (b) and (c) NSR increases with fiber length and Q, of up to 8GHz. Particularly,
when &7 =1.7, NSR is increased to -8 dB for fiber length of 50 km and €, of between
6 and 8 GHz. In Figure 2.6 (d), (¢) and (f) we calculated NSR for RF signal at Q, with
Q,=Q,+3GHz. It is observed that NSR is decreased with the increase of Q,.If &z=1

or beyond, €, has be to beyond 9GHz if NSR of -20 dB or less is required.
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(e) ®
Figure 2.6 Calculated NSR for one optical carrier having TSSB/SCM with modulation depths

of ¢7=0.1, 1.0, and 1.7 and fiber lengths of 0, 25, and 50 km. NSR of RF signal at €, with (a)
Er=0.1, (b) &7 =1.0, and (¢) £x=1.7, and NSR of RF signal at Q, with (d) £z =0.1, (e)

émr=1.0, and (f) &7 =1.7, and an initial Q, =1 GHz used. Q, —€, =3 GHz is assumed.
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From Figure 2.6, we can know that NSR is strongly dependant on optical modulation

depth &7 . Here we analyze the relationship between NSR and modulation depth ¢,

we set the optical fiber length L=50km, Q =4GHz, Q,=7GHz, and &7 is changed

from 0.1 to 1.7. Figure 2.7 shows that the NSR is increased when the modulation depth
&n increases both for RF1 and RF2.
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Figure 2.7 NSR vs. modulation depth for (a) RF at Q, and (b) RF at Q,, after optical fiber

transmission distance of L=50km, where €2 =4 and €, =7GHz are used. Black/dotted line

indicates NSR by the theoretical analysis/simulation.

Case 2, when Q, =Q +4 GHz, NSR will be almost the same as Case 1 with
Q, =Q, +3GHz when subcarrier Q, is less than 4GHz, however the worse case will
happened at Q, =4 GHz, the IMD Q,-Q, =4 GHz will overlap with Q, and
2Q, =Q, will overlap with Q,. NSRs will be the same as Case 1 after Q, is bigger

than 5GHz.
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Case 3, when Q,=Q, +2GHz, NSR will be almost the same as Case 1 with
Q, =Q, +3GHz, but some HDs or IMDs will be closer to the optical subcarriers when
Q, is from 1GHz to SGHz, (e.g. if €, =1GHz, and Q,=3GHz, then 2Q, =2GHz is also
close to the RF2, if Q,=2GHz, and Q,=4GHz, then 2 Q, =4GHz will overlap with the

RF2).

Case 4, when Q, =Q, +1GHz. It is analyzed in the same way as Case 1. Figure 2.8 (a)

shows the optical spectra and Figure 2.8 (b) shows the electrical spectra, where we

assumed the Q =3 and Q,=4GHz.

LSB USB

22



}C power

RF1 RF2

Q, -Q, 20,-0)

Electrical power

(b)

Figure 2.8 (a) Optical spectra corresponding to (2.12) and (b) Electrical spectra corresponding

to (2.14) for one optical carrier having TSSB modulation with two subcarriers at €2 =3GHz and

Q,=4GHz.

Figure 2.9 shows frequency locations of nonlinear HDs and IMDs with RF1 and RF2
subcarrier frequencies. For Q, =Q, +1GHz, it is seen that the HDs or IMDs exist only
in one side of each optical subcarrier and there is no HD or IMD between these two
subcarriers. In the frequency distribution, the HDs and IMDs at (2Q,-Q,) and
(Q,-Q,) are closer to Q,, and (Q, +Q,), (2Q,-Q,) and 2Q, are closer to Q,
when €, is less than 3GHz. But for Q, equal or bigger than 3GHz, the interference
for RF1 subcarrier is (2Q,-,), and the interference for the RF2 subcarrier is

(20, -,).
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Frequency [GHz]

Subcarrier-1 frequency Q. [GHz]

Figure 2.9 HDs and IMDs frequency locations with respect to RF signal frequencies €, and

Q, with Q, -Q, =1 GHz.

Suppose the same optical filter is used as in the case of Q, =Q, +3 GHz. The HDs and
IMDs for different optical subcarrier frequencies Q, and €,, which introduce
distortion, are shown in Table 2. Correspondingly, NSR expressions are also given in
Table 2.2. But the 3dB bandwidth of the electrical band-pass filter is 2-GHz and only

considering the HDs and IMDs as nonlinear distortion.
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Table 2.2 NSR for optical carrier having TSSB modulation with different combinations of Q,

and Q, with Q, ~Q =1GHz

0 O Distortion frequency to Distortion frequency to RF RF
1 2
Q, [GHz Q, [GH Q Q
[GHz] | [GHZ] [GHz] . [GHz] | 2
NSR | NSR
! 2 @, -9,),29, 20,, 3Q,, (@,+9,),| NSR,, | NSR,,
(292 - Ql)
g : (Qz 'Ql)’ (Qz - 291) ’ 2Q,, (292 - Ql) NSR,, | NSR,,
>0 410 (Qz - 291) (292 - Ql) NSR,, | NSR,,
NSRs are given by
I o1
27, gm0 -V L+ 72 (e 2 )
NSR,, =10log (2.16a)

Jo(&n)J ! (én)

2 er)eos’( 3 4,0, + 2 L] S3(er )2 em) s S er)3er)

(2.16b)

NSR,, =101log

VHERED

20, e Join?( 3 42, - QY L |+ S 2 er)

NSR,, =10 log

VHEVH )

VHEIH D

M%ﬁmqﬁwmm%ﬁwmwo

2
(]

NSR,, = NSR,, = IOIOg{

J3(ér)

)

|

(2.16¢)

(2.16d)

(2.16€)
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Suppose that the fiber has chromatic dispersion of 16 ps/ (nm-km), we calculated NSR
with optical modulation depths of &z = 0.1, 1.0, and 1.7, and optical fiber lengths of 0,
25 and 50 km, which are shown in Figure 2.10 respectively, (a) is the NSR for subcarrier
at Q, and (b) is the NSR for subcarrier at Q,. From Figure 2.10 (a), NSR for RF1 is
changing with subcarrier frequency, modulation depth and fiber length when Q, <3GHz,
however NSR does not change with RF frequency or fiber length when Q, equal or
bigger than 3GHz, and it is around -33dB when the optical modulation depth &z =0.1. In
the same way, NSR for RF2 is not changed with RF frequency and optical fiber length L
for Q,=4GHz or higher in Figure 2.10 (b). Compared with Case 1, the nonlinear

distortion in this case is smaller than Case 1.
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R S N S S S ] — sk ]
- e ; 3 s - @
% " ' : : : h 3
B T U PO SHO OO SOOI UUP RO USSR -10f.
- -or H ! : 1 N
[ N : i : h [
g I ]
E 15E E-15E
8 8
w 20fF w -20
@ @
' L - L 3
14 [ ; [+ 4
[ F : (2}
4 -30} Z.30[.
a5 i 1 b [, 35 s s
° 2 4 6 8 10 0 2 4 6 8 10 12
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(@ (b)

Figure 2.10 NSR vs. optical subcarrier frequency for (a) €2, and (b) €2,, with optical

modulation depths of &7 =0.1, &7 =1.0, and &z =1.7 and optic fiber lengths of 0, 25, and 50
km, (Bold black line, dotted line and tiny line indicate L=0, 25km and 50km). The relation of

Q, —Q, =1GHz is assumed.
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2.3 TSSB modulation in DWDM radio over fiber systems

In Section 2.2, we considered nonlinear distortion caused by the two RF signals in the

same optical channel.

Then we analyze nonlinear distortion induced by TSSB modulation in DWDM systems
[11][20]-[23], since in DWDM systems, there will be many optical channels transmitted
in one optical fiber, we use four continual optical channels as an example to analyze
nonlinear distortion from the other optical channels, and each optical channel still carries
two RF subcarriers. In practical systems, subcarriers may be distributed in the optical
channels evenly, we chose the optical channel space of 12.5GHz so that we can use the
optical fiber bandwidth efficiently, thus the frequency of the subcarrier must be less than
5GHz. In order to avoid channel interleave, we set the frequency of the RF subcarrier to
4GHz. So in the central station, the data signal is modulated to 4GHz radio frequency,
after that, the RF signal is imposed onto the optical carrier, then it can be transmitted to
base station. The principle diagram of DWDM radio over fiber system is shown in Figure

2.11.
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Figure 2.11 The principle diagram of DWDM radio over fiber systems.

The optical channel space is 12.5GHz, the RF frequency is Q, =Q,= 4GHz, the
frequency difference between the upper-band subcarrier RF1 of the first optical channel
and the lower-band subcarrier RF2 of the second optical channel is 4.5GHz, the optical

spectral distribution is shown in Figure 2.12, when HDs or IMDs are not considered.

©
0
0
0
0
0
0

4 GHz 4.5 GHz

Figure 2.12 The optical spectrum of TSSB modulation in DWDM system

However there are higher-order HDs to interfere the adjacent optical channels. See
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Equation (2.12), we use an optical filter with 3dB bandwidth of about 12GHz, then the
HDs such as 3Q,, 3Q, or higher-order HDs will be filtered out, and thus we do not
consider these distortions.

Besides the nonlinear distortion from the same optical channel, there is nonlinear
distortion caused by HDs at +2Q, and *2Q, from the neighbor optical channels. The
frequency of the RF1 subcarrier is Q, =4GHz, the frequency of HD is 2 Q, =8GHz, and
the optical channel space is 12.5GHz, then the HD at £2Q and +2Q, are 8GHz away
from their own optical carrier, but they are near the RF signals of the adjacent optical
channels. We use the second optical channel as an example, the second-order HD
frequency of the subcarrier is 8GHz, +2€, and +2Q, are close to the RF1 subcarrier
of the third optical channel, —2Q, and —2Q, are close to RF2 subcarrier of the first
optical channel. The frequency difference between the subcarrier and the HDs is 0.5 GHz.
If we use the optical filter, it is difficult to completely filter out these HDs, due to

non-perfect DWDM filters. The optical spectrum is shown on the Figure 2.13.

A 4

/13
GHz
12.5GHz
2Q,,2Q0,
Q, Qi 9| 9o Q, /

4.5GHz

Figure 2.13 The optical spectra with the HDs from the neighbor optical channels in the TSSB
modulation in a DWDM system.

A
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From the above example, we know that this second optical channel will cause nonlinear
distortion to its neighbor optical channels, i.e. the first and the third optical channel. Now
we still use this second optical channel as the example to analyze the nonlinear distortion

from the neighbor optical channels.

According to Equation (2.12), the HDs at +2Q, and +2Q, from the first optical
channel are 0.5GHz away from the RF1 subcarrier of this second optical channel. In the
same way, the HDs at —2Q, and —-2Q, from the third optical channel are 0.5GHz
away from the RF2 subcarrier of the second optical channel. Suppose these HDs are
suppressed by 90% after the optical filtering. Other optical channels get the same
interference from the adjacent optical channels. The nonlinear distortion and NSR of

TSSB modulation in a DWDM system is shown in Table 2.3.

Table 2.3 NSR for one optical carrier having TSSB/SCM/DWDM modulation with €, =Q,

=4GHz and the optical channel space is 12.5GHz.

o o Nonlinear distortion Nonlinear distortion RF | RF

1 2
cHz | GHz frequencies for € frequencies for Q, Q Q,
NSR | NSR
4 4 2Q, and 2Q, from 2Q, and 2Q, from NSR, | NSR,

neighbor optical channel, | neighbor optical channel,

(291 - Qz) (202 - Ql)
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NSR, = NSR, = lOlog[O'OAJ 0 (5”}{222”’;3?(‘72()5”)‘]22( ”)] 2.17)

We consider that the HDs from the neighbor optical channels are reduced to 10% after the
optical filtering. Suppose that fiber has chromatic dispersion of 16 ps/(nm-km), we
calculate NSR for optical modulation depths of &zr= 0.1, 1.0, and 1.7, and we get the

NSR as in Table 2.4.

Table 2.4 NSR for RF1 and RF2 with different modulation depth &7 .

4 NSR for RF1 and RF2
0.1 -24dB
1 -20dB
1.7 -17dB

From the above analysis and Table 2.4, we can know that for &z = 0.1, the nonlinear
distortion for both RF signals is only -24dB, because modulation index is 0.1 and the
signal ¥, is very small, about 0.159V if we set ¥, to 5V, so the HDs or IMDs are very
small. For £z =1, the nonlinear distortion from both RF signals still can be ignored, the
signal V, will increase to 1.59V, the HDs and the IMDs are also increased, but their
impact is not big. For &z = 1.7, the signal V, is increased to 2.71V, the HDs and
IMDs are largely increased, and nonlinear distortion is considerably increased, which is

verified by simulation.
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2.4 SSB modulation in single channel radio over fiber systems

The other optical modulation is that one optical wavelength carries two or more RF
subcarriers in the same sideband, i.e. upper or lower band. It is called single side band

modulation (SSB).

We still use an MZM to generate the SSB modulation. Two sets of the data carried by the
microwave carrier. These two RF signals combined and injected to one port of MZM
modulator; both signals delayed for 90° combined and injected to another port of the
MZM modulator. A DC bias voltage is also applied to one electrode while the other is
grounded. When a CW electric field of E,e™’™, w-optical carrier frequency, is injected

into the MZM as Figure 2.14, we have
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Figure 2.14 The principle diagram of SSB modulation.
g.()=V,(cos Q,t+cos Q,t) (2.18)
2,()=V, cos(Qlt +7/ 2) +V, cos(QZt +7/ 2) ==V, (sin Q,t+sin ta) (2.19)
—jar
E, =Ee” (220)

For the detailed derivation in Appendix, we get the output electric field due to subcarrier

modulation,
E, = £ V27 2(4‘7r)cos(a)t +£j
out \/5 0 4

-2J, (g%)‘]1 (cfﬂ)cos(a)t + Qlt)— 2J, (&7 ) (ér)cos(wt + Q)

N ﬁjlz(gﬂ)cos(at +(Q, -0 ) - %j + «/Ele(é‘ﬂ)cos(a)t —(Q,-Q,)- %j
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_\a le(gyz)cos(at +(Q, +Q, ) +%j -2 (k)cos(a)t (@, +Q, ) +%J

+2J,(&7)J, (f;z)cos[cot +2Q,1 -

-blhl

j+«/5JO (&), fiz')cos(at 20 t—zj

+~27,(&n)J, (é‘zr)cos[a)t +2Q,t - Z—j +2J,(£x)/, §7r)cos[a)t 2Q,1 - Z)

+2J, (&7 )T, (Ex)cos(at — (29, + Ql)t)+ 2J, (fir)JZ (fﬂ)cos(a)t +(2Q, -Q,))

+2J, (fﬂ)Jz( ﬂ)cos(wt - (ZQl + Qz)t)+ 2J1( 7:)J2 (cfﬂ)cos(a)t + (ZQ1 -Q, )t)
+2J} (§7r)cos(cot + 2((22 - Ql)t + %) + 2J22( 72')008(0)1 - 2(92 - Ql)t + %j

oy ﬂ)J3(§7r)cos((ot+(3§21 —Qz)t~%)—2.ll( _~ ﬁ)cos(a)t—(Z»Ql _a) _gj
+2J, (Em) J, (én)cos (@t —3Qt)+2J, (£x)J, (ér ) cos (ot = 3Q,¢ ) +--+}
(22D

In (2.21), the first term denotes the optical carrier, and the second and third terms are two
USB subcarriers, and all others are IMDs and HDs. The IMDs occur at —(Q, -Q,),
@,-0), (0,-9)., (9-92,)., (Q+9Q,), -@+Q,)., -00,+Q),
-(20,+9Q,), 2Q,-Q), -2(Q,-Q), -(3Q,-Q,) and (3Q,-Q,) etc; and the
HDs occur at 2Q,, -2Q,, 2Q,, -2Q,, -3Q,, -3Q,, etc. For example, suppose that
Q, =4GHz, and Q, =7GHz, thus we have+(Q, -Q,)=F3GHz, +2(Q,-Q,)=+6GHz,
+(Q, +Q,) =+11GHz, 2Q, -9, =10GHz, 2Q -Q,=1GHz, +2Q, =+8GHz, and so
on. However, if Q, =2Q, and Q,-Q, =Q,, thisIMD at Q, -Q, =Q, is overlapped

with the optical signal RF1 subcarrier, and the HD at Q, =2Q, is overlapped with

optical signal RF2 subcarrier. Therefore, the worst nonlinear distortion occurs. If we only
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consider the IMDs and HDs which introduce nonlinear distortion near the optical carrier
and signal subcarriers, after transmission over optical fiber with a length L [10] [11], we

simplify (2.21) into

E, =——5%{ 2(ér) cos(cot+ j

~2J,(én)J, §7r)cos(a)t +Qt - BQL- % ,BZQfL]

—2J,(ér)J, ffr cos

/N

ot +Q,t — BQ,L -~ -;- ﬁzgng
+2J, 7 (Ex cos(a)t+ (Q —Ql)t——j——ﬂl(ﬂz—QI)L—%ﬂz(QZ—QI)zL)
+J2—J,2(§ﬂ)cos(cot— (Q,-Q )~ +ﬂ1(Q Q)L— ,Bz(Q -Q) )

- w/Ele(é‘ﬂ')cos(a)t +(Q, +Q, ) +-—— B(Q, +Q,)L —%,BZ(Q2 + QI)ZL)
_ijlz(k)cos(wt —-(Q,+Q,) +%+ﬂ1(92 +Q)L —%ﬂz(ﬂz + QI)ZLJ

+2J,(Ex)J, (§7r)cos(a)t +20,t - % —280,L-28,Q]L
+ \/—Z'JO (&x), (fﬂ)cos[a)t -20Q,t - —Z— +28Q0.L-28,Q7L

++/2J,(Ex)J, (g“;z)cos(wt +2Q,¢ —%— 268Q,L-28,Q,"L

+2J,(Ex), (fﬂ)cos(a)t ~20,t -~ % +28Q,L-28,Q,'L
+2J,(&Ex), (fﬂ)cos(ax —(2Q, +Q )+ p,(2Q, +Q,)L —% 5,02Q,+Q,) L)
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+ 2J1( ”)Jz(é:”)cos(w + (292 —Ql)t "ﬂl(zQz ‘“Ql)L "‘;’ﬂz(zgz - QI)ZLJ
+2J,(éx)s, (fﬂ')cos(a)t +(20,+Q, - £020Q,+Q,)L —% 5,020, + Qz)zLj
+ 2']1(5”)‘[2(5”)005(0” + (291 - Qz)t - 131(291 - Qz)L _';‘ﬂz (291 - Qz)zL

+2J22(§7r)cos(a)t +2(Q, -Q) +-;-f-—2ﬁ,(92 -Q)L-28,Q,-Q)L

+2J2 (fﬂ)cos(a)t ~2(Q, -, ) +% +28,(Q, -Q)L-25,(Q, -Q,)L
27 eV o ot + (62, -0, ¥ - E- 26662 -0, 4,00, - L

- 2Jl(§7Z)J3(§7Z')COS(a)t - (391 - Qz)t - % + 2ﬂ1(3QI - Qz)L - %ﬂ2(3gl - QZ)ZLJ

(2.22)
In the same way as for TSSB modulation, it is supposed that the high-order harmonic
and inter-modulation distortions, which are out-of 12-GHz pass-band, can be removed
by optical filtering. However, for the SSB modulation both optical signal RF1 and RF2
subcarriers are in the same side of the optical carrier [15]. We use an optical pass-band
filter to get the optical carrier and signal subcarriers. We set the bandwidth of the optical
filter is 12-GHz, so that the optical carrier and signal subcarriers will not be affected by
the filtering, it can be seen on Figure 2.15 (a). In the electrical field, as the same in

TSSB, we use the electrical filter with 3dB bandwidth is 2GHz.
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Suppose that Q, —Q, =3 GHz, the optical spectra corresponding to (2.22) are shown in

Figure 2.15 (a). After optical filtering and photo-detection, the current can be written as

I=RnE

out

o _5)3'17—'2?_0'_ {‘,04 (577)'" 2‘/5-]03( ”)Jl (fﬂ)cos(Qlt - BQL —%ﬂZQIZL - %)

~242J, (x)J, (:ﬂ)cos(azr—ﬂ,ozL—éﬁzﬂzzL-—%]
e erlood 22 408 + QD)L oof (0 -0~ A0, -1 4 -0

_4']02(57[)']12( ”)COS((Qz +Ql)t—ﬂ1(§22 +QI)L)

+4J,° (G ), («fﬂ)cos(mlt ~25QL-26,0L- %j
+ 2320, (En ), (Ex ), (57[)005((202 -0 )¥-4029,-9,)L +% 8,20, -0 VL+ %

22 G ) er)oos (200, - 0, - 29, )42 5,00, -0, L+

+2‘/—2-J02(§”)J1 (‘fﬂ)‘]z (fﬂ')cos((ZQl +Qz)t -5 (291 _Qz)L_%ﬂz (291 _Qz)zL—Z‘
+4J (€)M En)eos(2(, -, Y -25,(@, -, )L-25,(Q, -,V L)
_4J3( ”)Jl( 7z‘)J3(§7r)COS((3Q1 “Qz)t_2ﬂ1(391 _Qz)L_%ﬂz(?’Ql _Qz)zL _'z‘:') (2.23)

Figure 2.15(b) is the electrical spectra corresponding to (2.23), and Figure 2.16 shows the

frequency locations of the IMDs and HDs with respect to the frequencies Q, and Q,
with Q, =Q, +3GHz. It is found that an additional IMD at Q, -Q, will introduce
nonlinear distortion for €, of 2-6 GHz. We can see that the HDs and IMDs at

(2, —Qz), (Q,-9Q,), 20, areclose to the Q, and IMDs at (Q, +Q,), (2Q,-Q,)
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are close to RF signal at Q, when Q is less than 5SGHz. IMDs at (2Q,-Q,)
(Q,-Q,) 2(Q,-Q,) are close to RF signal at Q,, HD at 2Q, 1s close to RF signal

at Q, for 5GHz <Q, <7GHz.

Optical carrier

USB-1 USB-2

20, -

(b)

Figure 2.15 (a) Optical spectra corresponding to (2.21) and (b) Electrical spectra corresponding

to (2.23) for one optical carrier having SSB modulation with two subcarrier signals €2, =4GHz

and Q,=7GHz.
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Figure 2.16 The HDs and IMDs frequency locations with respect to RF signals at €, and Q,

and Q, =, +3GHz is supposed.

We also study the impact of nonlinear distortions due to HDs and IMDs with fiber
dispersion impact, and calculated the noise-to-signal ratio (NSR) to estimate the impact

of nonlinear distortion. Based on (2.23), the NSR is given in Table 2.5 for different

subcarrier frequency Q, and Q,.
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Table 2.5 NSR for optical carrier having SSB modulation with different combinations of Q,

and Q, with Q, =Q, +3GHz

Q, | Q, | Distortion Frequency to | Distortion Frequency to | RF Q, RF Q,
GHz | GHz | @, [GHz] Q, [GHz] NSR NSR
1 4 2Q, (Qz - 291) (Qz - Q1)’ (Qz + Ql) NSRSa NSRsa
2 5 (Q,-Q), (Q,-29) |29, 2Q,-Q,), NSR,, | NSR,,
35 |68 |(Q,-9Q) 20, 2(Q,-Q) NSR,, | NSR,,
6-7 |9-10 | 2(Q,-Q,) (30, -9,) NSR,, | NSR,,
NSRs are given by

2 2 2 2
NSRSa — 1010g 2JO (5”)‘]22( ”)+;]1 (5”)‘]2 ( ”)} (224&)
Jo (é:”)‘jl (57[)
272 ()
NSR,, = IOIOg{——I———} (2.24b)
6 J5(ér)
2J12(§7z)cosz(% - % B, (Qf + QIQZ)L) +J2 ()
NSR,, =101 (2.24¢c)
nTE HED)
2J2(En )2 (Er)+ 275 (En)
NSR., =101lo 0 2 2 2 94d
" g{ eV 2249
7 1
2J7 (Zjﬂ)cosz(z -5 (@ + ngz)Lj
NSR, =10log (2.24¢)

J5(é7)
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NSR,, = 1010g|:2J A ”)]

NSR,, = Olog[

Jo(ér)

2J,(¢r)
HEIYH )

(2.249)

(2.24g)

Suppose that fiber has chromatic dispersion of 16 ps/(nm-km), we calculate NSR for

optical modulation depths of &z =0.1, 1.0, and 1.7, and fiber lengths of 0, 25 and 50 km,

which are shown in Figure 2.17, respectively. Figure 2.17 (a) shows that NSR for

subcarrier signal at €, 1is -27dB and not changing with RF frequency and optical fiber

length L when modulation depth &z =0.1. But when &z=1 and 1.7, NSR is increased
largely and is also changed with optical fiber length L and frequency €, as seen from

Figure 2.17 (b) and (c). From Figure 2.17 (d), NSR for subcarrier signal at Q, is

dependent on the modulation depth &z and frequency Q,, and is independent of the

optical fiber length L.
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Figure 2.17 Calculated NSRs for optical carrier having SSB modulation with two subcarrier

signals (both in the same side band) with modulation depths of &7 =0.1, &7 =1.0,and &x=1.7
and fiber lengths of 0, 25, and 50 km. NSR for RF signal at €, with (a) &7 =0.1, (b) £r=1.0,
and (c) &7 =1.7, and (d) NSR for RF signal at €, with the above 7. The relation of

Q, =Q, +3 GHz is assumed.

From Figure 2.17, we can know that the NSR is strongly dependant on the optical
modulation depth &7 . So we also analyzed the relationship between the NSR and the
& . In order to be compared with the TSSB modulation, we set the same optical length

of L=50km, Q,=4GHz, Q,=7GHz, and &7 is changed from 0.1 to 1.7. Figure 2.18

shows that NSR is increased with the modulation depth.
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Figure 2.18 NSR vs. modulation depth for (a) RF at €, and (b) RF at ,, after fiber

transmission distance of L=50km, where Q,=4GHz and €2, =7GHz are used. Black/dotted line

indicates NSR by the theoretical analysis/simulation.

If Q,=Q,+4GHz, the NSR will be almost the same as Q,=Q, +3 GHz when
subcarrier Q, is less than 4GHz. However the worse case will happen for Q, = 4GHz,
the IMD at Q, —Q, =4 GHz will overlap with Q, and HD at 2Q, =Q, will overlap

with €, ; and the NSRs will be the same for €, of bigger than SGHz.

If Q,=Q,+2GHz, the NSR will be almost the same as for Q, =Q, +3 GHz case, the
difference is some HDs or IMDs which will be close to the optical subcarriers when €,
is from 1 to 5GHz, (e.g. if Q,=1GHz, and Q,=3GHz, then 2Q, =2GHz is also close to
the RF2 subcarrier, and if €, =2GHz, and €2,=4GHz, then 2 Q, =4GHz will overlap the

RF2 subcarrier).
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However if Q, —Q, =1GHz, there is small nonlinear distortion interference for RF1 and

RF2 for Q=3 GHz and higher. The distortion is the same as in TSSB modulation,

because the HDs and IMDs will be distributed the same after optical filtering.

2.5 SSB modulation in DWDM radio over fiber systems

In order to compare with TSSB modulation we chose Q,=4 GHz and Q,= 8.5 GHz.
Then the optical carriers’ and subcarriers’ distribution in the DWDM system is the same
as for TSSB modulation. Since it is the SSB modulation in DWDM system [11][20]-[23]
for each optical channel, the subcarriers are distributed at the same side of the optical
carrier. If we set them in the upper-band side, the optical spectrum of the SSB/DWDM is

shown in Figure 2.19.

4

A v
12.5GHz
Q Q Q il Q 9 Q, Q
4

! !
4 GHz 4.5GH

Figure 2.19 The optical spectra of SSB modulation in DWDM system.
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As we analyzed in Section 2.4, the main nonlinear distortion for RF1 subcarrier is IMD at
Q,-Q, which is from the same optical channel, however, IMD at —(Q, - Q,) is close
to RF2 subcarrier of the neighbor optical channel, because this IMD at +(Q, —Q,)=
+4.5GHz is located in two-sides of the optical spectrum. On the other hand, HDs at
+2Q,= +8GHz are located in two-sides of the optical spectrum, HD at +2€Q, is near
the RF2 subcarrier in the same optical channel and HD at —2Q, is close to RF1
subcarrier in the neighbor optical channel. We still use 4 adjacent optical channels as an

example, and Fig. 2.20 is the optical spectra diagram.

4 GHz 4.5 GHz

Figure 2.20 The optical spectra with the nonlinear distortion of SSB modulation in a DWDM

system.

Here are 4 adjacent optical channels in a DWDM transmission system shown as in
Figure2.20. We considered the second optical channel as an example to analyze the

nonlinear distortion including from the neighbor optical channels. For the RF1 subcarrier,
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there is IMD at (Q, -Q,) from the same optical channel, and HD at +2Q, from the
first optical channel at +2Q,=17GHz. If the optical channel space is 12.5GHz, it is
0.5GHz away from the RF1 subcarrier of the second optical channel. The RF2 subcarrier
may interfere with the HD at +2Q, from the same optical channel, may also interfere
with the IMD at —(Q, —,) from the third optical channel. Since we use an optical
filter to filter out the HDs or IMDs before all optical channels were combined by the
multiplexer, the interference from the neighbor optical channel can be decreased, and we
consider 10% of the HD or IMD from the neighbor optical channels which affect this
optical channel after the optical filtering. In the same way, all the other optical channels
obtain the same interference from the neighbor optical channels. Nonlinear distortion and

NSR of SSB modulation in a DWDM system is shown in Table 2.6.

Table 2.6 NSR for one optical carrier having SSB/SCM/DWDM modulation with Q, = 4GHz

and €2,=8.5GHz and the optical channel space is 12.5GHz.

Q Q, Nonlinear distortion Nonlinear distortion RF RF
GHz | GHz frequencies for frequencies for €, Q, Q,
NSR NSR

4 | 85 |(Q,-Q), 29, from| 2Q, -(Q,-Q)from | NSR, | NSR,

neighbor optical channel | neighbor optical channel
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o | JHER)+0.013(ER)2 () |
NSR, =10log 7)) ) (2.25)

T
o] 001 (ER)+ S (R )R (ER) ]
AR, = 10108 = 12 eV )

(2.26)

Suppose that fiber has chromatic dispersion of 16 ps/(nm-km), we calculate NSR for

optical modulation depths of &z = 0.1, 1.0, and 1.7, we got the nonlinear distortion in

SSB/DWDM as in Table 2.7.

Table 2.7 NSR for RF1 and RF2 with different modulation depth &7 .

ér NSR for RF1 NSR for RF2
0.1 -24dB -24dB
1 -10dB -15dB
1.7 -5 -10dB

When &z = 0.1, the NSR for RF1 and RF2 are almost none, bécause the signal is very
small, the HDs or IMDs are much more small, which can be ignored. When &z =1, the
NSR for both RF1 and RF2 are increased, since the IMD at (Q, —~Q,) is bigger than the
HDs at 2Q, or 2Q,, so NSR for RF1 is bigger than the NSR for RF2. Then when &7
= 1.7, the nonlinear distortion is the biggest, especially for the RF1, such interference is

unbearable. They are verified by the simulations.
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2.6 Summary

The optical subcarrier modulation will generate nonlinear distortion. Nonlinear distortion
will interfere with the signal subcarriers if one wavelength carrys two or more subcarriers
either in TSSB or SSB modulation. Such nonlinear distortion is harmonic distortion and
inter-modulation distortion caused by the MZM nonlinear transfer function. With the
theoretical analysis and numerical calculations, the NSR of the nonlinear distortion is
dependant on the subcarrier frequency Q, and Q,, optical modulation depth &7 and
optical fiber length L. Even with the same subcarrier frequency, optical modulation depth
& and optical fiber length L, the NSR is different in TSSB and SSB modulation. The
NSR in TSSB is smaller than in SSB modulation both in single optical channel and in

DWDM channels.
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Chapter 3 Analysis of Nonlinear Distortion by Simulation

Nonlinear distortion in TSSB and SSB modulations were simulated by using Optsim3.6.
The following simulations confirmed the theoretical analysis in Chapter 2. Parameters for

all system simulation are listed in Table 3.1.

Table 3.1 System parameters.

Operating wavelength: 1550nm
Optical source: CW Laser with power 0 dBm (1mw) and linewidth FWHM 10 kHz.

Bit rate: DPSK 155Mbps.

MZM: Ideal MZM modulator with excess loss 3dB and 7,

bias

=2.5V,V, =5V.

Linear loss of standard fiber: 0.23dB/km.

GVD of standard fiber: 16 ps/ (nmkm)

Optical filter: Raised-Cosine.

Photo detector: PIN with quantum efficiency of 0.7, responsivity of 0.875A/W
and dark current of 0.1nA.

Electrical band-pass filter: Bessel Band-pass with 3dB bandwidth 2GHz.

Electrical low-pass filter: Bessel low-pass with bandwidth 0.15GHz
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3.1 Nonlinear distortion in radio over fiber system with SSB modulation
and one subcarrier

One data signal with 155Mbps modulated to a 4-GHz RF carrier by DPSK modulator,

and the RF signal is generated. Then this RF signal is injected to an MZM modulation

system, at the optical wavelength A =1550nm. In order to verify that the MZM

modulation will generate a single sideband subcarrier and other harmonic distortions, we

set the optical modulation depth &7 =1 and optical fiber length L=0. Then the optical

spectra and eye diagram of the signal subcarrier are shown as in Figure 3.1.

optical spectrum [dBm]

-40
1549.8 1549.9 1550 1550.1 1550.2 1550.3 1550.4
optical wavelength [nm}

(a) (b)

Figure 3.1 (a) The optical spectra and (b) eye diagram of the single side modulation with one
wavelength carry one RF signal.

From Figure 3.1(a), we got the ideal single side modulation, there is upper band
subcarrier and the HDs at +2Q. The other high order harmonic is too small to be shown
up. And from Figure 3.1 (b), we get the very good eye diagram of this signal, because

there is no nonlinear distortion with carrying only one RF subcarrier.
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3.2 Nonlinear distortion in radio over fiber system with TSSB modulation
and two subcarriers

In TSSB modulation, two sets of data signal with 155Mbps were modulated by DPSK
electrical modulator, the radio frequencies of these two RF signals are the same with
Q, =Q,= 4 GHz. Then the two RF signals were put into the TSSB modulation system
with the optical wavelength of 4 =1550nm. To be simple, we set the optical fiber length
L=0. In the receiver side, we suppose that two optical filters are used to extract the optical
carrier with optical signal RF1 and RF2 subcarrier respectively. After photo detection and
demodulation, we got the eye diagram of the signal subcarrier. Figures 3.2, 3.3 and 3.4
show the optical spectra diagrams, and the eye diagrams of the RF signal, with the
modulation depth of £z =0.1, 1, and 1.7. These two signals have the same eye diagram,

and one of them is shown as example.

30—
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optical spectrum [dBm]

-30f

o

1549.8 1549.9 1550 1550.1 1550.2
optical wavelength [nm]
(a) (b)

Figure 3.2 (a) The optical spectra and (b) electrical eye diagram of one signal subcarrier in

TSSB modulation with the modulation depth of &7 =0.1.
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When &z =0.1, the signal is very small, so the high-order harmonic at 2Q,, 2Q, and
etc are too small to be shown on the optical spectra. But the IMDs are overlapped with
these two RF subcarriers, they still cause nonlinear distortion, and it is shown on the eye

diagram.

=
<

optical spectrum [dBm]

Q
[~
=

<30 l L , ' 9 R S
1549.8 1549.9 1850 1550.1 1550.2 1550.3

Optica| wavelength [nm] .............. ............... I

(@ (b)
Figure 3.3 (a) The optical spectra and (b) electrical eye diagram of one signal subcarrier in

TSSB modulation with the modulation depth &z =1.

From Figure 3.3 (a), we can see when &7 =1, RF1 subcarrier overlapped with IMD at
(2Q, -Q,), and RF2 subcarrier overlapped with IMD at (2, -Q,), are increased to
18dBm. The high-order harmonic distortion at +2€, and +2Q, overlapped and up to
2dBm, HDs at —2Q, and -2Q, overlapped and up to 3dBm, the third-order
harmonics at —3€Q, and 3Q, are up to -5dBm. The nonlinear distortion is increased a

little bit in the eye diagram, but the eye diagram is very good with eye widely opened.
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optical spectrum [dBm]
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optical wavelength [nm]

(@ (b)
Figure 3.4 (a) The optical spectra and (b) electrical eye diagram of one signal subcarrier in

TSSB modulation with the modulation depth of &7 =1.7

From Figure 3.4 (a), we can see when &z =1.7, the RF1 subcarrier overlapped with IMD
at (2Q,-Q,), and RF2 subcarrier overlapped IMD at (2Q, -Q,), are increased to
22dBm. The high-order harmonic at +2Q,and +2Q, overlapped and up to 10dBm,
HDs at —2Q, and -2Q, overlapped and up to 12dBm. The third-order harmonics at
—-3Q, and 3Q, are up to 0 dBm. However the eye diagram is still very good with eye

widely opened.

From the above verification, we can say that this modulation has strong anti-interference

ability when the optical modulation depth is increased even to 1.7.
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3.3 Nonlinear distortion in radio over fiber systems with SSB modulation

and two subcarriers

In order to compare with TSSB modulation, we use the same optical wavelength as for
the TSSB, the optical wavelength A=1550nm, the frequency of the RF1 subcarrier
Q, =4GHz and RF2 subcarrier Q, =8.5GHz, with same data signal of 155Mbps as in
TSSB, and the optical fiber length of L=0. Since these two subcarrier signals are
distributed in the same sideband of the optical carrier, they got different nonlinear
distortion from each other as analyzed in Section 2.3, Figure 3.5, 3.6 and 3.7 show the

optical spectra diagrams and the electrical eye diagrams for RF1 and for RF2 with the

modulation depth of &7 =0.1, 1 and 1.7.

optical spectrum [dBm]
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(b) (c)
Figure 3.5 (a) The optical spectra, (b) electrical eye diagrams of RF1 subcarrier and (c) eye
diagram of RF2 subcarrier, with the modulation depth of &7 =0.1.

When &7 =0.1, the signal is very small, even less than 0 dBm, so the HDs and IMDs at
+2Q,, +(Q,-Q,) and etc are too small to be shown on the optical spectra.
Furthermore these IMD and HD are 0.5GHz away from these two subcarriers, they did

not cause nonlinear distortion. So the eye diagrams are very good.
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(b) (c)
Figure 3.6 (a) The optical spectra, (b) electrical eye diagrams of RF1 subcarrier and (c) eye

diagram of RF2 subcarrier, with the modulation depth of &7 =1.

From Figure 3.6 (a), we can see when &7 =1, the RF1 sbucarrier is almost overlapped
with IMD at (Q, - Q,), and RF2 subcarrier is almost overlapped with HD at 2, . Both
subcarriers are increased to 18dBm. The IMD at —(Q, -€,) is 5dBm and HD at
—2Q, is -5dBm, and the other HDs and IMDs are also shown on the optical spectra. For
the eye diagram of RF1, the nonlinear distortion is clearly shown up, and for the eye

diagram of RF2, there is a small distortion.
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Figure 3.7 (a) The optical spectra, (b) electrical eye diagrams of RF1 subcarrier and (c) eye

diagram of RF2 subcarrier, with the modulation depth of &z =1.7.

From Figure 3.7(a), we can see when &z =1.7, the RF1 subcarrier almost overlapped
with IMD at (Q, —,), and RF2 subcarrier overlapped with HD at 2, are increased
to 22dBm, so the IMD at —(Q2 ~Q,) is 12dBm and HD at —2€, is 4dBm, and the

other HDs and IMDs are also shown on the optical spectra. For the eye diagram of RF1,
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the distortion is big, and for the eye diagram of RF2, there is distortion but it is not so big.
The simulation verified the theoretical analysis. SSB is very good for the small signal
modulations, but when the signal ¥, is increased, the modulation depth is also increased,
thus the nonlinear distortion will increase too. So this kind of larger modulation is not

suitable for SSB modulation.

3.4 Comparison of TSSB and SSB modulations in DWDM systems

Four continual optical channels are simulated, with the optical channel space of 12.5GHz,
4 wavelengths are as follows, 4 ==1550.1001nm (@, =193.401989032THz)
A, =1550nm (w,=193.4144890THz), A,=1549.8998nm (w,=193.4269890THz), and
A, =1549.7997nm ( w, =193.4394890THz). We use the second optical channel for
performance comparison between TSSB and SSB modulations. We also suppose that
DWDM mulitiplexer and demultiplexer have a raised cosine optical filter with 3-dB
bandwidth of 10 GHz and extinction ratio of 35dB. All the other parameters are listed in
the beginning of this chapter. After demultiplexer, we still use the 12 GHz cosine-raised
optical filters to get the considered optical carrier and signal subcarriers. In TSSB, we
split the optical signal into two branches, then, we use the optical notch filter to remove
the other subcarrier before the photo-detection. In SSB, we use the electrical filter to

separate the two signal subcarriers after the photo-detector.
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In TSSB modulation, we set the subcarrier frequency with Q =Q,=4GHz since RF1

subcarrier is in the lower-side band and RF2 subcarrier is in the upper-side band. The
IMD distortions at —(2Q, ~Q,)=-4GHz and (2Q, -Q,)=4GHz, are overlapped with

the optical signal RF1 and RF2 subcarrier, respectively. Figure 3.8 shows the simulated

eye diagrams for DWDM\TSSB with &7 =0.1, 1.0 and 1.7 and L=25 km. From

Figure3.8, we can see that the nonlinear distortion has little change with the modulation

depth &7 is changing from 0.1, 1to 1.7.
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(e) | ()

Figure 3.8 The left column for eye diagram of RF signal at , and the right column for eye

diagram of RF signal at , with modulation index of 0.1, 1.0 and 1.7.

However, in the SSB modulation we set the RF frequencies with Q, =4GHz and
Q,=8.5GHz. Since both RF1 and RF2 subcarrier are in the same side band, so that the
optical carrier and subcarrier channels will be distributed in the same as for TSSB

modulation in the DWDM system.

Then we obtain Figure 3.9 which shows the eye diagrams of RF signal at Q, and RF
signal at Q, with &7 =0.1, 1.0 and 1.7 and L=25Km. Compare with the Figure 3.8,

for modulation depth of 1.0 and 1.7 there is bigger distortion interference in RF1 signal
for SSB modulation, because HD at 2Q = 8GHz is 0.5GHz away from the RF2

sbucarrier and the IMD at Q,-Q = 4.5GHz is 0.5GHz away from the RF1 subcarrier,

and these distortions becomes big if modulation depth is big.
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Figure 3.9 The left column for eye diagram of RF signal at €2, and the right column for eye

diagram of RF signal at , with modulation index of 0.1, 1.0 and 1.7.
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We further analyze the transmission performance for the DWDM with TSSB and SSB
modulations by using bit error ratio vs. receiver sensitivity. We still consider the second
optical channel as the example. The optical fiber of 25 km, and the modulation depths of
ér=0.1, 1 and 1.7 are assumed, which are shown in Figure 3.10. For small modulation
depths such as &7 =0.1 in Figure 3.10 (a), it is observed that SSB modulation provide a
better performance compared with TSSB modulation. This is because when &7z =0.1, the
subcarrier signal is very small, the distortions are much smaller, and they are 0.5 GHz
away from the subcarriers in SSB modulation, but the IMD is overlapped with the
subcarrier signals in TSSB modulation. For high modulation depths such as &z =1 and
1.7, see Figures 3.10 (b) and (c), it is obvious that a BER floor is induced for RF1
subcarrier of SSB modulation. This is because the distortion power of HD at +2Q, and
IMD at +(Q, -Q,) is increased much when &z =1 or higher. On the other hand, TSSB
modulation leads to almost independent of modulation depth in performance. This is
because the power of IMDs at (2Q, -Q,) and —(2Q,-Q,) is increased almost the

same as the subcarriers when &7 =1 or higher.
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Figure 3.10 The receiver sensitivity in TSSB and SSB with the optical cable is 25km, the

modulation depth is (a) 7 =0.1, (b) &z =1and (¢) &x=1.7 respectively.
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3.5 Summary

All the nonlinear distortion analyzed theoretically in Chapter 2 is verified by simulations.
From the optical spectra diagrams, simulations show that nonlinear distortion exists in
optical subcarrier modulations, and the nonlinear distortion HDs and IMDs are increased
when the optical modulation depth &7z is increased from 0.1 to 1 and to 1.7 in TSSB and
SSB modulations. In TSSB modulation, the signal eye diagrams do not change much even when
the HDs and IMDs are largely increased, however in SSB modulation, the eye diagram of RF1
become worse obviously when the optical modulation depth &z is changed from 0.1 to 1.7. In
the DWDM application, for optical modulation depth of &7 =0.1, SSB modulation has better eye
diagram than TSSB. With small optical modulation depth of &z =0.1, SSB modulation
provides a better performance compared with TSSB modulation. However when &rx =1
or higher, TSSB modulation is shown better anti-interference ability and better receiver

sensitivity performance.
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Chapter 4 Conclusion

We have theoretically investigated nonlinear distortion induced by optical subcarrier
modulation. The two popular subcarrier modulations, i.e. TSSB and SSB, were
considered and compared in the generation of nonlinear distortion, consisting of
inter-modulation distortion and harmonic distortion between the RF subcarriers in the
same optical channel. The distortion mostly depends on the optical modulation depth &x
in both TSSB and SSB modulations. In TSSB .modulation, NSRs for RF1 and RF2 are
also depend on the subcarrier frequency and optical fiber length. However in SSB
modulation, NSR for RF2 subcarrier mainly depends on the optical modulation depth
&r , and the frequency Q,. but NSR for RF1 subcarrier depends on not only the optical
modulation depth &7z and the frequency |, but also the optical fiber length L. In the
same modulation depth &z, RF frequency and optic fiber length L, NSR in TSSB is

smaller than that in SSB modulation in single RoF systems.

Besides the interference from the same optical channel, in the DWDM system there is
nonlinear distortion from the neighbor optical channels both in TSSB and SSB

modulations. In order to compare the TSSB with SSB modulation in DWDM application,
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we set the ,=0,=4GHz in TSSB and Q,=4GHz, Q,=8.5GHz in SSB, so that the
optical channels will be distributed evenly and the same in both DWDM systems. Then,
NSR in TSSB and SSB modulation is very small when the optical modulation depth of
&r=0.1, and the nonlinear distortion can be ignored. However when &z =1 or higher,
the NSR of RF1 or RF2 in TSSB is 5 to10dB less than the NSR in SSB modulation. We
also analyzed the relationship between the receiver sensitivity and the bit error ratio in
DWDM systems with the same optical wavelengths, RF frequency, fiber length and
optical modulation depth &z . When &7 =0.1, both subcarriers in SSB modulation has
better performance than in TSSB modulation. However when &z =1 or 1.7, the
performance in TSSB is becoming better, the performance of RF1 in SSB modulation
become worse. So SSB modulation is suitable to small optical modulation depth
(é7=0.1), and TSSB modulation is suitable to normal or big optical modulation depth

(&ér=1to 1.7).
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cos(xsin 49) =J, (x)+ Zi Js, (x)cos 2n0

n=1

sin(xsin @) = 22J2v (x)sin(2n-1)0

we got the followings,

E= %{ces a){— 22 Jrnat é‘ﬂ)sin(2n - I{Qlt + %j X (JO (§7r)+ Zi I (fﬂ')cos 2antJ

n=1 n=1

- Zi J2ne1 (é:ﬂ')Sin(zn - lpzt x (Jo (é:”)"' zi Jon (f”)cos Zn(Qlt + %)j

n=l1

+ ( J(En)+ 2i J,,(ér)cos 2antj x (JO (&r)+ 22'0; (€ )cos 2"(sz + %J]

n=l n=1

—zi.fzn_l(an)sm(zn—mlzxzi.fz,,_l(an)sin(zn-1)(92”%)}

sin wt[[]o(fﬁ)+2i J, (Ex)cos 2n(glt+§]]x(10(gﬂ)+zi J, (&x)cos 2nQZtJ

n=l n=1

_22J2,,  sin(2n - 1)(9 1= )x 2ZJ2,,  sin(2n —1)Q,¢

n=1

n=l

+ 22 J,, o (En)sin(2n - 12,2 [J (én)+ zz J,, (&x)cos Zn(Q t+ D

+ Zi Iy (éjﬂ)sin 2nQ) t x Zi It (fﬂ)sin(Zn - 1{ta + %ﬂ}

n=1 n=1

After simplification we get

E = £ «/-2_.]02 (§7z)cos(a)t + %) -2J, (ffz).ll( ﬁ)cos(cot + Qlt)— 2J, (‘fzz)Jl (g“zr)sin(a)t - ta)

5

2 le(gﬂ)sin(am(gz —Q) —%)—«/EJIZ( ”)Sin(a)t—(Qz -Q,) —%j
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+J5J,2(§ﬂ)sin(wt+(92 +Ql)t+%)—w/5.]12(k)sin(wt—(Ql +Q, ) +-15j

~2J,(&x)J,(x)cos( @t —(2Q, + Q) )+ 2J, (Ex) J, (€x) cos(at - (2Q, -Q,)1)

+2J,(Ex ), (Ex )sin(at + (2Q, +Q, ) +2J,(é7), (€x)sin(ex + (2Q, -, ))

27, (&), (§7r)cos(a)t +20,t _%] +27, (g} n)cos(wt —20, -%)
27, (Ex ), ﬂ)cos(a)t +2Q,1 —%j ~2J, (&), (¢n )COS(“" —2 _7745)

—2J? (é‘ﬂ)cos(a)t +2(Q, -Q, )X + %) —2J2( ﬁ)cos(wt -2(Q, -Q, +Z-

+2J,(Ex ), () cos(at - 30t )+ 2, (Ex ), (£7 )sin(wt + 3Q2,¢) + -}

2. SSB

From the MZM modulator, we got the modulated optical signal as follows,

V2

E= £ {cos wt(cos(% +&mcosQt +Emcos ta) +cos(&r sinQ,t + £ sin ta)]
—sin a)t(sin(% + & cosQ it + Em cos ta) +sin(£7 sin Q¢ + &7 sin ta)J}

E= £y {cos at(—sin(Ex cos Qt + Ex cos Q,t )+ cos(Ex sin Qt + Exsin Q1))

V2

—sin at(cos(ér cos Qyt + Em cos Q,¢ )+ sin(Ex sin Qyt + &7 sin Q¢ ))}

E= £y {cos wr[-sin(&7z cos Q,r)cos(é7 cos Q,¢) - cos(Ex cos , )sin(ér cos Q,2)

V2
+ cos(&r sin Qt )cos(E7 sin Q,¢ ) — sin(£7 sin Q¢ )sin(£7 sin Q7))

— sin at[cos(&x cos Q,t)cos(£x cos Q,t ) — sin(£x cos Q¢ )sin(£7 cos Q,t)
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APPENDIX

Detailed mathematic derivation of the electrical field output

from an MZM modulator in TSSB and SSB modulations.

1. TSSB

From the MZM modulator, we got the modulated optical signal as follows,

E= % {cos a)t(cos(g— + ErncosQut + Emsin taj + cos(é‘fr sin Q¢ + &z cos ta)J

—sin cot(sin(% +&mcos Qi + £ sin ta] +sin(ézsin Q¢ + &7 cos ta)j}

E= —5—% {cos wt(~sin(&7z cos Q,t + £ sin Q¢ )+ cos(éx sin Qt + &z cos Q,¢))
—sin wrt(cos(£7 cos Q,z + Ex sin Q,¢) + sin(&7 sin Q,f + &7 cos Q,1))
E= £y {cos wrt[-sin(£7 cos Q¢ )cos(éx sin Q1) — cos(éx cos Q¢ )sin(&x sin Q,t)

N

+ cos(éx sin Q¢ )cos(EmconQ, ) + cos(&x sin Q¢ )sin(£7 cos ta)]
— sin wr[cos(&7z cos Q¢ )cos(Ex sin Q,t)—sin(éz cos Q¢ )sin(Ex sin Q,¢)
+sin(&r sin Q,¢)cos(Ex cos Q,¢) + cos(E7 sin Q¢ )sin(E7 cos Q,¢)]}

After we use the Bessel function,
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+sin(&7z sin Q,¢)cos(Ex sin Q,)+ cos(£x sin Q¢ )sin(&x sin ta)]}

We still use the Bessel function, and we got the modulated optical signal,

% {cos a)t{— 25: Iy (7)sin(2n — I{Qlt + —g-) X (Jo (&n)+ Zi J,, (ér)cos 2n(ta + %D

n=1 n=1

E

n=1 n=1

+ (JO (9”7[) + 2i I (fﬂ)cos 2antj X (J 0 (fn) + Zi Iy (§7r)cos 2ant]

n=1

~23° 7, (Ex)sin@n -1 x 23, (Ex)sin(2n - 1)94
n=1 n=l :
—sin a){[JO (&n)+ Zi J,, (€7 )cos 2n(Qlt + —725]] X (JO (&r)+ Zi J,, (é7)cos Zn(ta + Z;—D

- 2i J,,(éx)sin(2n - 1)(Qlt + %j X 2i Iy (&n)sin(2n - 1)(92: + %)

n=1

+ 22'0: Jy(E7)sin(2n — 1), x (JO (&r)+ 2i J,, (&x)cos 2n92t]

n=l

+ [JO (&7)+ 22 J,, (éx)cos 2antj x 2i J,,(E7)sin(2n ~ 1)04}

n=1

After simplification, we get

E =

out

S

{«/EJoz (.fzr)cos(a)t +%)
—2J,(Ex ), (& )cos(t + Qt)-2J,(Ex ), (§7z)cos(a)t +Q,t)

V2 ﬂ)cos(at+(92+Ql)t+%j“‘/-2_J12(k)cos(‘"t_(Ql+Qz)’+%)
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+ﬁ./:(gﬂ)cos[m L@, -0y ..gj +«/§J12(§ﬂ)cos(a)t L@, -0 _g)

+27,(¢x)J, (§7r)cos(wt +2Qt -%) +2J, (£x)J, (fn)cos(a)t ~2Q¢t -%)
27, (¢x)J, (&) cos (a)t +2Q.¢ —%) +32J,(£x)J, (&x)cos (a)t -2Q,t —%)
+2J, (§7z')J2 (f;z)cos(a)t - (2(22 +Q, )t)+ 2J, (é‘ﬂ').]2 (ffr)cos(a)t + (ZQ2 -Q, )t)

+2J,(x ), (Ex)cos(wr - (29, + 9, )+ 27, (2 ), (Ex)eos(wr + (2, -2, })
+2J2( ﬂ)cos(a)t +2(Q, -Q, ) + %) +2J2( n)cos(a)t -2(Q, - )+ %j

+2J, (67)J, (&) cos (ot =3Q,t) +2J, (ém) J, (&) cos(wt —3Q,t) +-+}
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