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Optical two-tone generation and SSB
modulation using electro-optic modulator
with suppressing redundant spectrum
components
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Doubled frequency optical two-tone generation and optical single sideband (SSB) modulation by the dual-electrode-type
electro-optic (EO) modulator with a single Mach–Zehnder (MZ) interferometer were considered. We theoretically showed
that redundant spectrum components in the modulated optical signals, which are caused by the imbalance of light splitting
ratio between the two arms of the interferometer, are significantly suppressed by controlling the input power ratio of RF
modulation signals applied to each electrode. This effect was confirmed by the experiment, where an optical two-tone with
the redundant components 49.8 dB lower than the primary two-tone components in intensity level was obtained. This
method is also valid for suppression of undesired frequency components of RF signals that are generated at a photo detector
from the optical two-tone waves propagated through a dispersive optical fiber.
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I . I N T R O D U C T I O N

Optical two-tone can be used for the microwave or millimeter-
wave generation by receiving it with a photo detector (PD).
This technique is suitably applied for transmitting and distri-
buting RF clock signals at distant places through optical fibers
[1, 2]. A primary method of the two-tone generation is to use
two laser sources [2]. The frequency of the RF signal is simply
determined by the optical wavelength difference in two lasers,
as long as the response speed of PDs is satisfied. However, the
stability of generated RF signals in frequency and phase is gen-
erally not good. Optical single sideband (SSB) modulation is
suitably applied for high-speed optical fiber communication,
radio-on-fiber systems, and so on. Compared with the conven-
tional intensity modulation, optical SSB signals occupy a narrow
range of light wavelength and overcome the fiber dispersion [3].

Electro-optic (EO) modulators with the Mach–Zehnder
(MZ) interferometer are commonly used for high-speed
optical intensity modulations. The light modulation is per-
formed by interference with two phase-modulated light
waves. Linear intensity modulation is approximately realized
at p/2 optical phase difference bias under the small signal
operation. If we operate such modulators at p phase difference

bias, optical two-tone is theoretically obtained and the fre-
quency difference of the optical spectrum components is per-
fectly locked in double the modulation signal frequency [1].
Very true RF signal waves of doubled frequency can be
obtained by receiving the optical two-tone with a PD. This
scheme may be suitably applied to RF signal transmission
through optical fibers, such as radio-on-fiber systems. On
the other hand, the optical SSB modulation is also realized
with the dual-electrode-type EO modulator by applying two
RF signals with p/2 phase difference to each electrode under
the condition of p/2 phase difference bias.

However, in the optical two-tone generation and the
optical SSB modulation by the EO modulators, imbalances
in the light interference, such as imbalance of the light split
ratio, causes redundant or unexpected optical spectrum com-
ponents, which may induce undesired harmonics in obtained
RF signals and may disturb other optical signals occupying the
neighboring light wavelength region in the same optical fiber.
Direct compensation of the imbalance of the light split ratio
has been realized by the MZ modulator with the active trim-
mers, where a sub-MZ intensity modulator is inserted in each
arm of the main-MZ interferometer to balance the light inten-
sities in the two arms [4, 5]. As this modulator is highly func-
tional, complicated control of the operation conditions of the
MZ modulator sections is required.

Here we introduce a new and simple method to generate
doubled frequency optical two-tone and optical SSB signals
by suppressing the redundant spectrum components, where
a single MZ interferometer-type EO modulator with the dual-
electrode structure is used. The imbalance of the light splitting
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ratio which may be caused by fabrication errors is compen-
sated by adjusting the input RF power applied to each
electrode. This effect was experimentally confirmed. We also
considered the spectra of RF signal generated at a PD from
the optical two-tone propagated through a dispersive optical
fiber and suppression of undesired RF spectrum components
by this method.

I I . D O U B L E D F R E Q U E N C Y O P T I C A L
T W O - T O N E G E N E R A T I O N

A) Spectra of modulated light by MZ
modulators
MZ modulators are generally used for light intensity modu-
lation by the interference between two phase-modulated
light waves. Figure 1 shows a schematic of the MZ modulator.
When A1 and A2 represent amplitudes of the optical phase
modulation in the two arms of the MZ interferometer, the
optical phase shifts induced through propagation within the
two arms, Df1 and Df2, are expressed by

Df1 = A1 cos (vmt + fm1) + fB1,
Df2 = A2 cos (vmt + fm2) + fB2,

{
(1)

where vm is angular frequency of RF modulation signal. fB1

and fB2 are optical phase shifts in the two arms that are deter-
mined by the optical path length of each arm. fm1 and fm2 are
the initial phase of the RF modulation signals for each arm.
And the electric field of light output from the interferometer is

Eoute
jv0t = Ein

1 + b
2

ejfB1 ejA1 cos (vmt+fm1)

(

+ 1 − b
2

ejfB2 ejA2 cos (vmt+fm2)

)
ejv0t ,

(2)

where Ein and Eout are electric field amplitudes of the input
and the output light, respectively. v0 is angular frequency of
light. b is an imbalance factor of the light split ratio between
two arms. The attenuations of light waves are ignored in the
discussions.

A1 and A2 normally have opposite signs with each other.
Assuming A1 . 0 and A2 , 0, the light modulation index,
which means an amplitude of the sinusoidal change
of optical phase difference between two arms, is given by
A ¼ A1 2 A2. For general MZ intensity modulators, since
the push 2 pull operation is supported by a single RF
signal, the balanced conditions, b ¼ 0 and A1 ¼ 2A2, are
desirable. Meanwhile, we purposely induce the imbalance of
the phase modulation to suppress the redundant optical

spectrum components. An imbalance factor in the phase
modulation between the two arms is expressed as

a = (A1 + A2)/(A1 − A2). (3)

The a corresponds to the chirp parameter at the small
signal operation for MZ intensity modulators [6]. The fre-
quency spectrum of the modulated light is given by expansion
of (2) with Bessel functions as

Eoute
jv0t = Ein

∑1

n=−1

1 + b
2

Jn(A1)ej(fB1+nfm1)

{

+ 1 − b
2

Jn(A2)ej(fB2+nfm2)

}
ej(v0+nvm)t ,

(4)

where Jn is a Bessel function of the first kind. Relative intensity
of the nth-order sideband component is expressed by using a,
b, A, and fB as

Rn =
In

Iin
= 1+ b

2
Jn

a+ 1
2

A
( )

+ 1− b
2

Jn
a− 1

2
A

( )
ej(fB+nfm)

∣∣∣∣
∣∣∣∣

2

(n = 0, + 1, + 2, + 3 . . . ) (5)

where Iin is the input light intensity and n¼ 0 corresponds to
the carrier component. We represent the optical phase differ-
ence bias of the MZ interferometer as fB ¼ fB2 2 fB1. The
phase difference induced between the two RF modulation
signals, fm ¼ fm2 2 fm1, is defined as the skew.

B) Two-tone generation condition
We consider the case of the modulator operation at fB ¼ p

and fm ¼ 0, which is the minimum transmission point as
shown in Fig. 2. The second harmonic modulation is realized
in this point. Modulated light spectra in the conditions both of
b ¼ 0 and 0.1 are calculated as Fig. 3, where A ¼ 0.5p and
a ¼ 0. It is seen that the optical two-tone of 2vm spacing is
obtained and that the even-order components R0 and R+2,
also appear at the imbalance condition b ¼ 0.1. These
components R0 and R+2, which are redundant for two-tone
waves, increase with |b| as shown in Fig. 4 where R0, R+1,
and R+2 are calculated as functions of b at A ¼ 0.5p and
a ¼ 0.

The extinction ratio, Rext, of the intensity modulation in
low frequencies directly depends on the b as Rext = 1/b2.
The guaranteed range of Rext for MZ modulators available

Fig. 1. Schematic of an EO modulator with an MZ interferometer and dual
electrodes. Fig. 2. Output light responses of MZ modulator at fB¼p and fm¼0.
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as a commercial product is typically more than 20 dB, which
corresponds to |b| less than 0.1. The imbalance in the light
splitting of b ¼ 0.1 is therefore a possible case for common
MZ modulators. Moreover, b is not adjustable since this
imbalance is mainly caused by the fabrication errors of the
optical waveguides. Meanwhile, by using the
dual-electrode-type MZ modulator, where two separated
modulation electrodes for the optical phase modulation are
provided on each arm. a can be adjusted by the input RF
power difference between the two electrodes as seen from (3).

C) Suppression of redundant spectrum
components
Figure 5 shows R0, R+1, and R+2 as functions of a at A ¼
0.5p and b ¼ 0.1. It is seen that the relative intensities of
the carrier R0, and the second-order sideband R+2, remark-
ably change with a and disappear at around a ¼ 20.3 and
0.05, respectively. From all other calculations, we found that
the redundant spectrum components can be suppressed by
introducing adequate amount of a. Here we defined the sup-
pression ratios of the redundant components, R0 and R+2, to

the first sideband ones, R+1, as SR0 ¼ R+1/R0 and SR2 ¼

R+1/R+2, respectively. Figure 6 shows the regions A and B
where SR2 and SR0 become more than 20 dB, respectively,
in the a 2 A plane. It is seen that both redundant components
are simultaneously suppressed by adjusting a and A in the
overlapped area in Fig. 6.

D) Experiments
The dual-electrode-type LiNbO3 MZ modulator was used for
the experiments to confirm the effect of the redundant com-
ponent suppression. Frequency of the RF modulation signal
was 10 GHz and light wavelength is around 1.55 mm. The
RF signal wave was divided into two by a power divider
and these waves were individually adjusted to their intensity
and phase by attenuators and delay controllers. And then
the two waves were individually fed to each electrode of the
modulator. The a is changed with difference in the phase
modulation depth between the two arms of the MZ interfe-
rometer as seen from (3). Here, we adjusted the a by individu-
ally varying the RF signal intensities of those two waves.
Optical phase difference bias fB was controlled by DC
voltage applied to additional electrodes provided besides the
modulation electrodes. The output-modulated light was
observed by an optical spectrum analyzer.

The extinction ratio, Rext, was measured in advance by
detecting the output light intensity varied with the DC
voltage for the fB adjustment as 51.9 dB. Consequently, the
imbalance factor of light splitting, b, of the modulator is esti-
mated to 0.0026.

Figure 7 shows output optical spectra observed at various
modulation indices drawn in the same graph. Figure 8
shows the spectrum at A ¼ 0.56p rad with the horizontal
axis corresponding to light wavelength. Since the carrier hid

Fig. 3. Modulated light spectra at A¼0.5p rad and a¼0.

Fig. 4. R0, R+1, and R+2 as functions of b at a ¼ 0.

Fig. 5. R0, R+1, and R+2 as functions of a at b¼0.1.

Fig. 6. Regions A and B where SR2 and SR0 are more than 20 dB, respectively,
are indicated in a–A plane.

Fig. 7. Observed optical spectra of two-tone waves.
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behind the noise level, the suppression ratio, SR0, was expected
to be higher than 49.8 dB. In the observations, a was fixed to
maximize both SR0 and SR2, or to minimize both I0 and I2, by
individually controlling the input RF powers fed to the two
electrodes. However, we could not determine the exact value
of a in these experiments because the amplitudes of the
phase modulation, A1 and A2, in the two arms cannot be
directly measured. The corresponding value for a can be cal-
culated by using (5).

If the modulator operates with a ¼ 0, the SR0 should be
45.4 dB by the estimation using (5) with b ¼ 0.0026 and A ¼
0.56p rad. It is expected that the suppression ratio SR0,
improved by more than 4 dB by means of adjusting a. The cor-
responding value of a in the case of Fig. 8 is estimated to be
0.0045 using (5). Since the b of the modulator used in the
experiment was considerably small, or close to the balanced
condition, the intensities of the redundant components, I0

and I2, are expected to be small even at a ¼ 0. When this
method is applied for modulators with larger b, remarkable

improvement of the redundant component suppression ratios
will be obtained. It is revealed from these results that the high-
quality optical two-tone was generated by this method.

I I I . O P T I C A L S S B M O D U L A T I O N

A) SSB modulation and suppression of
the redundant sideband
Optical SSB signals can also be generated by an EO modulator
with an MZ interferometer. One side of a pair of the first side-
bands in the spectrum of the modulated light can be canceled
out by setting the operation parameters as fB ¼+p/2 and
fm ¼+p/2 in (5) so that the optical spectrum of SSB
shape is obtained as shown in Fig. 9(a). Here we consider
both of the first sidebands and the carrier only. This operation
is an optical version of the phase shift method, which is
usually realized by electric circuits.

Fig. 9. Light spectra of SSB modulation at A ¼ 0.5p rad and a ¼ 0.

Fig. 12. An example of the spectrum of optical SSB signal modulated at A ¼
0.6p rad.

Fig. 13. Two-tone wave transmission through optical fiber and detection.

Fig. 8. Optical spectrum of two-tone generated by an MZ modulator at A ¼
0.56p rad.

Fig. 10. R0, R+1, and R21 as functions of a at A ¼ 0.5p rad and b ¼ 0.1.

Fig. 11. Measured intensities of carrier, I0, and first-order sidebands, I+1, as
functions of the total modulation index A.
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However, the imbalance of the light split at the interferom-
eter disturbs this sideband cancelation scheme so that the
sideband to be eliminated should remain in the output light
spectrum as shown in Fig. 9(b). This spectrum was calculated
with the light split imbalance factor b of 0.1 and total modu-
lation depth A of 0.5p rad. We consider suppressing such
redundant sideband components by using the phase modu-
lation imbalance factor a with the same way as the case of
the two-tone generation. Figure 10 shows R0 and R+1 as func-
tions of a at A ¼ 0.5p and b ¼ 0.1, where fB and fm are set as
p/2 to eliminate R+1. Intensity of the first sideband at the
higher frequency side, R+1, remarkably changes with a and
completely eliminated at around a ¼ 0.12. It was found
from these calculations that the redundant sideband caused
by the light split imbalance can be always canceled out by
adequately adjusting the a.

B) Experiments
The same experimental setup as that in the two-tone gener-
ation was used for the experiment of the SSB modulation.
The phase modulation imbalance factor a was adjusted to
minimize I21, which is intensity of a sideband at the upper
wavelength side. Figure 11 shows the intensities of the
carrier, I0, and both of the first-order sidebands, I+1, as func-
tions of the total modulation depth A. Since the sideband, I21,
was hid behind the noise level in the measurements, the values
of I21 cannot be estimated from the figure.

Figure 12 shows an example of the spectrum at A ¼ 0.6p
rad with the horizontal axis corresponding to light wave-
length. Since the upper sideband was lower than the noise
level, the suppression ratio of the redundant sideband to the
carrier SR21 ¼ R0/R21, was expected to be higher than
50 dB, as shown in Fig. 12. The I21 should be completely sup-
pressed at a ¼ 0.0034 according to the calculation using (5)
with actual values of A and b. The corresponding value of a
in the case of Fig. 12 is also expected to be around 0.0034. It
is seen that the very high suppression ratio was realized by
the SSB modulation with an EO modulator.

I V . T H E O R E T I C A L C O N S I D E R A T I O N
O F T R A N S M I S S I O N O F T H E
T W O - T O N E T H R O U G H
A N O P T I C A L F I B E R

Here, we theoretically consider the responses of RF signals
generated by the optical two tone that is created by the MZ
modulator and transmitted through an optical fiber. It is
assumed that the optical fiber is dispersive and the PD has
the squared detection property as shown in Fig. 13. When

the two-tone generated by the EO modulator with PD is
detected, the PD output signal should mainly consist of the
second harmonic component of 2vm.

It is obvious that the fundamental component, vm, is natu-
rally suppressed at b ¼ 0 and a¼ 0, or the balanced condition.
When b is not zero, pairs of optical spectrum components of vm

spacing appear as shown in Fig. 3(b) so that the RF fundamental
frequency component of angular frequency vm as well as the
second-harmonic ones might induce in the PD output signals.

Figure 14(a) shows the relative intensity of 2vm and vm

components in the PD output at b ¼ 0.1, a ¼ 0, and A ¼
0.5p rad calculated as functions of the fiber length, L.
Conditions in the calculations are as follows: the light wave-
length is 1.55 mm, the dispersion parameter of the fiber is
16.7 ps/km/nm, the frequency of input RF is 10 GHz, and
light attenuation is ignored. Optical sideband components
higher than fifth order are not considered in the calculations.

Even if b is not zero, the vm component is canceled out by
the squared detection process in the case of no dispersion or
L ¼ 0, on account of relations in phase between optical spec-
trum components, as shown in Fig. 14(a). This is an advantage
of the two-tone generation by the MZ modulator. However,
after propagating through the dispersive fiber, the vm com-
ponent is remarkably induced.

By calculating under the condition of a ¼ 0.675, it is seen
that this residual vm component can be suppressed even at
any fiber length as shown in Fig. 14(b). This is attributable
to the feature that the adequate amount of a coordinates the
intensity relation between the optical spectrum components
so that the vm component would be exactly canceled out
through the process of the squared detection.

V . C O N C L U S I O N

Doubled frequency optical two-tone and optical SSB signals
were generated by the dual-electrode-type EO modulator
using the proposed method for suppressing the redundant
spectrum components.

It is revealed that MZ modulators with the proposed
method would be suitably applied to the optical two-tone gen-
eration and the SSB modulation requiring high-quality optical
spectra. These optical modulation techniques will be useful for
the millimeter-wave generation or the optical fiber trans-
mission of wireless signals, such as the radio-on-fiber systems.
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Fig. 14. 2vm and vm components at b ¼ 0.1 and A ¼ 0.5p rad as functions of the fiber length, L, where intensity is normalized by that of 2vm component at L ¼ 0.
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