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Abstract—A novel scheme for implementing high-performance
optical single-sideband (OSSB) modulation based on a dual-drive
Mach–Zehnder modulator (MZM) and a 120° hybrid coupler is
proposed and demonstrated. A RF signal is divided by the 120°
hybrid coupler into two parts with equal powers and a phase difference of 120°, and then, led to the two RF ports of the dual-drive
MZM. With a proper dc bias, an OSSB signal with the −1st and
+2nd-order sidebands (or the +1st and −2nd-order sidebands)
suppressed is generated. A numerical simulation and a proof-ofconcept experiment are carried out. As compared with the conventional OSSB modulation based on a 90° hybrid coupler, the
suppression of the +2nd (or −2nd)-order sideband improves evidently the performance when the OSSB modulation is applied in a
radio-over-fiber system or an optical vector network analyzer.
Index Terms—Microwave photonics, optical single-sideband
(OSSB) modulation, optical vector network analysis, radio-overfiber (RoF).

I. INTRODUCTION
PTICAL single-sideband (OSSB) modulation has become an attractive technology for long-distance radioover-fiber (RoF) system [1], [2], high-accuracy optical
sensing [3], high-resolution optical vector network analysis [4]–
[9], optical wavelength conversion [10], and optical coherence
tomography [11]. For example, the OSSB signal is free from the
frequency-dependent power fading induced by fiber dispersion,
which is a serious problem in the conventional double-sideband
(DSB) modulated RoF system. Previously, several schemes for
implementing the OSSB modulation were reported [12]–[19],
which can be classified into two main categories, namely, optical
filtering method and 90° phase shift method. In the optical filtering method, the OSSB signal is generated by removing one of the
first-order sidebands in an intensity-modulated (IM) or phasemodulated (PM) signal. Uniform fiber Bragg grating (FBG)
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Fig. 1. Typical optical spectrum of the OSSB-modulated signal based on a
90° hybrid coupler.

[12], phase shift fiber Bragg grating (PS-FBG) [13], steep-edge
tunable optical filter [6], crystalline whispering gallery mode
resonator [14], or active photonic filter based on stimulated
Brillouin scattering (SBS) [15] was employed to implement the
OSSB modulation. However, the method is highly dependent
on the wavelength of the optical carrier. In addition, if a wideband optical filter is used, it is difficult to eliminate one firstorder sideband without affecting the optical carrier and the other
sidebands, and if a narrow bandwidth optical filter is applied,
the OSSB modulation can only realized in a small frequency
range.
In contrast, the OSSB modulation realized by the 90° phase
shift method is almost independent of the wavelength of the
optical carrier. In that method, two RF signals with a phase
difference of 90° are introduced to a dual-drive Mach–Zehnder
modulator (MZM) [16] or a dual-parallel MZM (DPMZM) [17].
The optical components in the upper and lower arms of the MZM
have a phase difference of n × π/2 – φ0 , where n represents the
order of the sideband and φ0 is an additional phase difference
introduced by the dc bias. With φ0 = –π/2 or π/2 by properly
setting the dc bias, one of the first-order sidebands would be destructively interfered when the two optical signals in the upper
and lower arms are combined at the output port of the modulator.
An OSSB-modulated signal is thus generated. A typical optical
spectrum of the OSSB-modulated signal based on a 90° hybrid
coupler is shown in Fig. 1. By letting φ0 = –π/2, the −1st and
+3rd-order sidebands are effectively suppressed. But the unwanted +2nd and higher order sidebands still exist especially
when the system relies on relatively large phase modulation index to improve the optical-to-electrical conversion efficiency. In
a long-reach RoF system, the existence of the +2nd-order sideband would make the signal quasi-DSB, which will undergo
some frequency-dependent power penalty due to the fiber dispersion. In addition, in an OSSB-based optical vector network
analyzer, the component beat by the +1st and +2nd-order sidebands contributes a considerable proportion of the fundamental
beat component, which results in appreciable measurement error
as indicated in one of our previous works [20]. This error would
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dual-drive MZM. A RF signal is divided by a hybrid coupler
into two parts with equal powers and a phase difference of ϕ,
which are then led to the two RF ports of the dual-drive MZM.
With a proper dc bias, an additional phase difference of φ0 is
introduced between the optical signals in the upper and lower
arms.
Assuming that the optical carrier from the LD is Ec exp(iωc t),
the optical field of the modulated signal can be written as
E(t) = Ec exp(iωc t) {exp [iβ1 cos (ωe t + ϕ)]
+ exp [iβ2 cos (ωe t) + iφ0 ]}
Fig. 2. The schematic diagram of OSSB modulation based on a hybrid coupler
and a dual-drive MZM. LD: laser diode; PC: polarization controller; RF: radio
frequency; MZM: Mach–Zehnder modula.

also lead to the inaccurate measurement of the polarization dependent loss (PDL), polarization mode dispersion (PMD), and
group delay [8]. To overcome these problems, it is highly desirable that the +2nd-order sideband is eliminated.
In this paper, a novel OSSB modulation based on a 120°
hybrid coupler and a dual-drive Mach–Zehnder modulator is
proposed and demonstrated. In the scheme, the optical signals
in the upper and lower arms of the dual-drive MZM have a
phase difference of n × 2π/3 – φ0 . When φ0 = π/3, which
is implemented by properly setting the dc bias, the −1st-order
sideband, i.e., n = −1, is suppressed because the −1st-order
sidebands in the two arms of the modulator have a −180° phase
difference and are destructively interfered when combined at the
output port of the MZM. Simultaneously, the +2nd-order sidebands, i.e., n = +2, are also destructively interfered owing to the
+180° phase difference. As a result, an OSSB signal with both
of the −1st and +2nd-order sidebands suppressed is generated.
Similarly, when φ0 = –π/3, an OSSB signal with both of the
+1st and −2nd-order sidebands suppressed is generated. The
comparative numerical study of the OSSB modulation based on
the 90° and 120° hybrid couplers is performed. The +2nd-order
sideband of the proposed OSSB modulation based on a 120°
hybrid coupler is suppressed by 26.38 dB compared with that
of the conventional OSSB modulation based on a 90° hybrid
coupler at a phase modulation index of π/3. When applying in
the high-resolution optical vector network analysis, the simulation results show that the transmission function measured by
the proposed OSSB modulation is much more accurate than
that measured by the conventional approach. The comparison
of the performance of the two OSSB modulations in a RoF system with 20-km single mode fiber (SMF) is also experimentally
evaluated. When the RF signal is modulated by a 50 Mbaud 16
QAM signal, the error vector magnitudes (EVMs) of the 90°
and 120° hybrid couplers based OSSB signals are degraded by
0.5472% and 0.3825%, respectively, showing that the proposed
OSSB modulation has better transmission performance.
II. ANALYTICAL ANALYSIS
Fig. 2 shows a typical configuration of the OSSB modulation
based on a hybrid coupler and a dual-drive MZM. An optical
carrier from a laser diode (LD) is fed to the optical port of the

(1)

where β1 and β2 are the phase modulation indices in the two
arms, ωe is the angular frequency of the modulating signal.
Based on the Jacobi–Anger expansion, (1) can be rewritten as
E(t) =

∞


Ec im {Jm (β1 ) exp [i (ωc + mωe ) t + imϕ]

m =−∞

+Jm (β2 ) exp [i (ωc + mωe ) t + iφ0 ]}
=

∞


Ec im exp [i(ωc + mωe )t]

m =−∞

{Jm (β1 ) exp (imϕ) + Jm (β2 ) exp (iφ0 )}

(2)

where Jm (β) is the mth order of the Bessel function of the first
kind.
Since the −2nd, −1st, 0th, +1st and +2nd-order sidebands
are of the most importance to the OSSB modulation, we list the
optical fields of these sidebands as follows:
E−2 = Ec exp (iπ) [J2 (β1 ) exp (−i2ϕ) + J2 (β2 ) exp (iφ0 )]

E−1

exp [i (ωc t − 2ωe t)]
 π
[J1 (β1 ) exp (−iϕ) + J1 (β2 ) exp (iφ0 )]
= Ec exp i
2
exp [i (ωc t − ωe t)]

E0 = Ec [J0 (β1 ) + J0 (β2 ) exp (iφ0 )] exp (iωc t)
 π
E+1 = Ec exp i
[J1 (β1 ) exp (iϕ) + J1 (β2 ) exp (iφ0 )]
2
exp [i (ωc t + ωe t)]
E+2 = Ec exp (iπ) [J2 (β1 ) exp (i2ϕ) + J2 (β2 ) exp (iφ0 )]
exp [i (ωc t + 2ωe t)] .

(3)

The corresponding optical powers are


P−2 = Ec2 J22 (β1 ) + J22 (β2 ) + 2J2 (β1 )J2 (β2 ) cos (2ϕ + φ0 )


P−1 = Ec2 J12 (β1 ) + J12 (β2 ) + 2J1 (β1 )J1 (β2 ) cos (ϕ + φ0 )


P0 = Ec2 J02 (β1 ) + J02 (β2 ) + 2J0 (β1 )J0 (β2 ) cos (φ0 )


P+1 = Ec2 J12 (β1 ) + J12 (β2 ) + 2J1 (β1 )J1 (β2 ) cos (ϕ − φ0 )


P+2 = Ec2 J22 (β1 ) + J22 (β2 ) + 2J2 (β1 )J2 (β2 ) cos (2ϕ − φ0 )
(4)
To achieve an OSSB modulation with the −1st and +2ndorder sidebands suppressed, the following conditions should be
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satisfied

⎧
⎨ β1 = β2
cos (ϕ + φ0 ) = − 1
⎩
cos (2ϕ − φ0 ) = − 1.

(5)

From (5), we have β1 = β2 , ϕ = 2π/3, and φ0 = π/3. Thus,
the OSSB modulation can be realized by a 120° (i.e., 2π/3)
hybrid coupler and a dual-drive MZM by a proper dc bias, which
introduces an additional phase difference of π/3 between the two
arms of the dual-drive MZM. It should be noted that a wideband
120° hybrid coupler can be achieved by coupling between the
top and bottom elliptical microstrip patches via an elliptical slot
located in the mid-layer [22] or the microstrip-lines connected
to a low-impedance rectangular microstrip patch [23].
An important parameter of the OSSB modulation is the power
of the RF component beat by the carrier and the first-order
sideband, because the information is carried by the first-order
sideband in the long-reach RoF system, and the response of
the device under test (DUT) is also carried by the first-order
sideband in the high-resolution optical vector network analysis.
By beating the first-order sideband with the optical carrier, the
information is transferred to the electrical domain, which can
be detected or processed using the mature RF technologies.
For the OSSB modulation based on the 120° hybrid coupler,
the optical fields of the carrier and the +1st-order sideband can
be expressed as
√


E0,120 = 3Ec J0 (β) exp i ωc t + π6
(6)
√
E+1,120 = 3Ec J1 (β) exp [i (ωc t + ωe t + π)] .
The electric field of the RF signal beat by the carrier and the
+1st-order sideband can be written as
∗
∗
ERF,120 = η E0,120
· E+1,120 + E+1,120
· E0,120

5π
2
= 6ηEc J0 (β) J1 (β) cos ωe t +
6

(7)

where η is the responsivity of the PD.
Similarly, the optical fields of the carrier and the +1st-order
sideband in the conventional OSSB modulation based on the
90° hybrid coupler can be expressed as
√


E090 = 2Ec J0 (β) exp i ωc t + π4
(8)
90
=2Ec J1 (β) exp [i (ωc t + ωe t)] .
E+1
The electric field of the corresponding RF signal beat by the
carrier and the +1st-order sideband has the form of
∗
∗
· E+1,90 + E+1,90
· E0,90
ERF,90 = η E0,90

√
π
.
= 4 2ηEc2 J0 (β) J1 (β) cos ωe t −
4
The power ratio of the two RF signals is

PRF,120
9
= ≈ 0.512 dB.
PRF,90
8
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(9)

(10)

With the same modulation indices, the power of the RF signal
beat by the carrier and the +1st-order sideband in the proposed
OSSB modulation is 0.512-dB larger than that in the conventional OSSB modulation.

Fig. 3. The powers of the RF components beat by the optical carrier and the
+1st-order sideband of the OSSB signals generated by the proposed and the
conventional schemes as a function of the modulation index.

Fig. 3 shows the powers of the RF components beat by the
optical carrier and the +1st-order sideband of the OSSB signals
generated by the proposed and the conventional schemes as a
function of the modulation index. In the calculation, the power
of the input optical signal is 10 dBm and the responsivity of
the PD is 0.8 A/W. As can be seen, the RF component beat
by the carrier and the +1st-order sideband of the OSSB signal
generated by the proposed scheme is generally 0.512-dB larger
than that of the OSSB signal generated by the conventional
scheme, which reaches its peak at a phase modulation index of
1.09.
In addition, the optical power of the OSSB signal is also
important in the long-reach RoF system. For the OSSB signal
generated by the proposed modulation scheme, the optical field
can be written as



2π
E120 (t) = Ec exp(iωc t) exp iβ cos ωe t +
3


π
(11)
+ exp iβ cos (ωe t) + i
3
so the optical power is

√ 
P120 = E120 (t) · E120 (t)∗ = Ec2 2 + J0
3β . (12)
As a comparison, in the conventional OSSB modulation based
on the 90° hybrid coupler, the optical power is given by
P90 = 2Ec2 .

(13)

Fig. 4 shows the optical powers of the OSSB signals as a
function of the modulation index. The OSSB signals generated by the proposed and the conventional schemes have the
same optical power when the modulation index is 1.39. Because
the practical modulation index would be smaller than 1.39, the
optical power of the OSSB signal generated by the proposed
scheme is generally larger than that of the OSSB signal generated by the conventional scheme. At a phase modulation index
of π/3, which is a practical value in a long-reach RoF system,
the power of the OSSB signal generated by the proposed scheme
is 0.84-dB larger than that of the OSSB signal generated by the
conventional scheme.
In the proposed scheme, we have assumed that the RF powers to the two RF ports are identical and the phase difference
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The optical powers of the OSSB signals as a function of the modulation

Fig. 6. The simulated optical spectrum of the OSSB modulated signals based
on (a) the 90° hybrid coupler and (b) the 120° hybrid coupler when the modulation index is π/3.

III. SIMULATION AND EXPERIMENTAL RESULTS

Fig. 5. The sensitivity of the proposed and conventional OSSB signals as a
function of (a) the drive level difference and (b) the phase offset when the phase
index is 1.

is exactly controlled, which is hard to achieve in practice. To
evaluate the sensitivity of the proposed OSSB modulation on the
drive level differences and phase offsets between the two drive
signals, a simulation is performed. Fig. 5 shows the sideband
suppression ratios (SSRs), i.e., the ratio of the desired first-order
sideband to the undesired one, of the OSSB signals based on
the 120° hybrid coupler and 90° hybrid coupler as a function of
the drive level differences and phase offset. As can be seen, the
SSR of the conventional OSSB modulation based on a 90° hybrid coupler is generally larger than that of the proposed OSSB
modulation with the same phase offset, but the trends for both
schemes are the same.

In order to demonstrate the concept and to evaluate the performance of the proposed scheme, a comparative numerical simulation and experimental study between the conventional OSSB
modulation and the proposed OSSB modulation is carried out.
In the simulation, the extinction ratio of the dual-drive MZM
is 30 dB, the line-width of the LD is 1 MHz, and the frequency
of the RF signal is 10 GHz. The 90° and 120° hybrid couplers
are ideal, which can split a RF signal into two parts with equal
powers and an exact phase difference of 90° or 120°.
In the experiment, a vector signal generator (Agilent E8267D)
and a tunable laser source (Agilent N7714A) are used as the RF
source and the optical source, respectively. The dual-drive MZM
(Fujitsu FTM7921ER) has a 3-dB bandwidth of 10 GHz and a
half-wave voltage of 2.6 V. The optical spectrum of the modulated signal is observed by an optical spectrum analyzer (Yokogawa AQ6370C) with a resolution of 0.02 nm, and the EVM is
measured by an electrical signal analyzer (Agilent N9030A).
A. The Optical Spectrum
Fig. 6 shows the simulated optical spectrum of the OSSB
signals based on the 90° hybrid coupler and the 120° hybrid
coupler. Because of the limited extinction ratio of the modulator,
the −1st-order sideband is not completely suppressed. For both
of the two OSSB modulations, the suppression ratio of the −1storder sideband is almost the same. But the +2nd-order sideband
of the proposed OSSB modulation is 26.38-dB lower than that of
the conventional OSSB modulation when the modulation index
is π/3.
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Fig. 8.

Fig. 7. The experimentally measured optical spectra of the OSSB-modulated
signals based on (a) the 90° hybrid coupler and (b) the 120° hybrid coupler.
(c) The optical spectra of the conventional and the proposed OSSB signals with
a modulation index of 1.92.

The simulation result is validated by the experiment. Fig. 7
shows the experimentally measured optical spectra of the OSSB
signals at different phase modulation indices. From Fig. 7(a) and
(b), it is obvious that the −1st-order sidebands of the two OSSB
modulations are greatly suppressed, while the powers of the
+2nd-order sideband of the proposed OSSB signals are 23.87,
19.92, and 14.08-dB lower than those of the conventional ones
when the phase modulation indices are 1.92, 1.08, and 0.61,
respectively.
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The simulated measurement error of the magnitude response.

is thus realized [4]–[9]. Although the OSSB-based OVNA can
have very high resolution in principle, the measurement accuracy is limited by the high-order sidebands of the OSSB signal. The +2nd-order sideband, which has the highest power
among all the high-order sidebands, introduces the maximum
measurement error [20], [21]. Since the proposed OSSB modulation scheme can effectively suppress the +2nd-order sideband, it should improve significantly the performance of the
OSSB-based OVNA. By assuming the response of the DUT as
H(ω) = 1, the measurement error of the magnitude response
as a function of the modulation index is calculated, with the results shown in Fig. 8. It can be seen that the measurement result
using the conventional OSSB modulation is always bigger than
the actual value. However, the error is close to zero if the proposed OSSB modulation is used. At a phase modulation index
of π/3, the errors are 16.05% and –0.81% for the conventional
and proposed OSSB modulation schemes, respectively.
Since the transfer function is assumed to be H(ω) = 1, the
phase of the components beat by the mth and (m + 1)th-order
sidebands are always equal. As a result, we cannot find the
measurement errors in phase. To study the errors of the phase
measurement, a complex H(ω) must be assumed. Fig. 9 shows
the ideal responses of the PS-FBG and the calculated responses
of the PS-FBG by the OVNA based on the conventional and
proposed OSSB modulations. The notch depth of the actual
PS-FBG is 27.85 dB and the phase shift is 180°. From Fig. 9,
the magnitude and phase responses of the PS-FBG obtained
by the OVNA based on the proposed OSSB modulation almost
coincide with the ideal responses, while the responses achieved
by the OVNA based on the conventional OSSB modulation is
obviously deviated from the actual ones.
C. The Performance in Long-Distance RoF System

B. The Performance in OSSB-Based OVNA
When an OSSB signal propagates through a DUT, the DUT
would change the phase and magnitude of each sideband in the
OSSB signal. Converting the OSSB signal back to a RF signal, the change of the phase and magnitude can be accurately
extracted by a RF phase-magnitude detector. By scanning the
frequency of the RF signal, the phase and magnitude responses
of the DUT can be obtained. Optical vector network analysis

Due to the low insertion loss and wide bandwidth of the optical fiber, RoF system is an attractive approach for distributing
high frequency wireless signals. However, the performance of
the RoF system is restricted by the chromatic dispersion of the
optical fiber, which would lead to serious frequency-dependent
power fading if the optical microwave signal is a DSB signal. By applying the OSSB modulation, the RoF system can
be free from the effect of the fiber dispersion. However, the
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IV. CONCLUSION
A novel OSSB modulation scheme based on a 120° hybrid
coupler and a dual-drive MZM was proposed and demonstrated.
According to the analytical analysis, simulation results, and experiment measurement, the −1st and +2nd-order sidebands (or
the +1st and −2nd-order sidebands) in the generated OSSB
signal were effectively suppressed. Because the +2nd-order
sideband was greatly suppressed in the proposed OSSB modulation, the measurement accuracy of the OSSB-based OVNA
was greatly improved. The proposed OSSB modulation also had
better transmission performance than the conventional scheme
using 90° hybrid coupler. In addition, the power of the RF component beat by the carrier and the +1st-order sideband of the
proposed OSSB modulation is 0.512-dB larger than that of the
conventional one.
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Fig. 9. The ideal response and the calculated responses of the PS-FBG when
the phase modulation index is 1. (a) Magnitude response, (b) phase response.
The insets: zoom-in view of the responses at the notch of the PS-FBG.
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