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Abstract: A novel photonic scheme of binary modulated microwave signals generation
based on a dual-polarization quadrature phase-shift keying (DP-QPSK) modulator is pro-
posed and experimentally demonstrated. The scheme is highly reconfigurable, amplitude
keying signal (ASK), phase-shift keying signal (PSK) or frequency-shift keying (FSK) signal
can be generated by appropriately setting the amplitude of the binary coding signal. The
coding signal and local oscillator (LO) signals are independent with each other, binary
modulated microwave signals can be generated with arbitrary coding rate and carrier
frequency. The frequency deviation of the FSK signal can also be adjusted flexibly. No
filter is used in the scheme and the tuning range is large. A proof-of-concept experiment is
carried out to verify the feasibility of the proposed system. A 1-Gbps 8-GHz microwave ASK
signal, a 0.5-Gbps 6-GHz microwave PSK signal, and a 0.5-Gbps 8/12-GHz microwave FSK
signal are g[enerated in the experiment.

Index Terms: Microwave photonics, Microwave signals generation, binary digitally modu-
lated signals.

1. Introduction
Digital-modulation signals such as amplitude shift keying (ASK), frequency shift keying (FSK),
and phase shift keying (PSK) signals are widely used in communications and radar system [1],
[2]. Conventional methods to generate ASK / PSK / FSK signal in electric domain are limited
by the electric bottleneck. Microwave photonic technique can be used to solve the problem. It
has significant advantages, such as large bandwidth, high coding rate and anti-electromagnetic
interference [3], [4]. Meanwhile, it can reduce the complexity of the signal generation system.

Various methods have been proposed to generate ASK, PSK and FSK signals in optical do-
main. Typically, they are divided into three categories, direct space-time mapping, frequency-time
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mapping and optical external modulation. Direct space-to-time mapping [5] can flexibly generate a
variety of RF binary modulated signals, but the structure is bulky and lossy. For the schemes based
on frequency-to-time mapping [6], the duration of the generated signal is affected by dispersion.
Schemes based on optical external modulation [7]–[18] can better alleviate the above problems,
it has received more and more attention in recent years. For example, the ASK signal can be
generated using a Mach-Zehnder modulator (MZM) [7] or a mode-locked laser (MLL) and filters
[8]. PSK signal can be generated by using a dual-drive Mach-Zehnder modulator (DDMZM) and
optical bandpass filter (OBPF) [9]. In [10], the PSK signal generator is implemented based on a
polarization division multiplexing Mach–Zehnder modulator (PDM-MZM) and a 90° hybrid coupler
(90° HC). However, in these schemes an OBPF or a 90° HC is used, and the frequency of the
generated PSK signal is limited by the OBPF or the 90° HC. In order to increase the operating
bandwidth, cascaded structures [11], [12] were proposed. In these schemes, the generation of
PSK signals is based on a polarization modulator (PolM), which has two orthogonal polarization
states and the modulation indexes are opposite. To reduce the complexity of the scheme, approach
based on quadrature phase shift keying modulator (QPSK) is proposed to generate PSK signal [13].

FSK signal generation schemes were proposed in [14]–[16]. In [14], a complex structure with two
laser diodes (LD), two modulators (MZM, PolM), and a PM-FBG are used, the stability and tuning
range of the system is limited by its PM-FBG and the carrier frequency stability of the system is
affected by two incoherent lasers. To simplify the complexity of the system, the coding signal and
the LO signal are loaded on a DDMZM in [15], but the generated FSK signal is limited by the
frequency doubling relationship. In order to realize better frequency adjustability of the generated
FSK signal, scheme [16] is proposed. In this scheme, two independent microwave signals are used
as the subcarriers of the FSK signal.

However, most of the mentioned schemes [7]–[16] can only implement one modulation format.
Only a few schemes are capable of generating multiple binary modulated microwave signal formats.
A binary digital modulated signal generation scheme is proposed in [17], which includes a PolM,
two parallel Mach-Zehnder interferometers (MZI), and a tunable optical filter (TOF). Different
modulation formats can be generated by adjusting an optical delay line and an optical switch.
Similarly, the scheme in ref. [18] is composed of an optical comb generator, a PM, an MZI and
a TOF. Different modulation formats can be generated by adjusting the MZI and the TOF. The
tunability of both schemes is limited by the filter. To increase the tunability of the structure, a
scheme composed of a PDM-MZM and a PolM [19] is proposed, but the scheme is not flexible
in selecting the frequency of the generated signal.

In this paper, we propose a novel photonic scheme that can generate multiple formats of binary
modulated signals. Only one modulator is used in the scheme, the structure is simple. The binary
coding signal and the local oscillator (LO) signal are directly loaded on different RF ports of the
dual-polarization quadrature phase shift-keying (DP-QPSK) modulator, the frequency and the data
rate can be easily tuned. No filter or 90° HC is used in the scheme, the tuning range is large.
Different modulation formats, such as ASK, FSK and PSK, can be obtained by properly setting the
amplitude of the binary coding signal. The use of balanced photodetector (BPD) can effectively
eliminate even harmonics and generate high-quality microwave signals.

2. Principles
Fig. 1 illustrates the structure of proposed binary modulated microwave signals generator. It
consists of an LD, a DP-QPSK modulator, a polarization controller (PC), a polarization beam splitter
(PBS), and a BPD. A linearly polarized optical signal from an LD is sent to the DP-QPSK modulator
via a PC. The LO signal and a binary-coding signal are applied to the DP-QPSK modulator. Through
setting the bias voltages properly, the DP-QPSK modulator outputs a polarization-multiplexed sig-
nal, the optical carrier modulated by the coding signal and the ±1 order sidebands are orthogonal
in polarization. The polarization-multiplexed signal is then injected into the PBS through a PC. By
adjusting the PC, the sum of the polarization-multiplexed signals and the difference between the
polarization-multiplexed signals are respectively aligned with the two axes of the PBS. The two
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Fig. 1. Schematic diagram of the proposed binary modulated microwave signals generator. LD: laser
diode; DP-QPSK: dual-polarization quadrature phase-shift keying modulator; 90° PR: 90° polarization
rotator; PC: polarization controller; PBS: polarization beam splitter; BPD: balanced photodetector; LO:
Local oscillator; OSC: oscilloscope; MATP: maximum transmission point; MITP: minimum transmission
point; QTP: quadrature transmission point.

outputs of the PBS are separately injected into the BPD to obtain the desired binary modulated
signals.

As described in Fig. 1, a DP-QPSK modulator consists of a Y-splitter, two parallel dual-parallel
Mach-Zehnder modulators (X-DPMZM and Y-DPMZM), a 90° polarization rotator (90° PR), and
a polarization beam combiner (PBC). We assume that the optical carrier from the LD is Ein(t ) =
E0 exp( jωct ), where E0 and ωc are the amplitude and angular frequency of the optical carrier.
Assume that the binary coded signal loaded on the DP-QPSK modulator is s(t ). Two LO signals
(LO1 and LO2) are expressed as VLO1 (t ) sin(ωLO1 t ) and VLO2 (t ) sin(ωLO2 t ), respectively, where VLO1 and
VLO2 are the amplitudes, ωLO1 and ωLO2 are the angular frequencies. The modulation indexes (mLO1

and mLO2 ) for LO1 and LO2 can be written as mLO1 = πVLO1/Vπ and mLO2 = πVLO2/Vπ , respectively,
where Vπ is the half-wave voltage of the DP-QPSK modulator.

2.1 Generation of ASK and PSK signals

As shown in Fig. 1 (b), the binary coding signal s(t ) is divided into two equal parts by a power splitter
and loaded on X-MZM2 and Y-MZM1, respectively. The RF port of X-MZM1 is loaded with LO1 and
the RF port of Y-MZM2 is null. The two sub-modulators and the main modulator of X-DPMZM are
biased at MITP, MATP and QTP, respectively. And the two sub-modulators and main modulator of
Y-DPMZM are biased at the MITP, MITP and QTP, respectively. The polarization-multiplexed signal
from the DP-QPSK modulator is described as:

EDP_QPSK (t) = EX _DPMZM (t) + EY _DPMZM (t)

=
√

2Ein (t )
8

⎛
⎝
{(

exp
[

jmLO1 sin(ωLO1 t ) + jπ
/

2
]+ exp

[− jmLO1 sin(ωLO1 t ) − jπ
/

2
])

+ (exp [ jβs(t )] + exp [− jβs(t )]) exp
(

jπ
/

2
) }−→ex

+ {exp
[

jβs(t ) + jπ
/

2
]+ exp

[− jβs(t ) − jπ
/

2
]}−→ey

⎞
⎠

∝ E0 exp( jω0t )
{[−J1(mLO1 ) sin(ωLO1 t ) + j cos [βs(t )]

]−→ex − sin [βs(t )] −→ey

} (1)

where −→ex and −→ey represent two orthogonal polarization states, respectively. β = πVS(t )/Vπ is the
modulation index of s(t ), Vs(t ) is the amplitude of the binary coding signal s(t ). Jn(•) represents the
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n-order Bessel function of the first kind. Under small-signal assumption in the above equations,
only the first-order optical sidebands are considered and higher-order sidebands are ignored.

The polarization-multiplexed signal from the DP-QPSK modulator is fed into the PBS via a PC.
The cascaded PC and PBS can achieve polarization direction rotation. By carefully turning the
PC, the angle between the polarization direction of one polarization of the polarization-multiplexed
signal and the main-axis of PBS is 45 degrees. The phase difference between X and Y polarization
states is 0 degrees. The two polarization-multiplexed signals at the output of the PBS can be
denoted as: [

EP1(t )
EP2(t )

]
= TPC−PBS

[
EX −DPMZM (t )
EY −DPMZM (t )

]
=
[

cos α − sin α exp( jθ )
sin α exp( jθ ) cos α

] [
EX −DPMZM (t )
EY −DPMZM (t )

]
=
[

EX −DPMZM (t ) cos α − EY −DPMZM (t ) sin α exp( jθ )
EX −DPMZM (t ) sin α exp( jθ ) + EY −DPMZM (t ) cos α

]
∝ E0 exp( jω0t )

[
j exp [− jβs(t )] − J1(mLO1 ) sin(ωLO1 t )
j exp [ jβs(t )] − J1(mLO1 ) sin(ωLO1 t )

]
(2)

where α = 45◦ and θ = 0◦ are introduced by PC.
Two output signals of the PBS are sent to BPD. After photodetection, the resulting electric signal

can be denoted as:

IBPD = EP1(t )EP1
∗(t ) − EP2(t )EP2

∗(t )

= E 2
0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡
⎢⎣ 1︸︷︷︸

DC

+J1
2(mLO1 )sin2(ωLO1t )︸ ︷︷ ︸

Har monics

− j J1(mLO1 ) sin(ωLO1 t ) exp [− jβs(t )]+ j J1(mLO1 ) sin(ωLO1 t ) exp [ jβs(t )]︸ ︷︷ ︸
ASK/PSK

⎤
⎥⎦
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DC

+J1
2(mLO1 )sin2(ωLO1 t )︸ ︷︷ ︸

Har monics

− j J1(mLO1 ) sin(ωLO1 t ) exp [ jβs(t )]+ j J1(mLO1 ) sin(mLO1 t ) exp [− jβs(t )]︸ ︷︷ ︸
ASK/PSK

⎤
⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

= E 2
0

{
2 j J1(mLO1 ) sin(ωLO1 t ) (exp [ jβs(t )] − exp [− jβs(t )])

}
= −4E 2

0 J1(mLO1 ) sin(ωLO1 t ) sin [βs(t )]

(3)

It can be seen from Eq. (3), due to the balanced detection of the BPD, the undesired terms
such as DC and harmonics are effectively eliminated and a better quality ASK or PSK signal is
generated. By properly adjusting the amplitude s(t ), when βs(t ) = 0 at bit ‘0’ and βs(t ) = π/2 at bit
‘1’, the ASK signal is generated. The expression can be written as:

IBPD ∝ J1(mLO1 ) sin(ωLO1 t ) sin [βs(t )]

=
{

0 for bit ′0′

J1(mLO1 ) sin(ωLO1 t ) for bit ′1′
(4)

Similarly, if the binary coding signal s(t ) satisfies the expression βs(t ) = −π/2 at bit ‘0’ and
βs(t ) = π/2 at bit ‘1’, the output signal becomes an PSK signal, and the expression can be
expressed as:

IBPD ∝ J1(mLO1 ) sin(ωLO1 t ) sin [βs(t )]

=
{

J1(mLO1 ) sin(ωLO1 t + π ) for bit ′0′

J1(mLO1 ) sin(ωLO1 t ) for bit ′1′
(5)
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2.2 Generation of FSK signal

As shown in Fig. 1 (c), two different LO signals (LO1 and LO2) are loaded on X-MZM1 and Y-MZM2,
respectively. The X-MZM2 and Y-MZM1 are driven by the binary coding signal s(t ). The bias voltage
setting of the DP-QPSK modulator is the same as that of ASK / PSK signal generation. And the
polarization-multiplexed signal output from DP-QPSK modulator is written as:

EDP_QPSK (t) = EX _DPMZM (t) + EY _DPMZM (t)

=
√

2Ein (t )
8

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
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exp
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/
2
)

+ exp
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/
2
) ]

+ [exp ( jβs(t )) + exp (− jβs(t ))] exp
(

jπ
/

2
)}−→ex

+
{ [

exp
(

jβs(t ) + jπ
/

2
)+ exp

(− jβs(t ) − jπ
/

2
)]

+
[

exp
(

jmLO2 sin(ωLO2 t ) + jπ
/

2
)

+ exp
(− jmLO2 sin(ωLO2 t ) − jπ

/
2
) ]exp

(− jπ
/

2
)}−→ey

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

∝ {−J1(mLO1 ) sin(ωLO1 t ) + j cos [βs(t )]
}−→ex + {− sin [βs(t )] + j J1(mLO2 ) sin(ωLO2 t )

}−→ey

(6)

As mentioned above, by adjusting the PC to meet α = 45◦ and θ = 0◦, the optical signal output
from the PBS is described as:[

EP1(t )
EP2(t )

]
=
[

EX _DPMZM (t) + EY _DPMZM (t)
EX _DPMZM (t) − EY _DPMZM (t)

]
=
[

j cos [βs(t )] − J1(mLO1 ) sin(ωLO1 t ) + j J1(mLO2 ) sin(ωLO2 t ) − sin [βs(t )]
j cos [βs(t )] − J1(mLO1 ) sin(ωLO1 t ) − j J1(mLO2 ) sin(ωLO2 t ) + sin [βs(t )]

] (7)

Next, the two output signals from PBS are injected into the BPD. The resulting electrical signal
is given by

IBPD = EP1(t )EP1
∗(t ) − EP2(t )EP2

∗(t )
∝ J1(mLO1 ) sin(ωLO1 t ) sin [βs(t )] + J1(mLO2 ) sin(ωLO2 t ) cos [βs(t )]

(8)

The amplitude condition for the generation of FSK signal is that the expression βs(t ) = 0 at bit ‘0’
and βs(t ) = −π/2 at bit ‘1’. To obtain a flat waveform, the amplitude of the input LO signals should
introduce the same modulation index, i.e., mLO1 = mLO2 = m. Then, we can rewrite Eq. (8) as:

IBPD = EP1(t )EP1
∗(t ) − EP2(t )EP2

∗(t )
∝ J1(m)

{
sin(ωLO2 t ) cos [βs(t )] + sin(ωLO1 t ) sin [βs(t )]

}
=
{

J1(m) sin(ωLO2 t ) , for bit ′0′

J1(m) sin(ωLO1 t ) , for bit ′1′
(9)

It can be seen from Eq. (9) that the coding signal s(t ) determines the frequency of the FSK signal.
The bit ‘0’ and ‘1’ corresponds to an instantaneous LO frequency of ωLO2 and ωLO1 , respectively.

3. Experiments and Results
3.1 Experimental Setup

To verify the feasibility of the proposed scheme, a proof-of-concept experiment of binary modulated
microwave signal generation is carried out as shown in Fig. 1(a). A distributed feedback LD (Emcore
1782) is used as the continuous-wave light source, which emits linearly polarized light with the
wavelength of around 1551.1 nm, the power of 12 dBm, and the RIN of -150 dBc/Hz. Then it
is injected into a DP-QPSK modulator (Fujitsu, FTM7977EX) via a PC. The half-wave voltage of
the DP-QPSK modulator is 3.5 V, and the insertion loss and extinction ratio are 13 dB and 25
dB, respectively. Two microwave analog signal generators (MSGs, R&S SMW 200A and Agilent
N5183A MXG) are used to offer LO signals (LO1 and LO2). A pseudo-random binary sequence
(PRBS) signal generated by an arbitrary waveform generator (AWG, Tektronix AWG7082) is used
as the binary coding signal s(t ). The LO signals and the binary coding signal s(t ) are respectively
loaded on different RF ports of the DP-QPSK modulator. The optical signal from DP-QPSK
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Fig. 2. Waveform of (a) the binary coding signal s(t ) loaded on DP-QPSK modulator and (b) the
generated 1-Gbps 8-GHz ASK signal.

Fig. 3. The waveform of the binary coding signal s(t ) used to produce phase shift keying (PSK) signal
is shown in (a). (b) The waveform of the generated 0.5-Gbps 12-GHz PSK and (c) the corresponding
recovered phase.

modulator is injected into the BPD (Finisar XPDV 2150R) through the PC and the PBS, and the
optical signal is converted into an electrical signal by a BPD. The bandwidth and responsivity of
the BPD is 50 GHz and 0.6 A/W, respectively. We used an optical spectrum analyzer (Advantest,
Q8384) to monitor the optical signal and an electrical spectrum analyzer (ESA, Rohde & Schwarz,
FSW30) to observe the generated electrical signal. The temporal waveform is monitored by an
oscilloscope (Keysight DSOV334A) with a sampling rate of 80 GSa/s.

3.2 Generation of ASK and PSK signals

An LO signal (LO1) with a frequency of 8 GHz and a power of 14 dBm is loaded onto X-MZM1,
which is biased at the MITP. Y-MZM2 is unloaded and the main modulator of Y-DPMZM is biased
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Fig. 4. (a) The waveform of the generated 0.5-Gbit/s 6-GHz PSK signal and (b) the corresponding
recovered phase.

Fig. 5. (a) The spectra of the polarization-multiplexed signal output by the DP-QPSK modulator, (b) The
electrical spectrum of the generated FSK signal, (c) The waveform, and (d) corresponding frequency.

at the QTP. A binary coding signal s(t ) with a length of 213-1 bits and a rate of 1 Gbps is loaded
on X-MZM2 and Y-MZM1 by a power splitter. The working points of X-MZM2 and Y-MZM1 are
biased at the MATP and the MITP, respectively. The waveform of binary coding signal s(t ) is shown
in Fig. 2(a), where the amplitude of it at bit ‘1’ and bit ‘0’ are about 1.75 V and 0 V, respectively.
Fig. 2(b) is the real-time waveform diagram of microwave ASK signal, in which the modulation rate
is 1 Gbps and carrier frequency is 8 GHz.

Vol. 12, No. 6, December 2020 5503010
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Fig. 6. (a) The spectra of the polarization-multiplexed signal output by the DP-QPSK modulator, (b) The
electrical spectrum of the generated FSK signal, (c) The waveform, and (d) corresponding frequency.

Keeping the bias voltages of the DP-QPSK modulator unchanged, we change the amplitude of
the binary coding signal s(t ) to 1.75 V at bit 1 and -1.75 V at bit 0. Limited by the AWG bandwidth,
the data rate is set to 0.5 Gbps. The frequency of LO1 is changed to 12 GHz. The output signal
changes from ASK signal to PSK signal. The waveform of the binary coding signal s(t ) loaded
on the DP-QPSK modulator is shown in Fig. 3 (a), the symbol sequence is PRBS signals, and
the data rate is 0.5 Gbps. The blue line in Fig. 3(b) denotes the temporal waveforms of the PSK
signal, it can be seen that there are obvious phase jumps between different symbols. The red line
in Fig. 3(c) is the phase information recovered after off-line processing of PSK signal [20]. It can
be observed from the figure that the phase difference of different symbols is approximately equal
to 180 degrees, which is consistent with the input binary sequence.

In order to verify the tunability of the proposed system, the frequency of the input LO signal
is changed to 6 GHz. The time domain waveform of the generated PSK signal is shown by the
blue line in Fig. 4. The red line is the phase information recovered from the PSK signal by Hilbert
transform, which is close to the theoretical value.

3.3 Generation of FSK signal

As described in Fig. 1(c), two LO signals (LO1 and LO2) with a frequency of 8 GHz and 12 GHz,
and a power of 14 dBm are loaded on the DP-QPSK modulator. It should be noted that the bias
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voltages of DP-QPSK modulator remain unchanged. In the FSK signal generation experiment, the
amplitude setting of binary coded signal s(t ) is the same as that of ASK signal generation. We
adjust the amplitude of the binary coded signal s(t ) to 1.75 V at bit ‘1’ and 0 V at bit ‘0’, and the rate
is set to 0.5 Gbps. The spectra of polarization-multiplexed signal is plotted in Fig. 5 (a). Similar to
ASK/PSK signal generation, a 45-degrees angle is introduced between the polarization direction of
the polarization-multiplexed signal and the main axis of the PBS. Then the two output signals from
the PBS are injected into a BPD to generate an FSK signal.

The electrical spectrum and time-domain waveforms are plotted in Fig. 5 (b) and Fig. 5 (c),
respectively. Due to the balance detection of BPD, there are few spurs in the electrical spectrum,
and the generated FSK signal waveform has little fluctuation. We use the coherent demodulation
algorithm of MATLAB to recover the frequency information of the received signal, as shown by the
red line in Fig. 5 (d). It can be seen from the figure that the frequency of the generated FSK signal
jumps between 8 GHz and 12 GHz.

To investigate the tunability of the FSK signal, we change the frequency of the microwave signals
(LO1 and LO2) at 6 GHz and 18 GHz and keeping the other parameters of the scheme unchanged.
The corresponding optical spectrum of polarization-multiplexed signal is measured by the optical
spectrum analyzer and illustrated in Fig. 6 (a). It can be seen from the electrical spectrum shown in
Fig. 6(b) that the two subcarrier frequencies of the generated FSK signal are 6 GHz and 18 GHz.
In Fig. 6 (c), the blue line depicts the temporal waveform of the generated FSK signal, while the red
line in Fig. 6 (d) represents the frequency value recovered by the coherent demodulation algorithm
of MATLAB.

4. Conclusion
In conclusion, a novel microwave binary modulated signal generator is proposed and experimen-
tally verified. The structure can flexibly generate three binary modulation formats. PSK or ASK
signal can be generated by adjusting the amplitude of the binary coding signal. Loading two
different LO signals on the DP-QPSK modulator and keeping the other parameters unchanged,
we can change the modulation format from ASK to FSK. Since the two LO signals are loaded on
different RF ports of the DP-QPSK modulator, the two LO frequencies can be tuned flexibly in large
range. Compared with traditional electronic methods, the proposed photonic binary modulation
signal generator has a simpler structure, a larger working bandwidth, and better immunity to
electromagnetic interference. When the carrier frequency of the modulated signal is lower than
10 GHz, optical fiber transmission with a length of less than 10 km can be used with little power
fading. If high carrier frequency modulated signals are required for long-distance transmission,
negative dispersion devices need to be used to compensate for fiber dispersion [21].
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