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Abstract: A novel photonic approach for multi-format signal generation based on a 
frequency-tunable optoelectronic oscillator (OEO) is proposed using a dual-polarization 
quadrature phase shift-keying (DP-QPSK) modulator. The upper dual-parallel Mach-Zehnder 
modulator (DP-MZM) integrated in the DP-QPSK modulator is properly biased to serve as an 
equivalent phase modulator, which functions in conjunction with a phase-shifted fiber Bragg 
grating (PS-FBG) in the OEO loop as a high-Q microwave photonic band-pass filter. The 
lower DP-MZM in the DP-QPSK modulator injected by the oscillation signal functions as a 
frequency multiplier, a phase-coded microwave signal generator or an optical frequency comb 
generator, respectively, with different signal injection methods. An experiment is performed. 
When the lower DP-MZM serves as a frequency multiplier, tunable frequency-doubled and 
quadrupled microwave signals up to 40 GHz are generated without using an optical notch 
filter; and if it functions as a phase-coded microwave signal generator, fundamental and 
frequency-doubled binary phase-coded microwave signals are generated with a tunable 
frequency. Furthermore, tunable five-line optical frequency combs are also generated using 
the compact system without an external RF source. The performance of the generated signals 
is also investigated. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction
Microwave photonics, an interdisciplinary area which combines the worlds of radiofrequency 
(RF) engineering and optoelectronics, has been a topic of interest over the past few decades. 
The reason why microwave photonics is proposed is that some functions in traditional 
microwave systems are very complex or even impossible to be implemented directly in the 
electrical domain [1–3], whereas those are easy to be realized in the optical domain with the 
features of low loss, large bandwidth, large tunability and immunity to electromagnetic 
interference offered by modern photonics. In recent years, there has been an increasing effort 
both from the research community and the commercial sector in developing new microwave 
photonic techniques for various applications, such as optical and wireless communications, 
sensor networks, radar, imaging, software-defined radio, warfare systems and modern 
instrumentation [4,5]. Photonic generation of high-frequency microwave signals, phase-coded 
microwave signals and optical frequency combs is a hot topic covered by microwave 
photonics, which has attracted great interests in the past few years. Many research works in 
these topics were conducted. 

In theory, a microwave signal can be generated by beating two optical wavelengths with 
correlated phases in a photodetector (PD), where the generated signal has a frequency equals 
to the frequency spacing of the two wavelengths. Many different approaches have been 
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proposed to generate the two wavelengths with correlated phases, such as optical phase-
locked loop [6], optical injection locking [7], optical injection phase-locked loop [8], and 
optical nonlinear effect [9]. The two phase-correlated optical wavelengths for microwave 
signal generation can also be generated based on external modulation [10,11], which is a 
promising technique because of its simple structure and great flexibility. In addition, 
frequency multiplication can be easily implemented based on external modulation, leading to 
an effective solution to generate microwave signals with even higher frequency [12–15]. The 
phase noise of the generated signal using external modulation is mainly determined by the 
reference signal with a degradation of 20log10(N), where N is the frequency multiplication 
factor. 

A low phase noise microwave signal can be generated using an optoelectronic oscillator 
(OEO), commonly consisting of a pump laser and a feedback circuit including a modulator, 
an optical fiber delay line, a PD, an amplifier and a filter [16]. Since the loss of optical fiber 
(0.2 dB/km) is very small, an OEO can employ a long optical fiber to obtain a loop with an 
ultra-high Q factor. A microwave signal with low phase noise can thus be generated when the 
OEO starts to oscillate. To further increase the frequency of the generated signal, frequency-
multiplying OEOs were proposed. Frequency-doubled or quadrupled microwave signal is 
generated using an OEO operating at a low frequency in [17,18]. The major limitation in 
[17,18] is that the frequency multiplication factor is limited to two or four, and the system 
with a multiplication factor of four always needs an optical notch filter to filter out the optical 
carrier, so the ability of the system to generate low frequency signal is limited and the 
stability of the system is also decreased. To solve these problems, we propose a frequency-
multiplying OEO with a tunable frequency multiplication factor without using optical 
filtering in [19], where frequency-quadrupled, sextupled or octupled microwave signal is 
generated with an OEO for the first time. The major disadvantage of the technique in [19] is 
that the frequency selection of the OEO is realized by an electrical band-pass filter (EBPF), 
which makes the frequency of the oscillation signal hard to be adjusted in a large frequency 
range. 

On the other hand, the phase-coded microwave signal is the commonly used pulse 
compression signal in modern radar system to increase the range resolution and improve the 
signal-to-noise ratio (SNR) [20]. Phase-coded microwave signals can be generated in the 
optical domain to achieve high frequency tunability and large time-bandwidth product 
(TBWP) [21] through methods such as optical pulse shaping using free-space optics [22] or 
pure fiber optics [23], and optical external modulation [24–26]. To further simplify the 
structure and improve the performance of the phase-coded microwave signal generation 
scheme, OEOs are incorporated to generate phase-coded microwave signals, which features 
low phase noise and source-free operation [27]. 

Furthermore, optical frequency combs for multi-carriers and multi-tone generation using 
microwave photonics have also attracted increasing research attentions recently for 
applications in high-speed optical communication, arbitrary waveform generation and optical 
frequency reference [28]. External modulation is also suitable for optical frequency comb 
generation [29]. 

As discussed above, high-frequency microwave signals, phase-coded microwave signals 
and optical frequency combs are all able to be generated using external modulation with a RF 
reference, whereas OEOs provide an effective solution for low phase noise RF signal 
generation, which is a promising technique to offer reference signals with high performance. 
In [30], an OEO with a large frequency-tunable range based on equivalent phase modulation 
and phase modulation to intensity modulation conversion is proposed for frequency-
quadrupled microwave signal generation using a dual-polarization quadrature phase shift-
keying (DP-QPSK) modulator functioning in conjunction with a phase-shifted fiber Bragg 
grating (PS-FBG). 
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To further improve the scope of the application of the technique in [30], in this paper, the 
functionality of the OEO based system is explored from frequency quadrupling to frequency 
doubling, and from high-frequency microwave signal generation to phase-coded microwave 
signal generation and optical frequency comb generation. The key component of the proposed 
scheme is a DP-QPSK modulator. The upper dual-parallel Mach-Zehnder modulator (DP-
MZM) integrated in the DP-QPSK modulator is properly biased to serve as an equivalent 
phase modulator (e-PM), which functions in conjunction with a PS-FBG in the OEO loop as a 
high-Q microwave photonic band-pass filter (MWP-BPF), whereas the lower DP-MZM in the 
DP-QPSK modulator injected by the oscillation signal functions as a frequency multiplier, a 
microwave phase-coded signal generator or an optical frequency comb generator, 
respectively, with different settings. To the best of our knowledge, it is the first OEO to 
realize frequency-quadrupled microwave signal generation with both large frequency 
tunability and no optical notch filter. A theoretical analysis is performed, which is verified by 
an experiment. A fundamental oscillation signal with a frequency from about 7.5 GHz to 12.5 
GHz is generated in the OEO loop, which is used as the reference signals for frequency-
doubled and quadrupled microwave signal generation up to 40 GHz, for fundamental and 
frequency-doubled binary phase-coded microwave signal generation up to 17 GHz, and for 
five-line optical frequency comb generation with a frequency spacing to 12.5 GHz. The 
frequency-tunable range of the system in this experiment is limited by the bandwidth of the 
PD and the electrical amplifier (EA) used in the OEO loop. Theoretically, the frequency-
tunable range can be greatly increased by using PD and EA with a larger operating 
bandwidth. 

2. Principle of operation

Fig. 1. Schematic diagram of the proposed OEO based multi-format signal generation 
approach. TLS, tunable laser source; DP-MZM, dual-parallel Mach-Zehnder modulator; PC, 
polarization controller; PBS, polarization beam splitter; EDFA, erbium-doped fiber amplifier; 
SMF, single-mode fiber; OC, optical circulator; PD, photodetector; PS-FBG, phase-shifted 
fiber Bragg grating; EA, electrical amplifier; EC, electrical coupler; PPG, pulse pattern 
generator. 

The schematic diagram of the proposed OEO based multi-format signal generation approach 
is shown in Fig. 1. A continuous-wave (CW) light wave from a tunable laser source (TLS) is 
injected into a DP-QPSK modulator. The light wave is coupled to the two DP-MZMs 
integrated in the DP-QPSK modulator, where the polarization state of the optical signal at the 
output of DP-MZM2 is rotated by 90 degrees through a polarization rotator. The polarization 
rotated optical signal from DP-MZM2 is then combined with the orthogonally polarized 
optical signal from DP-MZM1. The modulated optical signal from the DP-QPSK modulator 
is sent to a polarization beam splitter (PBS) via a polarization controller (PC). The two 
principal axes of the PBS are aligned with those of the DP-QPSK modulator by tuning the 
PC. The PBS has two optical outputs. One output of the PBS is reflected by a PS-FBG via a 
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length of single-mode fiber (SMF) and an optical circulator (OC), and then amplified by an 
erbium-doped fiber amplifier (EDFA1) before being detected in PD1. The electrical signal 
generated from PD1 is amplified by an EA and then split into two paths by an electrical 
coupler (EC1): the electrical signal of one path is split by EC2 and applied to DP-MZM1 in 
the DP-QPSK modulator to close the OEO loop, which is shown in red line in Fig. 1; the 
electrical signal in the other path is applied to one RF port of DP-MZM2, and the other RF 
port of DP-MZM2 is connected to an pulse pattern generator (PPG) when phase-coded 
microwave signal is desired, or with no input when pure microwave signals or optical 
frequency combs are desired. The other output of the PBS is amplified by EDFA2 and then 
detected in PD2. With different settings, optical frequency combs can to be generated at the 
output of EDFA2, and high-frequency microwave signals or phase-coded microwave signals 
can be generated at the output of PD2. 

2.1 OEO loop 

The main difference between the OEO shown in Fig. 1 and the classic OEO proposed in [16] 
is that the OEO in this paper does not employ an EBPF, which is the most important 
component in [16] to select the oscillation frequency among the possible oscillation modes in 
the OEO. The frequency selection in Fig. 1 is achieved using a MWP-BPF in the OEO loop. 
The DPMZM1 integrated in the DP-QPSK modulator is properly biased to serve as an e-PM, 
where the two sub-MZMs are biased at the minimum transmission point and the maximum 
transmission point, respectively, and the main-MZM is biased at the quadrature transmission 
point to introduce a 90-degree phase shift. The two electrical signals with equal amplitudes 
and phases from EC2 are applied to DP-MZM1, which are given by ( )1 cos sV tω , where 1V  is

the amplitude and sω  is the angular frequency of the microwave signal. The output of DP-

MZM1 can be expressed as 

( ) ( ) ( )
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where 1E  is the amplitude and cω  is the angular frequency of the optical signal, Vπ  is the 

half-wave voltage of the DP-QPSK modulator, 1 / 2V Vπγ π= . It is observed from Eq. (1) that 

the electrical signal applied to DP-MZM1 is phase modulated onto the optical carrier. The 
expression in Eq. (1) is the same as that at the output of a phase modulator (PM), so 
equivalent phase modulation is achieved in DP-MZM1. 

The optical signal at the output of DP-MZM1 is routed to a PS-FBG via a PBS, a length 
of SMF and an OC. The PS-FBG has an ultra-narrow notch on its reflection spectrum. When 
an optical phase-modulated signal with its carrier located on the flat reflection spectrum is 
injected into the PS-FBG, the ultra-narrow notch filters out some part of the phase-modulated 
signal in frequency domain and converts the phase-modulated signal to an intensity-
modulated signal, which can thus be detected by a square-law PD. By beating the reflected 
optical signal from the PS-FBG at PD1, a high-Q tunable MWP-BPF is obtained. The central 
frequency of the filter is determined by the frequency spacing between the optical carrier and 
the narrow notch on the reflection spectrum of the PS-FBG, which can be tuned by adjusting 
the wavelength of the TLS. The electrical signal generated from PD1 is amplified by an EA 
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and then applied to DP-MZM1 via EC1 and EC2 to close the loop and form an OEO. When 
the net gain of the OEO loop is greater than 1, the OEO starts to oscillate from noise transient, 
which is then built up and sustained with feedback at the level of the oscillator output signal. 
When the OEO oscillates stably, a fundamental signal is generated in the OEO loop with its 
frequency determined by the central frequency of the high-Q MWP-BPF. 

2.2 Frequency-multiplying microwave signal generation 

To generate frequency-multiplying microwave signal, the oscillation frequency in the OEO 
loop is power divided by a 1:1 EC. One half of the oscillation signal is re-applied to DP-
MZM1 to maintain the oscillation in the OEO, and the other half of the oscillation signal is 
applied to one of the RF ports of DP-MZM2, which functions as a frequency multiplier with a 
tunable frequency multiplication factor. The other RF port of DP-MZM2 is with no input. 

For frequency-doubled microwave signal generation, the sub-MZM in DP-MZM2 with 
oscillation signal applied is biased at the minimum transmission point, whereas the main-
MZM is biased to introduce a 180-degree phase shift. Under these conditions, the optical 
signal at the output of DP-MZM2 can be expressed as 

( ) ( ) ( )( ) ( )
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(2) 

where nJ  is the nth-order Bessel function of the first kind, 2E  is the amplitude of the optical 

signal, bV  is the bias voltage of the sub-MZM with no RF input, 2V  is the amplitude of the 

microwave signal, / 2bV Vπξ π= , 2 / 2V Vπδ π= . As shown in Eq. (2), the optical signal at the 

output of DP-MZM2 consists of odd-order optical sidebands from one sub-MZM and an 
optical carrier from the other sub-MZM. To generate a frequency-doubled microwave signal, 
the optical carrier is suppressed by setting ( )cos 0ξ = , i.e. 2.405ξ = , 1.53bV Vπ= . Under

small signal modulation condition ( 1δ << ), Eq. (2) can be simplified as 

( ) ( ) ( ) ( )2 12 cos exp ,doubled s cE t E J t j tδ ω ω≈ (3)

where only two first-order optical sidebands are generated. Applying the optical signal to a 
square-law PD (PD2), the photocurrent can be expressed as 
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where R is the responsivity of PD2. At the output of PD2, a microwave signal with a carrier 
frequency at 2 sω  is generated besides a direct current. 

For frequency-quadrupled microwave signal generation, the sub-MZM in DP-MZM2 with 
oscillation signal applied is biased at the maximum transmission point, whereas the main-
MZM is biased to introduce a 180-degree phase shift. Under these conditions, the optical 
signal at the output of DP-MZM2 can be expressed as 
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 (5) 

As shown in Eq. (5), the optical signal at the output of DP-MZM2 consists of even-order 
optical sidebands, an optical carrier from one sub-MZM and another optical carrier from the 
other sub-MZM. By setting ( ) ( )0cos Jξ δ= , the two optical carriers from two sub-MZMs

cancel each other. Under small signal modulation condition ( 1δ << ), Eq. (5) can be 
simplified as 

( ) ( ) ( ) ( )2 22 cos 2 exp .quadrupled s cE t E J t j tδ ω ω≈ −  (6)

As shown in Eq. (6), only two second-order optical sidebands are generated. Beating the 
optical signal at PD2, the photocurrent can be expressed as 
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At the output of PD2, a microwave signal with a carrier frequency at 4 sω  is generated 

besides a direct current. 
The principle of the generation process of frequency-doubled and quadrupled microwave 

signals discussed above is shown in Fig. 2. 

Fig. 2. Principle of the generation process of (a) frequency-doubled and (b) quadrupled 
microwave signals. 
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2.3 Phase-coded microwave signal generation 

For phase-coded microwave signal generation, the oscillation frequency in the OEO loop is 
power divided by a 1:1 EC. One half of the oscillation signal is re-applied to DP-MZM1 to 
maintain the oscillation of the OEO, and the other half of the oscillation signal is applied to 
one of the RF ports of DP-MZM2. The other RF port of DP-MZM2 is injected by an 
electrical coding signal from a PPG. The DP-MZM2 integrated in the DP-QPSK modulator 
functions as a phase-coded signal generator. 

Assuming the coding signal is ( )sV s t  and the oscillation signal applied to DP-MZM2 is 

( )2 cos sV tω , the optical signal at the output of DP-MZM2 is expressed as
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where sV  is the amplitude of the coding signal, 1DCV  and 2DCV  are the bias voltages of the 

two sub-MZMs, respectively, ϕ  is the phase shift introduced by the main-MZM, 

1 1 / 2DCV Vπθ π= , 2 2 / 2DCV Vπθ π= , / 2sV Vπγ π= , 2 / 2V Vπκ π= . Beating the optical signal at 

PD2, the photocurrent from PD2 can be expressed as 
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When 1 2 / 2θ θ π= =  establishes, and the system operate under the small signal modulation 

condition ( 1κ << ), Eq. (9) can be simplified as 
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(10) 

As shown in Eq. (10), the first term in Eq. (10) is a direct current, the second term is a 
baseband modulation product, the third term is pure second-order harmonic at 2 sω , and the 

fourth term is a coding signal at sω . When ( )s t  is a bipolar signal ( + 1, −1) and nγ π≠  (n

is an integer) establish, the microwave signal at sω  has two phases with π  phase difference 

with different values of ( )s t . To maximize the amplitude of the generated phase-coded
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signal, we choose 0.5γ π=  and 0ϕ = , so the phase-coded microwave signal in Eq. (10) can 

be expressed as 

( ) ( )( ) ( ) ( )
( )

( )
( )

2
22

2 2
2

12 cos
2 sin 0.5 cos

1.2 cos
s

fundamental s
s

s tRE t
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s tRE t

κ ω
κ π ω

κ ω π
 == =  = −+

(11) 

A binary phase-coded microwave signal at the fundamental oscillation frequency is 
generated. 

To generate frequency-doubled binary phase-coded microwave signal, we set 1 / 2θ π=  

and 2 0θ =  in Eq. (9), so it can be simplified as
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(12) 

As shown in Eq. (12), the first term in Eq. (10) is a direct current, the second and third 
terms are baseband modulation products, the fourth term is a coding signal at 2 sω . When 

( )s t  is a bipolar signal ( + 1, −1), ( )2 2 0J κ =  ( =2.57κ ) and nγ π≠  (n is an integer)

establish, the microwave signal at 2 sω  has two phases with π  phase difference with different 

values of ( )s t . To maximize the amplitude of the generated phase-coded signal, we also

choose 0.5γ π=  and 0ϕ = , so the phase-coded microwave signal in Eq. (12) can be 

expressed as 
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(13) 

A frequency-doubled phase-coded microwave signal is generated. 
For the novel method proposed in this paper to generate a frequency-doubled binary 

phase-coded microwave signal via a DP-MZM in the DP-QPSK modulator, high modulation 
index is required to suppress the pure microwave signal at the doubled frequency. For a DP-
QPSK modulator with a half-wave voltage of 3.5 V, the modulation voltage applied to the 
DP-MZM is about 2.86 V, which is within the maximum allowable applied voltage range of 
the DP-QPSK modulator. 

2.4 Optical frequency comb generation 

For optical frequency comb generation, the oscillation frequency in the OEO loop is power 
divided by a 1:1 EC. One half of the oscillation signal is re-applied to DP-MZM1 to maintain 
the oscillation of the OEO, and the other half of the oscillation signal is applied to one of the 
RF ports of DP-MZM2, which functions as an optical frequency comb generator with a 
tunable frequency. The other RF port of DP-MZM2 is with no input. The bias voltages of DP-
MZM2 are bV  and BiasV . The optical signal at the output of DP-MZM2 can be expressed as 
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where 2bV Vπξ π= , 2 2V Vπδ π= , 2BiasV VππΘ = . For five-line optical frequency comb 

generation, the optical carrier, the first-order optical sidebands and the second-order optical 
sidebands are equal in power when 

( ) ( ) ( ) ( )0 1 2cos cos sin cos .J J Jξ δ δ δ+ Θ = Θ = Θ  (15)

Figure 3 shows the characteristics of the Bessel function of the first kind. It is observed from 
Fig. 3 that the power ratio of the first-order sideband to the third-order sideband, i.e. 

( ) ( )( )10 1 320 log /J Jδ δ , is decreasing when δ  is increasing from 0 to 3.054, which means a 

smaller modulation index in this range will lead to a better suppression of the third-order 
sideband. To better suppress sidebands higher than the second order, a small δ  is required 
for the generation of the five-line optical frequency comb. Other parameters, such as ξ  and 

Θ , can be further obtained by solving Eq. (15).

Fig. 3. Characteristics of the Bessel function of the first kind. 

There is a special δ  in Fig. 3, where the power of the first-order sidebands and the third-
order sidebands is identical. If the system is operating at this condition ( =3.054δ ), a seven-
line optical frequency comb can be generated. The power ratio of the desired frequency comb 
to the undesired fourth-order sideband can be calculated using Eq. (14), which is 10.86 dB. 
However, for the seven-line frequency comb generation, the modulation index relatively high 
(3.054) and fixed, thus leading to a small mode suppression ratio. In comparison, for five-line 
optical frequency generation, the mode suppression ratio can be adjusted by using different 
modulation index. 

3. Experimental results and discussion
An experiment based on the setup shown in Fig. 1 is performed. A CW light wave with 10 
dBm power generated from an TLS (Teraxion PS-TNL) is injected into a DP-QPSK 
modulator (Fujitsu FTM7977). The DP-QPSK modulator has a 3-dB modulation bandwidth 
of 23 GHz and an insertion loss of 13 dB. The optical signal at the output of the DP-QPSK 
modulator is sent to a PBS via a PC, with two principal axes of the PBS aligned with those of 
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the DP-QPSK modulator. One output of the PBS is reflected in a PS-FBG (Teraxion) with an 
ultra-narrow notch of about 40 MHz (3 dB) via an SMF and an OC, and then amplified by 
EDFA1 (Amonics) before being detected in PD1 (Conquer) with a 3-dB bandwidth of 11.5 
GHz. The output of PD1 is amplified by EA (a low phase noise amplifier with a bandwidth 
from 8 GHz to 18 GHz cascaded with a power amplifier with a bandwidth from 6 GHz to 18 
GHz) and then sent to three of the four RF ports of the DP-QPSK modulator via two ECs. 
The other RF port of the DP-QPSK modulator is driven by a PPG (Anritsu MP1763C) for 
phase-coded microwave signal generation or with no inputs for pure microwave signal 
generation and optical frequency comb generation. The other output of the PBS is amplified 
by EDFA2 (Amonics). When pure microwave signal generation and optical frequency comb 
are desired, the optical signal after amplification is detected by PD2 (u2t) with a 3-dB 
bandwidth of 40 GHz. 

3.1 Oscillation signal generation 

The fundamental oscillation frequency of the system is determined by the frequency spacing 
between the central optical wavelength and the ultra-narrow notch on the reflection spectrum 
of the PS-FBG, which is also the central frequency of the MWP-BPF. The notch of the PS-
FBG is fabricated at about 1549.99 nm. The wavelength of the TLS is located at about 7.5 
GHz away from the notch, and then tuned at a step of about 1 GHz. The frequency response 
of the MWP-BPF is measured using a vector network analyzer (R&S ZVA-67) by open the 
OEO loop at the output of PD1. 

Fig. 4. (a) Measured frequency response of the tunable MWP-BPF. (b) Zoom-in view of the 
frequency response when the central frequency is at 8.376 GHz. The inset in (a) shows the 
reflection spectrum of the PS-FBG and an optical carrier located on it. 

Fig. 5. Electrical spectra of the generated oscillation signals in the OEO loop with the 
frequency tuned from 7.5 GHz to 12.7 GHz. 
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Figure 4(a) shows the frequency response of the tunable MWP-BPF. Since the bandwidth 
of PD1 and EA are limited, the central frequency of the filter is only tuned between about 7.5 
GHz to 13.5 GHz. The response of the filter is significantly decreased when the central 
frequency is higher than 12.5 GHz, which is limited by the bandwidth of PD1. Figure 4(b) 
shows a zoom-in view of the measured response of the MWP-BPF when the central 
frequency is 8.376 GHz. The 3-dB bandwidth of the filter is 40 MHz, which is equal to the 3-
dB bandwidth of the ultra-narrow notch of the PS-FBG. The inset in Fig. 4(a) shows the 
reflection spectrum of the PS-FBG measured by the optical spectrum analyzer (OSA, 
Yokogawa AQ6370C). The ultra-narrow notch on the reflection spectrum is not observed due 
to the limited resolution of the OSA. 

Figure 5 shows the spectra of the oscillation signals in the OEO loop. The frequency is 
tuned by adjusting the wavelength of the TLS. Second harmonics at doubled-frequencies are 
also observed in the spectra, which is generated by the nonlinearity of the optical modulation. 
The power ratios of the oscillation signals to the harmonics due to the nonlinear modulation 
are about 20 dB. Since the EA used in the experiment has an operation frequency of less than 
18 GHz, the second harmonics are better suppressed at the frequency above 18 GHz. 

3.2 Frequency-multiplying microwave signal generation 

The oscillation signals shown in Fig. 5 are used for frequency-multiplying microwave signal 
generation. Taking the bandwidth of PD2 and EA into consideration, we choose the 
oscillation signals at 8.50 GHz, 9.55 GHz, 10.58 GHz, 11.58 GHz, 12.66 GHz for frequency-
doubled microwave signal generation, and at 8.50 GHz, 9.55 GHz, 10.58 GHz for frequency-
quadrupled microwave signal generation. 

Fig. 6. Electrical spectra of the generated (a) frequency-doubled and (b) frequency-quadrupled 
microwave signals. The insets are the corresponding optical spectra at the input of EDFA2. 

Fig. 7. Phase-noise performance for the fundamental (8.50 GHz), frequency-doubled (17.00 
GHz) and frequency-quadrupled (34.00 GHz) microwave signals. 

As shown in Fig. 6(a), frequency-doubled microwave signals at 17.00 GHz, 19.10 GHz, 
21.16 GHz, 23.16 GHz and 25.32 GHz are generated. The fundamental frequency is more 
than 25 dB suppressed. The inset in Fig. 6(a) is the corresponding optical spectrum for 25.32 
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GHz microwave signal generation. Figure 6(b) demonstrates the spectra of the generated 
frequency-quadrupled microwave signals at 34.00 GHz, 38.20 GHz and 42.32 GHz. The 
power of the microwave signal at 42.32 GHz is much lower than the other two frequencies, 
which is caused by the lower frequency response at 42.32 GHz limited by the bandwidth of 
PD2 (40 GHz). The fundamental and doubled frequencies are also generated with suppression 
ratios of more than 17 dB. The suppression of harmonics for frequency-quadrupled 
microwave signal generation is not that good as in [19], which could be caused by the non-
ideal polarization direction alignment between the DP-QPSK modulator and the PBS. The 
inset in Fig. 6(b) is the corresponding optical spectrum for 42.32 GHz microwave signal 
generation. 

The phase-noise performance of the fundamental frequency at 8.50 GHz and the 
frequency-multiplying signals at 17.00 GHz and 34.00 GHz is also evaluated, which is 
measured by a phase noise analyzer (R&S FSWP-50), and shown in Fig. 7. As can be seen, a 
phase noise performance degradation is introduced in the process of frequency multiplying. In 
addition, some peaks at integral multiples of 1.288 MHz are observed, which are the 
eigenmodes in the OEO loop determined by the free spectral range of the loop. 

The frequency of the fundamental signal in the OEO loop as well as the frequency of the 
frequency-multiplying microwave signal can be further increased by employing components 
with larger operation bandwidths. However, the operation bandwidths of the components in 
the OEO loop can be greatly reduced compared with the frequency band of the generated 
microwave signal through the frequency-multiplying OEO. For high frequency signal 
generation, only PD2 needs to have large bandwidth. The bandwidths of the components in 
the OEO loop only need to be 1/4 of PD2. 

3.3 Phase-coded microwave signal generation 

For the phase-coded microwave signal generation, we use the oscillation signal in the OEO 
loop as the reference applied to one RF port of DP-MZM2, and the coding signal generated 
from a PPG is applied to the other RF port of DP-MZM2. The frequency of the generated 
phase-coded microwave signal is tunable by tuning the frequency of the oscillation signal in 
the OEO loop. The generated phase-coded microwave signal is monitored by a digital 
sampling oscilloscope (DSO, Agilent DCA-J 86100C). The connection of the measurement 
system is shown in Fig. 8. 

Fig. 8. Setup for phase-coded microwave signal measurement. FD, frequency divider. 

The PPG is triggered by the oscillation signal from the OEO loop via a 1/10 frequency 
divider (FD). Therefore, the clock of the PPG as well as the data rate of the coding signal is 
1/10 the frequency of the oscillation signal. The DSO is triggered by the PPG with 1/64 the 
clock of the PPG. 
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Fig. 9. (a) Generated 8.50 GHz phase-coded microwave signal, (b) recovered phase 
information from (a). 

Fig. 10. (a) Generated 12.66 GHz phase-coded microwave signal, (b) recovered phase 
information from (a). 

First, the coding signal from the PPG is a “0101” sequence. The oscillation signal in the 
OEO loop is 8.50 GHz, so the data rate of the coding signal is 850 Mbps. The generated 
phase-coded microwave signal and the recovered phase information using Hilbert transform 
are shown in Fig. 9. It is obvious that there is a phase jump in the microwave waveform, and a 
180-degree phase shift is obtained from the phase information as predicted in the theoretical
section. Then, the oscillation signal is tuned to 12.66 GHz to demonstrate the frequency
tunability of the system, so the data rate of the coding signal from the PPG is 1.266 Gbps. It is
also observed from Fig. 10 that a phase jump in the microwave waveform shown in Fig.
10(a), and a 180-degree phase shift is obtained in Fig. 10(b).

Fig. 11. Autocorrelation of the generated 64-bit phase-coded microwave signal with a carrier 
frequency at (a) 8.50 GHz, (b) 12.66 GHz. The insets are the zoom-in views of the 
autocorrelation peaks. 
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The pulse autocorrelation is very important to defined the performance because radar 
receiver operates the cross correlation between the microwave pulse and its echo to get a 
compressed pulse. The PPG has a 1/64 clock output, which is used to trigger the DSO. To 
simplify the experiment, we only use 64-bit pseud-random bit sequence (PRBS) to verify the 
pulse compression performance of the system to avoid adding another FD for bit sequence 
longer than 64 bits. The 64-bit PRBS used in this experiment is optimized by choosing one 
from about one hundred 64-bit PRBSs using Matlab, which has the best peak-to-sidelobe ratio 
(PSR) of about 8.52 dB among all the sequence. Figure 11 shows the autocorrelations of the 
generated phase-coded microwave signals. The zoom-in views shown in the insets exhibit a 
full width at half-maximum (FWHM) of 1.18 ns for the 8.50 GHz signal and 0.79 ns for the 
12.66 GHz signal. The corresponding pulse compression ratios (PCR) are about 64 for both 
cases, which is consistent with the theoretical values. The PSRs are 7.9 dB for the 8.50 GHz 
signal and 8.1 dB for the 12.66 GHz signal. 

Fig. 12. (a) Generated 17.00 GHz phase-coded microwave signal, (b) recovered phase 
information from (a), (c) Autocorrelation of the generated 64-bit phase-coded microwave 
signal with a carrier frequency at 17.00 GHz. 

The system is then tuned to generate a frequency-doubled phase-coded microwave signal 
to verify the functionality of frequency doubling of the system. The oscillation frequency is 
8.50 GHz, and the data rate of the coding signal from the PPG is 850 Mbps. A 17.00-GHz 
phase-coded microwave signal is generated, which is shown in Fig. 12(a). The recovered 
phase information is shown in Fig. 12(b). Pulse compression performance is also evaluated, 
which is shown in Fig. 12(c), where a PSR of 7.7 dB and a PCR of about 64 are obtained. 

3.4 Optical frequency comb generation 

For the optical frequency comb generation, the oscillation signals are used as the reference. 
The frequency spacing of the optical frequency comb is determined by the oscillation 
frequency. 

Fig. 13. Simulated five-line optical frequency comb with different working points. (a) δ  

equals to 0.7945, (b) δ  equals to 2.6299. (c) Simulated seven-line optical frequency comb. 
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As discussed in Section 2.4, for the five-line frequency comb generation, a small δ  is 
required to better suppress sidebands higher than the second order. We simulated two optical 
frequency combs with different δ  to validate the theory, where sin Θ  equals to 0.2, Θ  is 
0.2014, δ  is 0.7945, and ξ  is 2.5520, or sin Θ  equals to 0.7071, Θ  is 0.7854, δ  is 2.6299, 

and ξ  is 1.1535. The simulation results are shown in Fig. 13(a) and (b). The condition with a 

smaller δ  has a mode suppression ratio of 31.4 dB, while that for the condition with a larger 
δ is only 5.7 dB. However, the power of the generated frequency comb is larger when δ  is
2.6299. There is a tradeoff between the power and the mode suppression ratio of the
generated five-line optical frequency comb. For the seven-line optical frequency comb
generation, only a set of parameters can be used, i.e. =0.9909Θ , =3.0542δ , =1.1387ξ . The

simulated seven-line optical frequency is shown in Fig. 13(c), where the mode suppression 
ratio is fixed to 10.8 dB. 

Fig. 14. Generated optical frequency comb with a frequency spacing of 11.05 GHz. The inset 
is the generated optical frequency comb with a frequency spacing of 12.54 GHz. 

Since the modulation index required for the seven-line optical frequency comb is very 
large, and the mode suppression ratio is only 10.8 dB, we only verify the generation of five-
line frequency comb. In the experiment, the oscillation frequency of the OEO is tuned to 
11.05 GHz. We select a small δ  around 0.7945, and the experimentally generated optical 
frequency comb is shown in Fig. 14. It is observed that the other modes in the optical spectra 
is deeply suppressed, and only five lines are generated. The flatness of the optical frequency 
comb is about 1.15 dB. The frequency spacing of the optical frequency comb can be tuned by 
tuning the oscillation frequency in the OEO. The inset in Fig. 14 shows the generated optical 
frequency comb when the oscillation frequency of the OEO is 12.54 GHz to demonstrate the 
frequency tunability of the system. 

3.5 Discussion 

Thanks to the simple and compact structure, the proposed multi-format signal generation 
system can be operated stably. The operation frequency range of the proposed system is 
mainly limited by bandwidth of the components in the OEO loop, especially the PS-FBG. 
With a PS-FBG with larger reflection bandwidth and components with corresponding 
bandwidths, the frequency-tunable range of the OEO can be enhanced to tens of GHz or 
hundreds of GHz [31]. However, the DP-QPSK modulator only has a 3-dB bandwidth of 23 
GHz, which constraints the theoretical oscillation frequency to 23 GHz. In fact, we need large 
bandwidth only for single frequency modulation and oscillation in the OEO loop, so the 
flatness of the response of the DP-QPSK modulator is not particularly important. The 6-dB 
bandwidth of the DP-QPSK modulator is about 50 GHz. It means if we operate the DP-QPSK 
modulator in that frequency range, only 3-dB additional optical power loss is introduced, 
which can be compensated by optical or electrical amplification. Therefore, with enough 
bandwidth of the components in the OEO loop, the OEO can be operated up to 50 GHz, 
which means we can generate pure microwave signals up to 200 GHz, phase-coded 
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microwave signals up to 100 GHz, and optical frequency combs with frequency spacing up to 
50 GHz, if PD2 has corresponding large bandwidth. For the coding signal used for phase-
coded microwave signal generation, its data rate is limited to 31.4 Gbps because the DP-
QPSK modulator has a modulation speed of up to 31.4 Gbaud. 

Equivalent phase modulation in this paper is a novel method to realize phase modulation 
in a DP-MZM by properly choosing the bias points of the DP-MZM. It is an accurate phase 
modulation, which is completely the same as that being done by a PM. To obtain an 
accurately 100% phase modulation via a DP-MZM, bias point must be controlled precisely. 
In our experiment, the DC bias are supplied by DC power supply. In long term operation, the 
bias points of the modulator may drift from the desired points, which may influence the 
performance and stability of the system. However, if this technique is to be used in actual 
product, the bias accurate is not a problem because the bias control technique for DP-MZM is 
well researched and commercially available. 

4. Conclusion
In conclusion, a multi-format signal generation approach using a frequency-tunable OEO is 
proposed and experimentally investigated. The key contribution of the work is that one DP-
MZM in the DP-QPSK modulator is biased as an e-PM, which functions in conjunction with 
a PS-FBG to form a high-Q OEO, and the other DP-MZM in the DP-QPSK modulator 
injected by the oscillation signal functions as a frequency multiplier, a microwave phase-
coded signal generator or an optical frequency comb generator, respectively, with different 
signal injection methods. The major advantage of the proposed technique is that both 
frequency tunability and multi-format signal generation are achieved using a simple and 
compact system with no RF source. An experiment is performed. A fundamental oscillation 
signal with a frequency from about 7.5 GHz to 12.5 GHz is generated in the OEO loop, which 
is used as the reference signals for frequency-doubled and quadrupled signal generation up to 
40 GHz, for 8.50 GHz, 12.66 GHz and 17.00 GHz binary phase-coded microwave signal 
generation, and for five-line optical frequency comb generation. 
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