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An approach for photonic generation of a frequency-octupled phase-coded signal based on carrier-suppressed
high-order double sideband modulation is proposed and experimentally demonstrated. The key component
of the scheme is an integrated dual-polarization quadrature phase shift keying modulator, which is used to
achieve the carrier-suppressed high-order double sideband modulation. At the output of the modulator, two
fourth-order optical sidebands are generated with the optical carrier suppressed. After that, a Sagnac loop incor-
porating a fiber Bragg grating and a phase modulator is employed to separate the two optical sidebands and
phase modulate one sideband with a binary coding signal. The approach features large carrier frequency tuning
range for the generated phase-coded signal from several megahertz to beyond the W-band. A proof-of-concept
experiment is carried out. The 2 Gbit/s phase-coded signals with frequencies of 16.48, 21.92, and 29.76 GHz are
generated.
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The operation frequency of phase-coded signals applied in
modern radar and communication systems is developing
toward high frequency bands[1,2]. In this regards, the
phase-coded signals cannot be easily accomplished by elec-
tronic techniques due to the limited speed and bandwidth
of electronic devices. Thanks to the intrinsic advantages of
high frequency, wide bandwidth, and large tunability,
photonic techniques can provide capabilities of generating
and processing a microwave or millimeter-wave signal
with much higher frequency and better tunability[3–6].
One typical photonic method to generate a phase-coded

signal is using optical spectral shaping combined with the
wavelength-to-time mapping technique. The spectral
shaper can be a spatial light modulator (SLM)[7], and it
can provide good reconfigurability for the generated wave-
form, but the system is bulky and lossy due to the use of a
free-space optical device. The spectral shaper can also be a
specially designed fiber Bragg grating (FBG) with high
integration and slight weight[8], but the system has poor
tunability due to the fixed spectral response of the
FBG. The second method to photonic generation of a
phase-coded signal is by using the optical carrier phase-
shifting technique, which is usually achieved by employing
an integrated modulator[9,10]. In this method, one branch of
the modulator is modulated with a radio frequency (RF)
signal to generate carrier-suppressed optical sidebands,
while another branch is modulated with a coding signal
to change the phase of the optical carrier. However, the
carrier frequency of the generated phase-coded signal is
limited by the operation bandwidth of the modulator.

The third method to generate a phase-coded signal is
by introducing a phase difference between two optical
wavelengths[11–15]. In this method, two optical sidebands
are first generated, then, a phase modulator (PM) or a
polarization modulator (PolM) is utilized to achieve the
phase coding operation. The frequency multiplication
can be achieved by using this method to improve the fre-
quency bound of the phase-coded signal. For example, fre-
quency-doubled and -quadrupled phase-coded signals
have been generated[12–15]. However, the frequency-doubled
signal can hardly support high frequency applications,
while the frequency-quadrupled signal has limited tunabil-
ity due to the use of a polarization-maintaining FBG. To
achieve high frequency phase-coded signal generation,
the method based on beating two optical sidebands of a
modulated phase-coded signal can be utilized, in which
an electrical phase-coded signal is first generated and then
modulated to the optical domain; after that, an optical
filter (OF) is followed to select two high-order optical
sidebands[16,17]. A frequency-octupled phase-coded signal
has been generated by using this method, however, the
phase coding is implemented in the electrical domain,
and the OF limits the frequency tunability.

Previously, we have proposed a scheme to generate a
phase-coded signal by using a quadrature phase shift key-
ing (QPSK) modulator, a Sagnac loop, and a PolM[18]. The
carrier frequency of the generated phase-coded signal is
four times the frequency of the driving RF signal, making
the system have a large frequency tuning range. In this
Letter, the works have been developed around the further
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improvement of the operation frequency and tunability.
Thanks to the use of an integrated dual-polarization
QPSK (DP-QPSK) modulator, the frequency-octupled
operation is achieved. A phase-coded signal with the cen-
tral frequency ranged from several megahertz (MHz) to
beyond theW-band can possibly be generated. To the best
of our knowledge, it is the largest frequency tuning range
ever achieved for a photonic generated phase-coded signal.
Figure 1 shows the principle diagram of the proposed

frequency-octupled phase-coded signal generation system.
A tunable laser source (TLS) is used to generate a light
with its polarization adjusted by a polarization controller
(PC). The light is sent to a DP-QPSK modulator, which is
an integrated device including a 3 dB optical coupler
(OC), two parallel QPSK modulators, and a polarization
beam combiner (PBC). A microwave signal generator
(MSG) is employed to provide an RF signal. The RF sig-
nal is then divided into two paths and applied to the two
RF ports of the upper QPSK modulator. An electrical
phase shifter is inserted in one path to generate a phase
difference of π∕2. The bottom QPSK modulator is only
direct current (DC) biased. All of the sub-Mach–Zehnder
modulators (MZMs) and main MZMs of the two QPSK
modulators are biased at the maximum transmission
point. The optical signals from two QPSK modulators
are combined and orthogonally polarized through the
PBC. The output optical signal of the DP-QPSK
modulator is

E
!

mðtÞ ∝
X∞

n¼−∞
x!J4nðmÞ expðjωct þ 4nωtÞ

þ y!expðjωctÞ; (1)

where ω is the angular frequency of the RF signal,m is the
modulation index, Jn is the nth-order Bessel function of
the first kind, x and y directions represent the two
orthogonal principal axes of the PBC. As can be seen,
the output signal of the modulator has two parts aligned
along two orthogonal polarization directions, respectively.

In one direction, the optical signal has carrier and two
fourth-order sidebands, while in another direction, the op-
tical signal has only the carrier component.

After the PBC, a polarizer (Pol) is utilized with its prin-
cipal axis having an angle of ϑ relative to the x direction.
When the high-order sidebands are neglected, the output
signal of the Pol is

EpolðtÞ ∝ ½J0ðmÞ cos θ þ sin θ� expðjωctÞ
þ J4ðmÞ cos θ expðjωct � 4ωtÞ: (2)

Therefore, two fourth-order sidebands can be obtained
with the optical carrier suppressed by satisfying
J0ðmÞ cos θ þ sin θ ¼ 0. As a result, the carrier-suppressed
high-order double sideband modulation is achieved by us-
ing a single modulator, as shown in the inset of Fig. 1.

After that, the generated two fourth-order sidebands
are put into a Sagnac loop. In the loop, an optical isolator
(OI) is inserted to block the counter-clockwise transmitted
optical signal. While for the clockwise transmitted optical
signal, the −4th-order sideband is reflected back by an in-
corporated FBG, and the þ4th-order sideband is passed
through, as shown in the inset of Fig. 1. Therefore, the
two sidebands are separated. After that, the þ4th-order
sideband is modulated with an electrical coding signal
through a PM. At the output of the loop, the optical signal
is given by

EoutðtÞ ∝ J4ðmÞ expðjωctÞfexpð−4ωtÞ
þ exp½4ωt þ βsðtÞ�g; (3)

where β is the modulation index of the PM, and sðtÞ is the
normalized waveform of the coding signal.

After optical to electrical conversion through a photo-
detector (PD), a frequency-octupled phase-coded wave-
form is obtained as

iðtÞ ∝ J2
4ðmÞ cos½8ωt þ βsðtÞ�: (4)

The proposed scheme has good frequency tunability.
The key point of the frequency tuning operation in the
scheme is that both of the frequencies of the RF signal
and the TLS should be tuned to make the −4th-order op-
tical sideband reflect back and the þ4th-order optical
sideband pass through the incorporated FBG in the
Sagnac loop. To realize the automatic control of the laser
source, an optical power monitor can be inserted to obtain
the control information and feedback to adjust the fre-
quency of the TLS, according to the frequency tuning
of the RF signal, as demonstrated in Ref. [18].

For the generated frequency-octupled phase-coded sig-
nal, the minimum carrier frequency is limited by the notch
bandwidth of the FBG, which can be as small as a few
MHz[19]. On the other hand, the maximum carrier fre-
quency is eight times the operation bandwidth of the
modulator and the microwave devices. Therefore, a
phase-coded signal with high frequency and large

Fig. 1. Proposed frequency-octupled phase-coded signal genera-
tion system.
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tunability can be achieved, and the carrier frequency of
the generated phase-coded signal can be ranged from sev-
eral MHz to beyond the W-band.
A proof-of-concept experiment is demonstrated. In the

experiment, a 0.1 nm bandwidth notched FBG with a cen-
tral wavelength of 1551.090 nm and notch deep of 23 dB is
used, as shown in Fig. 1. A 13 dBm light is generated from
a TLS (Agilent N7714A) and then put into a DP-QPSK
modulator (Fujitsu FTM7977HQA) to modulate with a
23 dBm RF signal, which is generated from an MSG
(Agilent E8257D). The electrical coding signal is provided
by a pulse pattern generator (Anritsu MP1763C), and
then sent to a 40 GHz bandwidth PM (EOSPACE PM-
DV5-40). The detection is performed by a 40 GHz band-
width PD (u2t XPDV2120R). The optical and electrical
spectra are measured by an optical spectrum analyzer
(Yokogawa AQ6370C) and a digital storage oscilloscope
(Agilent DSO-X 92504A), respectively.
Figure 2 shows the observed optical spectra when the

laser source is set to 1551.174 nm and the MSG is tuned
to 2.74 GHz. First, the RF signals are applied to the two
RF ports of the upper QPSK modulator, respectively. By
adjusting the three DC bias points of this modulator, op-
tical carrier and fourth-order sidebands can be generated
at the output of the DP-QPSK modulator. Then, another
PC followed by a polarization beam splitter (PBS) is con-
nected to the output of the DP-QPSK modulator tempo-
rarily to separate the two optical signals of the two QPSK
modulators. By adjusting the PC, an optical carrier can be
obtained after one port of the PBS, and it represents the
output signal of the bottom QPSK modulator, while after
another port of the PBS, the output signal from the upper
QPSK modulator can be obtained. Figure 2(a) shows the
output optical spectra of the DP-QPSK modulator, and
the upper and the bottom QPSK modulators, respec-
tively. It can be seen that, the two optical signals from
the two QPSK modulators are separate well after the
two ports of the PBS, which means that the two signals
are orthogonally polarized. After that, the three DC bias
points of the bottom QPSKmodulator are set to the maxi-
mum transmission points. By adjusting the principal axis
of the Pol, the two optical carrier components can be can-
celed by each other. Figure 2(b) shows the output
optical spectrum of the Pol. It can be seen that, the car-
rier-suppressed high-order double sideband modulation is

successfully achieved. Two fourth-order sidebands are ob-
tained with the optical carrier efficiently suppressed, and
the power of the fourth-order sidebands is 20 dB higher
than that of the other residual sidebands.

In the Sagnac loop, one of the sidebands is phase modu-
lated by a 2 Gbit/s binary coding signal with a fixed pat-
tern of “1010.” The output signal of the loop is boosted by
an erbium-doped fiber amplifier (EDFA) and put into a
PD. ADC blocker is used before the oscilloscope to remove
the DC component. Figures 3(a) and 3(b) show the mea-
sured waveforms of the generated 21.92 GHz phase-coded
signals with a time duration of 3 ns when the coding signal
has a voltage of 1.5 and 2 V, respectively. The PM has a
half-wave voltage of about 4 V, therefore, the theoretically
calculated phase shifts of the waveforms in Figs. 3(a) and
3(b) are 135° and 180°, respectively. Figure 3(c) shows the
extracted phase shifts from Figs. 3(a) and 3(b), which are
consistent with the theoretical prediction.

To investigate the pulse compression capability, a
5 Gbit/s 128 bit pseudo-random bit sequence (PRBS)
with an amplitude of 2 V is applied to the PM. The wave-
form of the generated signal and the corresponding ex-
tracted phase shift are shown in Figs. 4(a) and 4(b),
respectively, with a time duration of 5 ns. Figure 4(c)
shows the autocorrelation result of the generated wave-
form. The peak-to-sidelobe ratio (PSR) is about 7 dB.
The full width at half-maximum (FWHM) of the peak
pulse is about 0.21 ns, as shown in the inset of the figure,
leading to a compression ratio of about 121.9 (25.6/0.21).

The frequency tunability is also investigated. A
2 Gbit/s binary coding signal with a fixed pattern of
“1010” and an amplitude of 2 V is applied to the PM.
The MSG is set to 2.06 GHz and the laser source is
adjusted to 1551.160 nm. Figure 5(a) shows the generated
16.48 GHz phase-coded waveform with a time duration of
3 ns. In another study, the MSG is tuned to 3.72 GHz, and
the laser source is adjusted to 1551.212 nm. Figure 5(b)
shows the generated 29.76 GHz phase-coded waveform
with a time duration of 3 ns. Figure 5(c) shows the corre-
sponding extracted phase shift from Figs. 5(a) and
5(b), respectively. Thanks to the frequency-octupled oper-
ation, the carrier frequency of the generated phased-coded

Fig. 2. Output optical spectra of (a) the integrated modulator,
and the upper and bottom QPSK modulators and (b) the Pol.

Fig. 3. Waveforms of the 2 Gbit/s, 21.92 GHz phase-coded sig-
nal when the voltage of the coding signal is (a) 1.5 and (b) 2 V,
(c) the extracted phase shifts from (a) and (b).
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signal can be extended up to the W-band considering that
the bandwidth of the integrated modulator is 23 GHz.
However, in the experiment, a higher frequency cannot
be observed due to the limitation of the sampling rate
of the oscilloscope (80 GS/s).
In the experiment, the drifting of the DC bias points in

the modulator and the variation of the FBG may lead to
poor stability. This problem can be resolved by employing
a DP-QPSK modulator bias controller (i.e. YY LABS Inc.
D0158) in the system and packaging the Sagnac loop.
In conclusion, we propose and demonstrate a photonic

approach to generate a frequency-octupled phase-coded sig-
nal. The key component of the scheme is an integrated
DP-QPSKmodulator, which is employed to achieve the car-
rier-suppressed high-order double sideband modulation.
Two fourth-order optical sidebands are generated through

the modulator and then sent to an FBG-incorporated
Sagnac loop to perform phase coding. The proposed scheme
has large carrier frequency tunability, which can range from
several MHz to beyond the W-band. The 2 Gbit/s phase-
coded signals with frequencies at 16.48, 21.92, and
29.76 GHz are experimentally generated. The proposed ap-
proach can find applications in high frequency and fre-
quency-agile radar systems and wireless communication
systems.
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Fig. 4. (a) Waveform of the 5 Gbit/s, 21.92 GHz phase-coded
signal, (b) the extracted phase shift, and (c) the autocorrelation.
Inset: zoom-in on the peak of the autocorrelation.

Fig. 5. Waveforms of the 2 Gbit/s phase-coded signal with fre-
quency of (a) 16.48 and (b) 29.76 GHz, (c) the extracted phase
shifts from (a) and (b).
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