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Frequency-Quadrupling Optoelectronic Oscillator
for Multichannel Upconversion

Dan Zhu, Member, IEEE, Shifeng Liu, De Ben, and Shilong Pan, Member, IEEE

Abstract— A frequency-quadrupling dual-loop optoelectronic
oscillator (OEO) is proposed and demonstrated by two
cascaded polarization modulators. The introduction of fre-
quency quadrupling to the proposed OEO requires no opti-
cal filtering, which not only increases the maximal achievable
frequency by four times, but also enables powerful optical signal
processing functions. An experiment is carried out. A high-
quality millimeter-wave signal at 39.75 GHz is generated using
low-frequency devices. Photonic microwave upconversion at two
wavelength channels is also demonstrated on the basis of the
proposed frequency-quadrupling OEO.

Index Terms— Frequency-quadrupling, microwave photonics,
optoelectronic oscillator, upconversion.

I. INTRODUCTION

OPTOELECTRONIC oscillator (OEO) has been inves-
tigated intensively for applications including very low

phase noise microwave or millimeter-wave signal generation,
RF up- and down-conversion in radar and electronic war-
fare systems [1], [2], optical signal processing for optical
and wireless communications [3]–[5], high sensitivity sen-
sors [6] and modern instruments [7]. A conventional OEO
is an optoelectronic loop based on an analog photonic link,
consisting of an intensity modulator, an optical delay line
(ODL) or an electrical phase shifter, a photodetector (PD),
an electrical amplifier (EA), and an electrical bandpass filter
(EBPF) [1]. Due to the electronic bottleneck of the elec-
trical and electro-optical devices used in the OEO loop,
the performance of a high frequency OEO is always lim-
ited [8]. To extend the operational frequency range, frequency
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multiplying OEOs were reported [9]–[15]. Among which,
the frequency-doubling OEO has been widely investigated
[9]–[14], because it not only generates a microwave signal
with a frequency that is two times the bandwidth of the
electrical and electro-optical devices, but also enables many
optical signal processing functions which are not possible to
be implemented by a conventional OEO [3], [12]. To obtain
the high-quality microwave signal with higher frequency, and
to achieve more powerful optical signal processing functions,
OEOs with even higher frequency multiplication factor are
highly desirable. We have recently reported a frequency-
quadrupling OEO based on a polarization modulator (PolM)
and a notch filter [15], but an optical filter was incorporated
to remove the optical carrier. The inevitable optical filtering
would increase greatly the difficulty for implementation of
optical signal processing in wavelength-division-multiplexer
(WDM) systems [16]. In addition, the tuning range of the
OEO is limited by the bandwidth of the notch area of the
optical filter [15].

In this letter, a frequency-quadrupling dual-loop OEO with
no optical filtering is proposed and demonstrated based on
two cascaded PolMs. With no optical filtering in the OEO,
the novel scheme can produce optical microwave signals at
multiple wavelengths. Signal processing with no restriction
on the wavelength of the injected signal is also realized.
In addition, multi-channel signal processing based on WDM
technology is enabled. An experiment is performed. Stable
microwave signal with a frequency of 39.75 GHz is generated
using low-frequency components. The OEO is applied for
multichannel photonic microwave up-conversion. A 1-Gb/s
pseudorandom-bit-sequence (PRBS) signal is also success-
fully up-converted at two wavelengths, demonstrating the
potential of the OEO being applied in multi-channel signal
processing.

II. PRINCIPLE

The schematic diagram of the proposed frequency-
quadrupling OEO is shown in Fig. 1. A lightwave from a
laser diode (LD) is introduced to a PolM (PolM1) via a
polarization controller (PC; PC1). A 30%:70% optical coupler
is connected to the PolM, to split the polarization-modulated
signal into two branches. In the lower branch, a polarization
beam splitter (PBS; PBS1) together with a PC (PC2) converts
the polarization-modulated signal to an intensity-modulated
signal. By carefully adjusting PC2, the equivalent intensity
modulation is biased at the quadrature transmission point
(QTP) [3]. PBS1 also serves as a power splitter, which divides

1041–1135/$31.00 © 2013 IEEE



ZHU et al.: FREQUENCY-QUADRUPLING OEO FOR MULTICHANNEL UPCONVERSION 427

Fig. 1. Schematic diagram of the proposed frequency-quadrupling dual-
loop OEO without optical filtering. LD: laser diode. PC: polarization
controller. PolM: polarization modulator. PBS: polarization beam splitter.
SMF: single-mode fiber. EBPF: electrical bandpass filter. EA: electrical
amplifier. EDFA: erbium-doped fiber amplifier. ODL: optical delay line.
PD: photodetector. ESA: electrical spectrum analyzer. OSA: optical spectrum
analyzer.

one portion of the PolM1 output into two optical paths with
complementary intensity modulation. In each path, a length
of single mode fiber (SMF) and a PC are inserted. The
two optical paths are combined by another PBS (PBS3), to
perform polarization multiplexing [17], [18]. As indicated in
the previous works [15], [17], the combination of the polar-
ization modulation and polarization multiplexing to introduce
two loops can efficiently increase the side mode suppression
ratio in the OEO. A PD (PD1) is used to perform optical-
to-electrical conversion. The electrical signal is filtered by
an EBPF, amplified by a low noise EA, and then fed back
to the RF placeport of PolM1 to form an oscillation. In the
upper branch, photonic microwave frequency quadrupling is
performed. Another set of PC (PC3) and PBS (PBS2) is
used to convert the polarization-modulated signal to a carrier-
suppressed intensity-modulated signal, i.e., only −1st- and
+1st-order sidebands are kept in the output signal. Then, a
second carrier-suppressed intensity-modulation is performed
by another PolM (PolM2) together with a PC (PC6) and a
PBS (PBS4). After the modulation, the −1st-order sideband
generates a −2nd-order sideband and an optical carrier, and
the +1st order sideband generates a +2nd-order sideband and
another optical carrier. By incorporating a hybrid coupler to
introduce a 90-degree phase shift between the RF signals
to the two PolMs, the optical carriers generated by the two
first-order sidebands counteract with each other. As a result,
two phase-correlated optical wavelengths with a wavelength
spacing corresponding to four times the frequency of the
oscillation signal in the OEO loop are obtained [19], [20].
It should be noted that the time delay difference between the
optical signal and the electrical signal to PolM2 would make
the frequency quadrupling wavelength dependent, therefore,
an ODL is inserted to eliminate this time delay difference.

To perform photonic microwave up-conversion using the
OEO, the CW signal injected to Pol01 can be replaced by
optical baseband signals. In the lower branch, the oscillation
of the OEO will not be affected since the baseband signal
would be effectively eliminated by the high-Q EBPF in the

Fig. 2. (a) Optical and (b) electrical spectra of the frequency-quadrupled
signal at the output of the OEO. Inset: the zoomed-in view of the 39.75-GHz
signal at a span of 100 kHz and a RBW of 9.1 kHz.

OEO loop. On the other hand, the upper branch would
output an up-converted signal at four times the fundamental
frequency because of the optical mixing in the PolMs. Since
the PolM has a large operational wavelength range and there
is no wavelength selective device in the scheme, photonic
microwave up-conversion based on the proposed OEO is
wavelength independent [22] and can support multi-channel
operation.

III. EXPERIMENT RESULTS AND DISCUSSIONS

An experiment based on the setup shown in Fig. 1 is
performed. The OEO constists of a LD, two PolMs, four
PBSs, six PCs, two PDs, two sections of SMF, two erbium-
doped fiber amplifiers (EDFAs), a 90° hybrid coupler, an
EBPF, an EA and an ODL. The major parameters are as
follows: the LD has a wavelength stability of 2.5 pm; the
PolM (Versawave Technologies) has a bandwidth of 40 GHz
and a half-wave voltage of 3.5 V; the lengths of the SMFs
in the dual loops are 0.5 and 0.6 km, respectively; the EBPF
has a bandwidth of 11.34 MHz centered at 9.953 GHz; the
90° hybrid coupler has a phase variation within ±12° in
1.7–36 GHz; the gain of the EA is about 40 dB, which
generates a phase modulation index of around 0.4π in the
PolM; PD1 has a bandwidth of 10 GHz and a responsivity of
0.88 A/W; PD2 has a bandwidth of 40 GHz and a responsivity
of 0.65 A/W. The optical spectra are monitored using an
optical spectrum analyzer (OSA; Yokogawa AQ6370C) with a
resolution of 0.02-nm. The electrical spectrum and the phase
noise are measured by an electrical spectrum analyzer (ESA)
with a phase noise measurement module (Agilent E4447A,
3 Hz–43 GHz).

In order to investigate the performance of the frequency-
quadrupling OEO, the wavelength of the LD is set at
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Fig. 3. Phase-noise spectra of the 39.75-GHz frequency-quadrupled signal
and the 9.9375-GHz fundamental signal.

1549.326 nm. Fig. 2(a) shows the optical spectrum at the
output of PBS4. As can be seen, a small optical carrier, two
small first-order sidebands, two second-order sidebands and
two small fourth-order sidebands are observed. The optical
carrier and the first-order sidebands are 29- and 22-dB less
than the second-order sidebands, respectively. The two second-
order sidebands have a wavelength spacing of 0.316 nm
(39.75 GHz), which is four times the frequency of the fun-
damental oscillating signal of the OEO. Fig. 2(b) shows the
electrical spectrum of the generated microwave signal. The
frequency-quadrupled component is 24.7-dB higher than other
undesired harmonics. A zoom-in view of the electrical spec-
trum of the 39.75 GHz component is also provided in Fig. 2(b),
showing the quality of the generated signal is very high.
The single-sideband (SSB) phase noises of the fundamental
oscillation signal in the loop and the frequency-quadrupled
signal are measured by the ESA. As can be seen in Fig. 3, the
phase noises of the 9.9375 and 39.75 GHz signals are −108.05
and −92 dBc/Hz, respectively, at a 10-kHz offset frequency.
Theoretically, the phase noise of a frequency-quadrupled sig-
nal should have a phase noise degradation of 10 log 1042 =
12 dB. However, in the experiment the phase noise degradation
is 16 dB, which is partly because of the amplified spontaneous
emission (ASE) noises introduced by the two EDFAs in the
upper branch. It should be noted that the phase noise measure-
ment based on the ESA would be seriously affected by the
intensity noise, so the actual phase noise performance should
be better than those shown in Fig. 3. The electrical spectrum
of the 39.75-GHz signal is observed for more than 15 minutes
in the laboratory environment. No significant variation is
observed.

To validate the feasibility of the photonic microwave up-
conversion based on the proposed OEO, a 1-GHz sinusoidal
signal generated by a microwave source (Agilent E8257D)
with a power of 1.5 dBm is applied to a MZM placed after
the LD in Fig. 1. Fig. 4 shows the electrical spectrum of the
up-converted signal, which includes the harmonic components
of 0–4 orders. Thanks to the frequency quadrupling, the
power of the fourth-order harmonic is more than 20-dB higher
than other undesired harmonics. To evaluate the multichannel
photonic microwave up-conversion using the OEO, the LD in
the OEO is replaced by two LDs followed by a MZM. The
wavelengths are set to be 1549.326 nm and 1550.400 nm,

Fig. 4. Electrical spectrum of the 1-GHz upconverted signal
(RBW = 100 kHz).

Fig. 5. Optical spectrum at the output of PBS4 when upconverting 1-Gb/s
PRBS signal in two channels.

Fig. 6. Electrical spectra. (a) 1-Gb/s PRBS signal and the correspond-
ing upconverted PRBS signal at 39.75 GHz for the (b) 1549.326-nm and
(c) 1550.400-nm channels.

respectively. The MZM has a bandwidth of 10 GHz and a half-
wave voltage of 4 V, which is driven by a 1-Gbit/s PRBS signal
with a word length of 231-1. Fig. 5 shows the optical spectrum
of the dual-wavelength up-converted signal at the output of
PBS4. A similar performance at the two channels is observed.
Fig. 6 shows the electrical spectra of the 1-Gbit/s PRBS
signal before and after the photonic up-conversion system.
The baseband signal in Fig. 6(a) is successfully up-converted
to the 39.75-GHz carrier, as shown in Fig. 6(b) and (c) in
both channels. Because of the wavelength independent feature
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of the scheme, it should be able to perform clock recovery
for arbitrary input wavelength, multiwavelength format con-
version and other signal processing functions in digital optical
communication systems [3]. It should be noted that the power
variation of the optical signals to the OEO would affect the
power of the oscillation signal, which further degrades the
performance of the photonic microwave up-conversion based
on the OEO. One possible solution to this problem is to place
an EDFA with constant output power before the OEO.

IV. CONCLUSION

We proposed and demonstrated a novel frequency-
quadrupling OEO with no optical filtering, to generate a
high-frequency microwave signal and to up-convert multi-
channel baseband signals to the millimeter-wave band using
only low-frequency devices. A frequency-quadrupling signal at
39.75 GHz with a SSB phase noise of −92 dBc/Hz @ 10 kHz
offset was generated, and simultaneous photonic microwave
up-conversion at two channels was confirmed. The system
is wavelength independent, which can be potentially applied
in distributed antenna systems for wireless communication,
sensing, and electronic warfare.
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