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Abstract—Photonic microwave downconversion based on an op-
toelectronic oscillator (OEO) is interesting because the local oscil-
lator signal is directly extracted from the RF signal, but some of the
frequency components in the RF signal would leak to the oscilla-
tion signal due to the limited rejection ratio of the electrical band-
pass filter in the OEO, which degrades the downconverted signal.
In this paper, a high-performance photonic microwave downcon-
verter based on a frequency-doubling OEO (FD-OEO) is proposed
and demonstrated to avoid the direct degradation from the RF
signal. A 20-GHzRF signal with 1-Gb/s datamodulation is success-
fully downconverted by the FD-OEO. The phase noise at 10-kHz
frequency offset of the extracted RF carrier by the FD-OEO is
14 dB lower than that extracted by a conventional OEO, and the
receiver sensitivity of the downconverted signal has a 1.173-dB
improvement. The downconverter needs only low-frequency de-
vices, which may find application in phased-array antenna arrays,
electronic warfare receivers, avionics, and wireless communication
systems.

Index Terms—Optoelectronic oscillator (OEO), downconver-
sion, frequency-doubling.

I. INTRODUCTION

A MICROWAVE downconverter to downconvert an RF
signal to the baseband or intermediate frequency (IF) is

essential for many microwave systems, such as phased-array
antenna arrays [1], modern electronic warfare receivers [2],
avionics [2], and wireless communication systems [3]. Con-
ventional microwave systems usually employ electronic mixers
to implement frequency downconversion, but the electronic
mixers always have small operational bandwidth, poor isolation
among the signal ports, and strong unwanted intermodulation
products. To overcome these problems, a new concept to
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perform microwave downconversion in the optical domain is
proposed [4]–[13]. Three key steps are generally required to re-
alize the photonic microwave downconversion, i.e., converting
the microwave signal into an optical microwave signal, mixing
the optical microwave signal with an electrical local oscillator
(LO) signal at an electro-optical modulator, and converting
the optical signal back to an electrical signal at a low-speed
photodetector (PD). Since the electro-optical modulator and
PD have almost identical performance in a bandwidth of tens
of nanometers, the photonic microwave downconverter is
attractive for array signal processing, in which different sig-
nals are carried by different wavelengths and simultaneously
downconverted to the baseband or IF by wavelength-division
multiplexing [5], [6]. It is also interesting to incorporate the
photonic microwave downconverter in radio-over-fiber sys-
tems because the signal to be downconverted is already optical
and the optical-to-electrical conversion is more efficient in the
low-frequency regime [7]–[11].
The previous works on photonic microwave downconverters

were basically aimed to reduce the conversion loss [7]–[9], [12]
or increase the dynamic range [11], [13], few attention is paid
to the important role of the quality of the LO signal [6]. In fact,
the performance of the photonic microwave downconverter is
highly dependent on the quality of the LO signal since the noise
and sidemodes around the LO would be downconverted to the
baseband or IF. However, the generation of a high-frequency
LO in the electrical domain usually involves multiple stages of
frequency multiplications, leading to high phase noise and low
spectral purity.
To generate the high-quality LO, one can rely on an optoelec-

tronic oscillator (OEO) [14]. TheOEO is an optoelectronic feed-
back loop consisting of an electro-optic modulator, an optical
fiber delay line, a PD, an electrical amplifier (EA), and an elec-
trical bandpass filter (EBPF) [15]–[17]. Due to the high-Q factor
of the oscillation cavity provided by the optoelectronic feedback
loop, the OEO can produce a high-spectral-purity signal with a
phase noise as low as dBc/Hz at 10-kHz offset at room
temperature [15]. In addition, the operational frequency of the
OEO can be as high as 75 GHz [6].
Previously, the OEO was used to simultaneously extract the

RF carrier from an optical microwave signal and perform pho-
tonic microwave downconversion [6]. The principle is similar to
the optical clock recovery and signal processing based on OEO
in optical communication systems [18]–[20]. In the OEO-based
clock recovery module, an incoming signal containing an op-
tical clock with a frequency near the free-running oscillating
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frequency is introduced into the OEO loop, so the OEO is in-
jection locked. The optical clock is then extracted while other
components in the injected signal are suppressed [18]. With the
extracted optical clock, optical signal processing, such as format
conversion and signal regeneration, can be performed in the
electro-optic modulator in the OEO. Compared with the optical
clock recovery from a return-to-zero (RZ) or non-return-to-zero
(NRZ) communication system, the carrier extraction from the
optical microwave signal has a much higher requirement. For
the RZ or NRZ signal, the clock always presents in the notches
of the electrical spectrum since the major power of the informa-
tion are located in the range from DC to 70% of the frequency of
the clock [21]. In that case, even a high-Q Fabry–Perot filter is
enough to effectively recover the optical clock [22]. However,
for the optical microwave signal, the baseband signal is first up-
converted to an RF carrier and then modulated on the optical
carrier, so the major power of the information is located around
the RF carrier. The closer the frequency of the component and
that of the RF carrier is, the higher the power will be. As a result,
it would be very hard to obtain a high-quality RF carrier using a
conventional OEO since some of the frequency components in
the RF signal would leak to the extracted RF carrier due to the
limited rejection ratio of the EBPF.
In addition, the conventional OEO for RF carrier extraction

and photonic microwave downconversion can only operate at a
maximal frequency limited by the bandwidth of the electrical
or electro-optical devices in the OEO loop. To extend the
frequency range, frequency-doubling OEO (FD-OEO) was
proposed [23], [24]. Tsuchida proposed a FD-OEO including
a high-frequency EA and an electrical frequency divider [23].
Pan and Yao performed a theoretical as well as an experimental
study on PolM-based FD-OEO [24], which has the capability of
extracting both prescaled and line-rate clocks from a high-speed
degraded optical signal using only low-frequency devices. But
the application of the FD-OEO in the RF carrier extraction and
photonic microwave downconversion is not reported.
In this paper, a novel photonic microwave downconverter

based on an FD-OEO is proposed and demonstrated. Since the
center frequency of the EBPF in the FD-OEO is half the fre-
quency of the RF carrier, the frequency components around the
carrier couldnotdirectly leak to themodulator; thus, theextracted
RF carrier has a high quality, which ensures a high-performance
microwave downconversion. In addition, the FD-OEO allows
photonic microwave downconversion of a high-frequency
signal with low-frequency device only. A theory is developed.
Although the unwanted frequency components would still be
downconverted to the baseband, they have a large conversion
loss, so the downconverted signalwill not be evidently degraded.
An experiment is carried out to comparatively study the per-
formance of the proposed photonic microwave downconverter
and the downconverter based on a conventional fundamental
frequency OEO (FF-OEO). Results show that the phase noise at
10-kHzoffset of the 10-GHzLOsignal extracted by theFD-OEO
is about 14 dB lower than that extracted by the FF-OEO. The bit
error rate (BER) curves of the 1-Gb/s signal downconverted by
the FD-OEO and the FF-OEO are also measured, which show
again that the data downconverted by the FD-OEO have better
quality than that downconverted by the FF-OEO.

Fig. 1. Schematic diagram of the proposed photonic microwave down-
converter using a PolM-based FD-OEO. (LD: laser diode; PC: polarization
controller; MZM: Mach–Zehnder Modulator; PolM: polarization modulator;
PBS: polarization beam splitter; MS: microwave source; EDFA: erbium-doped
fiber amplifier; PD: photodetector; EA: electrical amplifier; EBPF: electrical
bandpass filter; PRBS: pseudorandom bit sequence; PS: phase shifter; LPF:
low-pass filter; OSA: optical spectrum analyzer; OSO: optical sampling
oscilloscope.)

II. PRINCIPLE

The schematic diagram of the photonic microwave downcon-
verter based on the FD-OEO is shown in Fig. 1. A microwave
source (MS) is mixed with a pseudorandom bit sequence
(PRBS) data to generate an RF signal for downconvertion. A
lightwave from a laser diode is modulated by an RF signal to
be downconverted at a Mach–Zehnder modulator (MZM). The
modulated optical signal is fiber coupled to a PolM via a po-
larization controller (PC, PC2). The PolM is connected to two
polarization beam splitters (PBSs) via two other PCs (PC3 and
PC4). The PolM in conjunction with the PCs and the polarizers
is equivalent to a two-output-port intensity modulator (IM)
[16], [17]. One output of the IM is fed back to the PolM via
the RF port to form an OEO loop. Since an oscillator requires
a positive feedback loop, PC3 is adjusted to let the output of
PBS1 equivalent to linear intensity modulation [16]. A PD
(PD1) is used in the OEO loop to perform optical-to-electrical
conversion. To select the oscillation frequency, an EBPF is
incorporated. An EA is also incorporated to ensure the loop
gain higher than unity. The OEO can be a FF-OEO when PC4
is adjusted to let the output of PBS2 equivalent to intensity
modulation biased at the quadrature transmission point (QTP),
or a FD-OEO if PC4 is adjusted to let the output of PBS2
equivalent to intensity modulation biased at the minimum
transmission point (MITP) [16].
Similar to the optical clock recovery in [16], when an op-

tical microwave signal containing an RF carrier at a frequency
of is injected into the FD-OEO, an oscillation exactly at

would be started in the OEO although the input optical
microwave signal contains no distinct component. This
is because the noise in the OEO would occasionally introduce
a very small component. Once the component is
present, it would be captured and amplified by the OEO. The
amplified component is then fed back into the PolM-based
IM andmodulates the later injected signal.With the modulation,
the component in the electrical modulation signal and
the component in the injection signal are mixed to generate
a new component, which greatly enhances the existing

component. This positive feedback would finally lead to
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an oscillation at the frequency of and thus a high-quality
RF carrier at is obtained. Once the OEO is oscillating at

, the optical microwave signal would multiplied with the
optical intensity transfer function of the PolM-based IM in the
upper branch,

(1)

where is the transmission factor, is the phase
modulation index, and is a static phase term introduced by
PC4. Let via adjusting PC4, we have

(2)

where is the th-order Bessel function of the first kind. From
(2), we can see that the optical microwave signal is mixed with
a LO frequency of . If a low-pass filter (LPF) is followed, the
RF signal would be downconverted to the baseband.
To theoretically study the performance of the photonic mi-

crowave downconverter based on the FD-OEO, a model for the
injection-locking FD-OEO is developed. For comparison, the
performance of the photonic microwave downconverter based
on the FF-OEO is also investigated.
For simplicity, we assume the injected optical signal contains

a DC and two sinusoidal components at and

(3)

where and are the angular frequencies of the RF carrier
and the undesired disturbance (e.g., noise or frequency compo-
nent of the data signal), is the average optical power,

is the modulation depth. In practice, the amplitude
of the RF carrier is much greater than that of the disturbance,
i.e., .
Based on [16], when the signal expressed by (3) is injected

into the FF-OEO, the OEO will be injection locked if is very
close to the oscillating frequency of the free-running OEO. The
disturbance frequency would also appear in the output of the
OEO if it is in the passband of the EBPF. Other high order terms,
such as or , should also exist, but it is reason-
able to ignore them since their power would be very small con-
sidering a small-signal modulation. Therefore, the steady-state

oscillating signal at the RF port of the PolM should have the
form

(4)

where are the amplitudes and are the phases of the
signals at and , respectively. The transmission function of
the PolM-based IM in the OEO loop is given by

(5)

where is the half-wave
voltage of the PolM.
The injected optical signal is firstly modulated by , then

converted into an electrical signal at the PD, amplified by the
EA, and filtered by the EBPF, which can be then written as

(6)

where is the open-loop voltage gain, is the relative voltage
loss for the component caused by the EBPF, .
At the steady state, , so we obtain

(7)

Equation (7) results in (8a)–(8d), shown at the bottom of the
page.
Because and are the amplitudes of voltage,

should be positive for . Considering should
be equal to when for small-signal modulation,
the solutions to (7) are

(9a)

(9b)

(8a)

(8b)

(8c)

(8d)
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For the photonic microwave downconverter based on the
FD-OEO, according to [16], the OEO will be injection locked if

is very close to the oscillating frequency of the free-run-
ning OEO. The disturbance frequency would be downconverted
to - . Other high order terms, such as - can be
reasonably ignored since their power is very small. Therefore,
the steady-state oscillating signal at the RF port of the PolM
can be written as

(10)

Again, the signal is thenmixedwith the injected optical signal
at the PolM-based IM, converted into an electrical signal at the
PD, amplified by the EA, and filtered by the EBPF. After a cycle,
we obtain a new expression for the signal

(11)

should be equal to , so we get (12), shown at the
bottom of the page.

From (12), we have (13a)–(13e), shown at the bottom of the
page.
Again, should be positive for . For small-

signal modulation, the solutions to (12) are

(14a)

(14b)

(14c)

To give a quantitative comparison of the (disturbance
to signal ratio) for the FF-OEO- and FD-OEO-based downcon-
verters, a numerical simulation based on (9) and (14) is per-
formed. Assume , i.e., the amplitude of
the original disturbance is 10 dB lower than that of the carrier.
Since the low-noise EA in the OEO always has a low saturation
power, we let . Fig. 2 shows the calculated as a
function of . It can be seen that the disturbance to signal ratio
of the oscillation signal in the FD-OEO is generally smaller than
that in the FF-OEO. In practice, we would carefully adjust the
phase shifter (PS) in the OEO to achieve a lowest disturbance

(12)

(13a)

(13b)

(13c)

(13d)

(13e)
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Fig. 2. Calculated disturbance to signal ratio of the oscillation signal in the
FF-OEO and FD-OEO as a function of .

Fig. 3. Optical spectra at the output of PBS2 for (a) the PolM-based FF-OEO
and (b) the PolM-based FD-OEO.

to signal ratio. In that case, the disturbance to signal ratio has
about 10-dB improvement in the FD-OEO for .

III. EXPERIMENT AND DISCUSSIONS

An experiment based on the setup shown in Fig. 1 is per-
formed. The RF signal to be downconverted is generated by
mixing a sinusoidal signal with an electrical 1-Gb/s PRBS (word
length ) data signal at a mixer. The mixer has a frequency
range of 6–22 GHz for the RF/LO port, and 0–1 GHz for the
IF port. The sinusoidal signal is produced by an MS (Agilent
E8257D), and the PRBS is generated by a pulse pattern gener-
ator (Anritsu MP1763). The RF signal with a power of 10 dBm
is converted into an optical microwave signal at a 40-GHzMZM
(Versawave Inc.), and then sent to the PolM-based OEO to per-
form downconversion.
The OEO consists of a PolM, two PBSs, two PDs, an erbium-

doped fiber amplifier (EDFA), an EBPF, an EA, and a PS. The
major parameters are as follows: the PolM (Versawave Inc.) has
a bandwidth of 40 GHz; PD1 has a bandwidth of 10 GHz, and
a responsivity of 0.88 A/W; the EBPF has a bandwidth of 11.34
MHz and a center frequency of 9.957 GHz; the gain of the EA
is about 40 dB; and PD2 has a bandwidth of 40 GHz and a
responsivity of 0.65 A/W. The two PBSs are connected to the
PolM via two PCs to form a dual-output-port IM. One output
of the IM is fed back to the RF port of the PolM to form an
optoelectronic loop, and the other port serves as the output port
of the downconverter. To select the downconverted signal, an
electrical LPF with a bandwidth of 1.9 GHz is connected to the
PD. The EDFA is used to increase the power of the optical signal
to a satisfactory level.

Fig. 4. Electrical spectra of the 10-GHz RF carrier extracted from 20-GHz RF
signals with 1-Gb/s data modulation by (a) the FD-OEO and (b) the FF-OEO.

Fig. 5. Phase noise spectra of the 20-GHz, 10-GHz RF signals with 1-Gb/s data
modulation and 10-GHz RF carriers extracted by the FF-OEO and the FD-OEO,
respectively.

The electrical spectrum is measured by an electrical spec-
trum analyzer (ESA) with a build-in phase noise measurement
module (Agilent E4447A, 3 Hz–43 GHz) and the optical
spectrum is monitored by an optical spectrum analyzer (OSA)
(Yokogawa AQ6370C) with a resolution of 0.02 nm. In addi-
tion, a 40-GHz optical sampling oscilloscope (OSO) (Agilent
86100A) is used to observe the eye diagrams.
According to [16], the PolM-based OEO can be an FF-OEO

or a FD-OEO, depending on the setting of PC4. To demonstrate
that the downconverter based on an FD-OEO has better perfor-
mance than that based on an FF-OEO, a comparative study is
performed. For the photonic microwave downconverter based
on FF-OEO, PC4 in the upper branch is adjusted to let the ob-
tained optical field be equivalent to an output of an MZM biased
at the QTP, with the optical spectrum shown in Fig. 3(a), and
the carrier frequency of the RF signal to be downconverted is
set to be 9.957 GHz, while for the photonic microwave down-
converter based on FD-OEO, PC4 in the output port is adjusted



ZHU et al.: HIGH-PERFORMANCE PHOTONIC MICROWAVE DOWNCONVERTER 3041

Fig. 6. Electrical spectra of (a) 1-Gb/s PRBS, and the downconverted signals by (b) the FF-OEO and (c) the FD-OEO.

to let the obtained optical field be equivalent to an output of
an MZM biased at the MITP, with the optical spectrum shown
in Fig. 3(b), and the carrier frequency of the RF signal to be
downconverted is set to be 19.915 GHz. The modulation depth
and electrical power of both signals are set to be the same. The
power of the LO signal was set to be 8 dBm in our experiments.
Fig. 4 shows the electrical spectra of the oscillation signals

in the OEO. The electrical spectra are taken using the ESA by
introducing a coupler between EBPF and EA. As can be seen
from Fig. 4(b), the data signal is evidently leaked through the
EBPF to the oscillation signal of the FF-OEO, while for the
FD-OEO, the spectrum is much clearer since the data signal is
distributed in the 20-GHz span. In addition, some spectral com-
ponents present in the low-frequency regime in Fig. 4(b). This
is because the downconverted signal in the FF-OEO is also con-
tained in the optical signal sent to PD1, which is further leaked
to the oscillation signal due to the limited rejection ratio of the
EBPF. This would not happen in the FD-OEO, since the down-
converted signal in the OEO loop is in the 10-GHz span, which
contributes positively to the optoelectronic oscillation.
Fig. 5 show the single-sideband phase noise spectra of the

RF signals and the 10-GHz RF carriers extracted from the RF
signals. The phase noise of the 10- and 20-GHz RF signals
to be downconverted is almost the same. After the FF-OEO,
the 10-GHz RF carrier is extracted, but the phase noise at the
10–100-kHz frequency offset is only dB less than that of
the RF signal, showing that most of the disturbance is leaked to
the oscillation signal. For the 10-GHz RF carrier extracted by
the FD-OEO, the phase noise at 10–100-kHz frequency offset
is more than 20 dB lower than that of the data signal. Espe-
cially, the phase noise is and dBc/Hz at 10-kHz
frequency offset for the RF carriers extracted by the FD-OEO
and FF-OEO, respectively, indicating a 14-dB phase noise im-
provement by the FD-OEO.
With the RF carrier extracted by the OEO, photonic mi-

crowave downconversion can be performed. The electrical
spectrum in Fig. 6(a) is taken after the pulse pattern generator
(Anritsu MP1763) to show the spectrum of the 1-Gb/s PRBS
source; and Fig. 6(b) and (c) shows the electrical spectra of the
downconverted 1-Gb/s data by the FF-OEO and the FD-OEO,
respectively, with the electrical spectra taken after the LPF. It
can be seen that both FF-OEO and FD-OEO can perform pho-
tonic microwave downconversion. It should be noted that the

Fig. 7. BER curves of the signals downconverted by the FF-OEO and the
FD-OEO.

FD-OEO can implement photonic microwave downconversion
of 20-GHz RF signal using 10-GHz device only.
The BER curves of the signals downconverted by the

FD-OEO and FF-OEO are also measured, as shown in Fig. 7.
At a BER of , the FF-OEO-based photonic microwave
downconverter introduces 1.173 dB more power penalty than
the FD-OEO based one. The eye diagrams of the downcon-
verted signals are also shown as the insets in Fig. 7.
These experimental results agree very well with the the-

oretical predictions, i.e., the proposed photonic microwave
downconverter performs better than a conventional OEO based
downconverter.

IV. CONCLUSION

A high-performance photonic microwave downconverter
based on an FD-OEO was proposed. A theoretical model
was developed for the comparative study of the performance
between the proposed scheme and the photonic microwave
downconverter based on a conventional FF-OEO. Numer-
ical results show that the proposed scheme has much better
performance. The theoretical prediction was validated by an
experiment. The phase noise at 10-kHz frequency offset of
the extracted RF carrier by the proposed scheme was 14 dB
lower than that extracted by the conventional OEO. In addition,
the receiver sensitivity of the downconverted signal by the
proposed downconverter was 1.173 dB less than that downcon-
verted by the conventional OEO.
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