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Abstract: A broadband photonic-assisted microwave receiver with high cross-channel inter-
ference suppression and image rejection is proposed and experimentally demonstrated. At the
input of the microwave receiver, a microwave signal is injected into an optoelectronic oscillator
(OEO), which functions as a local oscillator (LO) to generate a low-phase noise LO signal as
well as a photonic-assisted mixer to down-convert the input microwave signal to the intermediate
frequency (IF). A microwave photonic filter (MPF), realized by the joint operation of a phase
modulator (PM) in the OEO and a Fabry-Perot laser diode (FPLD), is used as a narrowband
filter to select the IF signal. Thanks to the wide bandwidth of the photonic-assisted mixer and
the wide frequency tunable range of the OEO, the microwave receiver can support broadband
operation. The high cross-channel interference suppression and image rejection are enabled by
the narrowband MPF. The system is evaluated experimentally. A broadband operation from 11.27
to 20.85 GHz is demonstrated. For a multi-channel microwave signal with a channel spacing
of 2 GHz, a cross-channel interference suppression ratio of 21.95 dB and an image rejection
ratio of 21.51 dB are realized. The spurious-free dynamic range (SFDR) of the receiver is also
measured to be 98.25 dB·Hz2/3. The performance of the microwave receiver for multi-channel
communications is also experimentally evaluated.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

A microwave receiver is a key subsystem in a microwave system such as a radar and a wireless
communications system [1]. The broadband operation of a microwave receiver can be realized by
using a wide frequency tunable local oscillator (LO) to down-convert a received radio frequency
(RF) signal at a broadband mixer to an intermediate frequency (IF). In a multi-channel microwave
communications system, an electrical filter must be used in the receiver to select the desired
signal for a specific channel while suppressing cross-channel interference [2,3]. In addition,
a microwave receiver should also have the ability to reject the image which cannot be filtered
out directly by an electrical filter, or the microwave receiver should have a balanced Hartley
architecture through which the image components are fully eliminated [2,3]. To fulfill the need
for modern microwave systems, a microwave receiver is required to have a large bandwidth and
operate in high-frequency bands with high flexibility and reconfigurability [1,4,5]. However, the
incorporation of electrical filters makes a microwave receiver costly and bulky, especially when
large frequency tunability is needed while providing high cross-channel interference suppression
and image rejection [2–6].
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A solution to achieve a wide-frequency tunable microwave receiver with high cross-channel
interference suppression and image rejection is to implement the mixer and filter using photonics
[1,7]. Instead of using electrical nonlinearity, the frequency down-conversion at a photonic mixer
can be realized based on optical or optoelectronic nonlinearity with a much wider bandwidth
[1]. For example, all-optical nonlinearity can be achieved using optical components such as a
semiconductor optical amplifier (SOA) [8] or a highly nonlinear optical fiber (HNLF) [9]. In [8],
an optical carrier modulated by an RF signal is injected with a local oscillator (LO) signal into
an SOA, thanks to the cross-gain modulation in the SOA, a frequency down-converted optical
sideband is generated, which is converted to an electrical IF signal at a photodetector (PD). In [9],
an optical carrier modulated by an RF signal and a two-tone optical signal are injected into an
HNLF, and an electrical IF signal is generated at a PD by detecting the optical signals produced
through four-wave mixing. Frequency down-conversion based on optoelectronic nonlinearity can
be achieved based on direct or indirect optical modulation and photodetection. By modulating an
LO and an RF signal on an optical carrier and detecting the modulated optical signal at a PD, a
frequency down-converted signal is generated due to the square-law detection property of a PD
[10–13].

To achieve high cross-channel interference suppression and image rejection, a high Q-factor
microwave filter is needed. Photonic solutions to achieve high cross-channel interference
suppression and image rejection have been reported. In addition to wide bandwidth, photonic
solutions can also provide large tunability. In [14], a microwave photonic filter (MPF) was
incorporated into a photonics-based microwave mixer. A down-converted IF signal is selected by
the MPF with high cross-channel interference suppression and image rejection. The MPF was
realized based on phase-modulation to intensity-modulation (PM-IM) conversion by passing one
sideband through the gain or loss spectrum of stimulated Brillouin scattering (SBS). In [15], an
MPF based on PM-IM conversion and on-chip SBS was incorporated into a photonics-based
microwave mixer to realize image rejection with a simple structure. A photonics-based microwave
mixer with a balanced Hartley architecture can inherently eliminate the image component without
using an MPF [16–20]. Photonics-based microwave mixers with a balanced Hartley architecture
based on cascaded modulators [16,17] or 90-degree optical hybrids [18–20] have been reported.
But to fully reject the image component, the time delays of the two channels must be precisely
balanced and stabilized. In addition, the approach does not support cross-channel interference
suppression without the use of electrical filters. Thus, the use of an MPF would be a better
solution for high image rejection in addition to the capability of cross-channel interference
suppression.

For the photonic down-conversion techniques reported in [8–20], an external microwave source
is needed to provide an LO signal, which can be realized using an electronic oscillator, but
it has a small frequency tunable range and poor phase noise performance [21]. On the other
hand, an optoelectronic oscillator (OEO) can generate a microwave signal with a much wider
frequency tunable range and lower phase noise. An OEO has a hybrid optoelectronic system
consisting of an electrical path and an optical path, with the two paths connected through a
modulator and a PD. Since the optical path can be made long with a low loss, the Q-factor of the
optoelectronic loop is large and the phase noise is low [22–29]. The use of an OEO to generate an
LO signal for frequency down-conversion to improve the frequency tunable range of a microwave
receiver has been reported [30,31]. To achieve frequency-tunable single-frequency oscillation,
a frequency-tunable electrical bandpass filter is needed for mode selection [32]. However, it
is difficult to implement a frequency-tunable electrical bandpass filter with a high Q-factor
[33]. A solution is to implement the frequency-tunable bandpass filter based on photonics. For
example, based on PM-IM conversion using a phase-shifted fiber Bragg grating (PS-FBG), a
frequency-tunable bandpass filter was implemented [34].
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By combining the two features of the wide frequency tunability of an OEO and the narrow
bandwidth of an MPF, we have recently reported a photonic-assisted microwave receiver
with a wide frequency tunable range and a high cross-channel interference suppression and
image rejection [35]. In this paper, a more detailed study of the photonic-assisted microwave
receiver is provided including a detailed mathematical analysis and comprehensive experimental
investigation. In addition, the dynamic range of the microwave receiver in terms of spurious-free
dynamic range (SFDR) is also studied. The ability of the microwave receiver for multi-channel
communications is also experimentally evaluated.

2. Principle

The schematic of the proposed broadband photonic-assisted microwave receiver is shown in
Fig. 1 with the optical spectra at the indicated locations of the system shown in Fig. 2. The
receiver consists of an OEO module and an IF selection module (an MPF). The OEO module
is used to generate an LO signal as well as act as a photonic-assisted mixer. The IF selection
module is used to select the desired IF signal of a specific channel. Two laser diodes (LD1 and
LD2) are used to generate two optical carriers with angular frequencies of ω1 and ω2, which are
used as the optical carriers for the OEO module and the IF selection module.

LD1

LD2
PM

O
BP

F

PD1

ESA

FPLD

PD2

LPF

Circulator

PC

EA2

EA
1

ED
FA

SM
F

Coupler

Splitter

LO+RF1
+ +RFn

LO

RF1+ +RFn

IF

Antenna

Optical path

Electrical path

OEO module IF selection module

A

B

ESA/OSC

W
D

M

�1

OC�2
�1

�2

Fig. 1. Schematic of the proposed microwave receiver. LD: laser diode; OC: optical coupler;
PM: phase modulator; WDM: wavelength division multiplexer; OBPF: optical bandpass
filter; EDFA: erbium-doped fiber amplifier; SMF: single mode fiber; PD: photodetector;
EA: electrical amplifier; PC: polarization controller; FPLD: Fabry-Perot laser diode; LPF:
lowpass filter; ESA: electrical spectrum analyzer; OSC: oscilloscope.

In the OEO module, the optical carrier at ω1 is modulated at the phase modulator (PM) and
the optical signal at the output of the PM is sent to an optical bandpass filter (OBPF) followed by
an erbium-doped fiber amplifier (EDFA). After amplification by the EDFA, the optical signal is
sent to a photodetector (PD1) through a single-mode fiber (SMF), where an electrical signal is
generated. The joint operation of the PM, the OBPF, and the PD1 forms an MPF (MPF1), which
is used for oscillation frequency selection [36]. The signal at the output of PD1 is amplified by
an electrical amplifier (EA1) and sent back to the PM via the RF port, to close an OEO loop.
With a round-trip gain greater than the loss, the OEO can start to oscillate and an LO signal is
generated [22].

Note that MPF1 is implemented based on phase modulation and PM-IM conversion, which
is realized by removing one optical sideband by the OBPF to make the double sideband with
carrier phase-modulated signal to be a single-sideband with carrier intensity-modulated signal.
As shown in Fig. 2(a), the optical sideband at ω1+ωLO is removed while the sideband at ω1−ωLO
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Fig. 2. (a) The optical spectrum of the phase-modulated optical signal and the frequency
response of the OBPF at Point A in Fig. 1. By removing the optical sideband at ω1+ωLO
with the help of the OBPF, the double sideband with carrier phase-modulated signal is
converted to a single-sideband with carrier intensity-modulated signal. (b) The optical
spectra of the optical carrier at ω2 and its sidebands at Point B in Fig. 1. The sidebands at
ω2+ωLO and ω2+ωRF1 are selectively amplified by the FPLD to achieve PM-IM conversion.
The red-dashed curve shows the gain spectrum at one mode of the FPLD.

and the optical carrier remain, which will beat with the optical carrier to generate an LO signal
in PD1. If the OBPF has a central frequency of ωc, MPF1 will be a bandpass filter with a central
frequency that is the frequency difference between ωc and ω1, as illustrated in Fig. 2(a). By
tuning the OBPF, the central frequency of MPF1 can be tuned.

For frequency down-conversion, the LO signal generated by the OEO is combined via an
electrical coupler with a multi-channel RF signal (noted as RF1, RF2, . . . , RFn) and applied to
the PM, where the signals are modulated on the optical carriers at ω1 and ω2. The spectra of the
optical carrier at ω2 and its sidebands are shown in Fig. 2(b). After electro-optic modulation,
multiple sidebands are generated around the optical carrier, including the +1st-order RF and
LO sidebands, and the IF sidebands, which are terms generated due to the nonlinearity of the
modulator, for example, the sideband at ω2+ωIF1.

The optical carrier at ω2 and its sidebands are then sent to the IF selection module through
a wavelength division multiplexer (WDM). In the IF selection module, the optical signals are
sent to the FPLD via an optical circulator for amplification. The optical signals reflected from
the FPLD are sent to the PD2 via, again, the optical circulator, where an electrical signal is
generated through photodetection. The joint operation of the PM, the FPLD, and the PD2 forms
a secondary MPF (noted as MPF2) which is implemented based, again, on PM-IM conversion.
But this time a Fabry-Perot laser diode (FPLD) is used to selectively amplify the sidebands at the
desired frequencies at ω2+ωRF1 and ω2+ωLO, and all other sidebands and the optical carrier are
reflected without amplification. As shown in Fig. 2(b), the sidebands at ω2+ωRF1 and ω2+ωLO
are selectively amplified after being reflected from the FPLD. The operation is equivalent to an
MPF (MPF2) to select the IF signal at ωRF1-ωLO. The generated IF signal at the output of PD2
is applied to an electrical lowpass filter (LPF) to filter out undesired high-frequency components
and sampled by an oscilloscope (OSC) for further processing.

In the following, a mathematical analysis is performed. First, we consider that only one RF
signal and one LO signal are applied to the PM via the electrical coupler. The electric field of the
optical carrier at ω2 after being modulated at the PM is given by [37]

E2(t) = Ein2ejω2t
∑︂

l

∑︂
m

Jl(βRF)Jm(βLO)ej(l·ωRF+m·ωLO)t (1)

where Ein2 is the electric field of the optical carrier at ω2, βRF and βLO are the modulation indices
of the RF and LO signals applied to the PM, of which the angular frequencies are ωRF and ωLO,
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respectively, and l and m are the orders of the modulation sidebands by the RF and LO signals, Jl
and Jm are the l-th and m-th order Bessel functions of the first kind, respectively.

Equation (1) shows that multiple optical sidebands are generated after the modulation as
indicated in Fig. 2(b), of which the angular frequencies are determined by the orders of the Bessel
functions and the RF and LO frequencies. After photodetection at a PD, we have a photocurrent,
given by

I(t) = R · E2(t) · E2(t)∗

= RE2
in2

∑︂
l

∑︂
m

∑︂
p

∑︂
q

Jl(βRF)Jm(βLO)Jp(βRF)Jq(βLO)ej[(l−p)ωRF+(m−q)ωLO]t (2)

where R is the responsivity of the PD. The photocurrent consists of multiple components that are
generated due to the beating between two sidebands of different orders as well as the beating
between the sidebands and the optical carrier at ω2. To generate an IF signal, we let |l-p|=1
and |m-q|=1, in which the beating between the high-order sidebands is ignored due to their low
amplitudes. Then, the IF component in the photocurrent can be expressed as

IIF(t) = 4RE2
in2J0(βRF)J0(βLO)J1(βRF)J1(βLO) · cos(ωIFt)

+ 4RE2
in2J0(βRF)J0(βLO) · J1(βRF)J1(βLO) cos(ωIFt + π)

(3)

The first term results from the beating between the ±1st-order RF and LO sidebands, which
are denoted as ω2±ωRF1 and ω2±ωLO in Fig. 2(b). The second term results from the beating
between the ±1st-order IF sidebands and the optical carrier, which are denoted as ω2±ωIF1 and
ω2 in Fig. 2(b). They will fully cancel with each other because they are with equal amplitudes but
opposite phases. Thus, the IF signal cannot be recovered. However, due to the PM-IM conversion
using the FPLD by which the +1st order RF and LO sidebands are selectively amplified [38,39],
an MPF (MPF2) is implemented to select the IF signal at ωRF-ωLO. The recovered IF signal can
be expressed as

IIF(t) = 2RE2
in2

(︂√︁
ARFALO − 1

)︂
J0(βRF)J0(βLO)J1(βRF)J1(βLO) cos(ωIFt) (4)

where ARF and ALO are the power gains of +1st-order RF and LO sidebands induced by the
injection locking at the FPLD. Thanks to the narrow gain bandwidth of the FPLD, when multi-
channel RF signals are applied to the PM together with the LO signal, only the optical sideband
generated from the desired RF signal, e.g., RF1 and the LO signal which is tuned close to RF1
will be selectively amplified, as shown in Fig. 2(b), and an IF signal at ωRF1-ωLO is generated.

Note that in addition to the capability of MPF2 for the desired IF signal selection, the narrow
bandwidth of MPF2 enables high cross-channel interference suppression and image rejection
when being employed in a microwave receiver.

3. Experiment and results

An experiment is performed based on the setup shown in Fig. 1. The two optical carriers at
ω1 and ω2 are generated using a four-channel tunable laser source (Keysight N7714A). The
PM (Photline MPZ-LN-40) in the OEO has a bandwidth of 40 GHz. The OBPF (Alnair Labs,
BVF-300CL) has a tunable bandwidth of 3.7 to 370 GHz. The EDFA (PYOE PYOE-EDFA-C) has
a maximum output power of 20 dBm. The SMF has a length of 80 m. PD1 (Finisar XYPD2120R)
has a bandwidth of 50 GHz and a photoresponsivity of 0.65 A/W. The EAs (EA1 and EA2)
(Realphoton RFA-4X25-EVB) have a bandwidth of 28 GHz, with a gain of 23 dB. An electrical
spectrum analyzer (ESA) (Keysight N9020B) is used to monitor the signal generated by the
OEO. A vector network analyzer (VNA) (Agilent N5222A) is used to measure the open-loop
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frequency response of the OEO. The IF selection module shares the PM in the OEO module. The
FPLD (Thorlabs FPL1009S) is used for selective amplification of the sidebands at the desired
frequencies to achieve PM-IM conversion. PD2 (PIN/TIA20T) has a bandwidth of 20 GHz and a
photoresponsivity of 0.6 A/W. The electrical LPF has a cutoff frequency of 6 GHz. An OSC
(LabMaster 10 Zi-A) is used to sample the IF signal for further processing. The spectrum of the
IF signal is measured by an ESA (Keysight N9020B). Two synthesized signal generators (Hittite
HMC-T2220, HMC-T2240) are used to generate a multi-channel RF signal when measuring the
spectrum of the IF signal, and an arbitrary waveform generator (Keysight M8194A) is used to
generate a multi-channel communication signal when evaluating the operation of the microwave
receiver for multi-channel communications.

3.1. Performance of the OEO module

The open-loop frequency response of the OEO is measured by the VNA and is shown in Fig. 3(a).
As can be seen, the open-loop frequency response of the OEO is above 0 dB in a frequency range
from 2.80 to 21.35 GHz, indicating that oscillation with a wideband frequency tunable range can
be achieved. When the OEO loop is closed, an LO signal is generated. The measured spectra
of a generated LO signal at different frequencies are shown in Fig. 3(b). As can be seen, the
frequency of the generated LO signal is tuned from 4.94 to 20.30 GHz by tuning the central
frequency of MPF1. Figure 3(c) shows a zoom-in view of the spectrum of a generated LO signal
at 9.954 GHz in a frequency span of 10 MHz. The free spectral range (FSR) of the OEO loop is
2 MHz. The sidemode suppression ratio is up to 40.54 dB. The measured phase noise of the LO
signal at 9.954 GHz is -100.19 dBc/Hz at a 10-kHz offset frequency, as shown in Fig. 3(d).
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Fig. 3. (a) The open loop frequency response of the OEO when it is tuned, (b) the spectrum
of the generated LO signal when the OEO is tuned, (c) a zoom-in view of the spectrum at
9.954 GHz, and (d) the phase noise of a generated LO signal at 9.954 GHz.

3.2. Evaluation of photonic frequency down-conversion

To evaluate photonic-assisted frequency down-conversion, two RF signals (RF1 and RF2) are
applied to the PM. The optical signal at ω2 at the output of the PM is sent to the FPLD, where
injection locking is performed. Figure 4 shows the optical spectrum after injection locking.
As can be seen, the +1st-order LO sideband at ω2+ωLO and the RF1 sideband at ω2+ωRF1
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are selectively amplified, while the other sidebands are reflected without amplification. The
photodetection of the LO and the RF1 sidebands would generate an IF signal at ωRF1-ωLO.
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Fig. 4. Optical spectrum of the signal at the output of the FPLD centered at ω2. Note that
the sidebands at ω2+ωRF2, ω2-ωRF1, and ω2-ωRF2 are too weak to be observed in the
measured spectrum due to the high-power level of the optical carrier and the LO sideband,
and the absence of amplification from the FPLD.

In the experiment, the frequencies of the two RF signals are 17.52 and 19.38 GHz with an
identical power of -20 dBm, which are generated by the two synthesized signal generators. The
electrical spectrum of the signal at the output of PD2 is measured and is shown in Fig. 5(a). As
can be seen, a strong IF signal (IF1) at 2.48 GHz is generated. A weak IF signal (IF2) due to the
mixing between the LO and RF2 signal at 4.34 GHz is also seen, which is not fully eliminated by
MPF2. Other frequency components including the second harmonic (SH) of IF1 (4.96 GHz) and
the beat frequency signal (noted as difference frequency, DF) (1.86 GHz) between the two RF
signals are also observed due to again the incomplete filtering by MPF2. The powers of IF1 and
IF2 are -23.53 and -45.48 dBm, respectively. Although IF2 exists at the output of the microwave
receiver, since it is over 20 dB smaller than IF1, it has little influence on the IF1 signal, showing
a high cross-channel interference suppression.
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Fig. 5. (a) Spectra of the down-converted IF signals at the output of the microwave receiver.
When the RF2 signal is tuned at four different frequencies, four IF signals (IF2, IF2′, IF2′′,
and IF2′′′) at four different frequencies are generated, but the power is 20-dB lower than the
power of the IF signal from the RF1 signal. (b) Spectra of the IF signal from the RF1 signal
(blue) and from its image (red).

To further evaluate the high cross-channel interference suppression, we tune the frequency
of the RF2 signal from 7.57 to 19.38 GHz while maintaining the frequency of the RF1 signal
fixed at 17.52 GHz. The spectra of the IF signals are also shown in Fig. 5(a), from which we
can see for the RF2 signal tuned at three different frequencies, three IF signals (IF2′, IF2′′ and
IF2′′′) at three different frequencies are generated. Again, the powers of the three IF signals are
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all much lower than the power of IF1. A suppression ratio of over 21.95 dB for the cross-channel
interference is achieved within the operation bandwidth of the microwave receiver.

The ability of the proposed microwave receiver to reject the image is also evaluated, which is
done by applying an image of the RF1 signal with a frequency of 12.55 GHz to the PM. Since the
optical sidebands generated from the image are outside the amplification band of the FPLD (or
equivalently its down-converted IF signal is outside the passband of MPF2), the IF signal from
the image cannot be recovered, as indicated by Eq. (3). As shown in Fig. 5(b), the power of IF1
is 20.59 dB higher than that of the IF signal from the image, indicating strong image rejection
capability of the microwave receiver.

The broadband operation of the microwave receiver is also evaluated, which is done by tuning
the frequency of the RF1 signal from 11.27 to 20.85 GHz. To maintain a fixed IF frequency, the
frequency of the LO signal is tuned accordingly. With such a large frequency tunable range,
the microwave receiver can maintain a good performance. As can be seen, the variations of the
cross-channel interference suppression ratio, image rejection ratio, and power of the IF signal are
within 3.48 dB, 3.35 dB, and 0.79 dB, respectively, as shown in Fig. 6. The broadband operation
of the microwave receiver is demonstrated.
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Fig. 6. The interference suppression ratio, image rejection ratio, and IF power when the
frequency of the RF1 signal is tuned from 11.27 to 20.85 GHz.

The operating frequency range of the receiver is determined by the FSR of the FPLD and the
cutoff frequency of the LPF. Due to the double sideband modulation of the PM, the frequencies
of the received microwave signals should be less than half of the FSR of the FPLD, which is
44 GHz. Thus, the upper end of the operating frequency range is 22 GHz. Besides, the frequency
of the LO signal is set to be higher than 8.5 GHz to avoid LO leakage. With a frequency spacing
of 2.5 GHz between the LO and microwave signals, the frequency of the microwave signal should
be higher than 11 GHz, i.e., the lower end will be about 11 GHz. It is believed that the operating
frequency range can be extended by utilizing an FPLD with a larger FSR.

From Fig. 6, the mean power of the IF signal is -23.85 dBm. With the power of the input
microwave signal of -20 dBm, the link gain is estimated to be -3.85 dB, indicating a high
conversion efficiency between the RF and IF signals thanks to the high responsivity of the PD2
module with an integrated electrical amplifier, and the amplification of the +1st-order LO and
RF1 sidebands brought by the FPLD.

The SFDR of the microwave receiver, a performance measure to evaluate the dynamic range
of a microwave receiver, is also measured. The measurement is done based on a two-tone test in
which a two-tone signal at 17.20 and 17.22 GHz is applied to the input of the proposed microwave
receiver. By adjusting the power of the input signal from -26 to -18 dBm, the powers of the output
IF signals and the third-order intermodulation distortion (IMD3) signals of the corresponding
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input signals are measured. For a noise floor of -163.54 dBm/Hz, the SFDR is measured to be
98.25 dB·Hz2/3, as shown in Fig. 7.
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Fig. 7. SFDR measurement of the receiver. For a noise floor of -163.54 dBm/Hz, the SFDR
is 98.25 dB·Hz2/3.

3.3. Evaluation of the microwave receiver for multi-channel communications

To evaluate the performance of the proposed receiver when being used for multi-channel
communications, two experiments are performed. In the first experiment, only a single RF signal
with two different modulation formats (Binary Phase Shift Keying, BPSK, and Quadrature Phase
Shift Keying, QPSK) and two different symbol rates (500 MBaud, 1 GBaud) is applied to the
PM. The frequency of the RF signal is tuned at 15.43 GHz, and the LO frequency is accordingly
tuned at 12.93 GHz to make the IF frequency to be 2.5 GHz. The frequency down-converted IF
signal is sampled by the OSC for further processing. A digital signal processing (DSP) algorithm
is developed to track and compensate for the amplitude and phase drifts of the LO signal from
the OEO [40,41]. For the RF signal with two different modulation formats (BPSK, QPSK) at a
symbol rate of 500 MBaud, the constellation diagrams are shown in Fig. 8(a) and (b), respectively.
The error vector magnitudes (EVMs) are measured to be 5.13% for the BPSK format and 5.53%
for the QPSK format. When the symbol rate of the RF signal is increased from 500 MBaud
to 1 GBaud, the EVMs are increased to 6.31% and 6.58% for the BPSK and QPSK formats,
respectively. Clearly, the performance of the microwave receiver at a higher symbol rate is
slightly reduced with the EVM increased from 5.53% for the 500 MBaud QPSK signal to 6.58%
for the 1 GBaud QPSK signal. The noise figure of the receiver is estimated to be 15.3 dB by
comparing the signal-to-noise ratios (SNRs) of the input and output signals.

In the second experiment, two RF signals at 13.69 and 20.36 GHz (RF1 and RF2) with
modulation formats of BPSK and QPSK, respectively, are applied simultaneously to the PM.
To switch between RF1 and RF2, the frequency of the LO signal is tuned between 11.19
and 17.86 GHz, to make the IF frequency at 2.5 GHz. When operating at 500 MBaud, the
constellation diagrams are measured which are shown in Fig. 9(a) and (b), which are obtained
with the assistance of the DSP algorithm. The EVMs are also calculated. As can be seen, the
EVM for the RF2 signal with the QPSK format is 7.86%, which is slightly larger than that when
only a single RF signal with the QPSK format is applied to the input of the microwave receiver
(5.53%) due to the cross-channel interference. When operating at 1 GBaud, the constellation
diagrams are also measured which are shown in Fig. 9(c) and (d), which are obtained again with
the assistance of the DSP algorithm. The EVM is now 8.64%, which is again slightly higher
than that when only a single RF signal with the same QPSK format is applied to the input of the
microwave receiver (6.58%).
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Fig. 8. Experimental results of using the microwave receiver when an RF signal with two
different modulation formats at two different symbol rates is applied. Constellation diagrams
for an RF signal at a symbol rate of 500 MBaud with the modulation formats of (a) BPSK
and (b) QPSK. Constellation diagrams for an RF signal at a symbol rate of 1 GBaud with
the modulation formats of (c) BPSK and (d) QPSK.
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Fig. 9. Experimental results of using the microwave receiver for multi-channel communica-
tions. Constellation diagrams for two RF signals at a symbol rate of 500 MBaud with the
modulation formats of (a) BPSK and (b) QPSK. Constellation diagrams for two RF signals
at a symbol rate of 1 GBaud with the modulation formats of (c) BPSK and (d) QPSK.
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4. Conclusion

A broadband photonic-assisted microwave receiver with high cross-channel interference sup-
pression and image rejection was proposed and demonstrated. A broadband tunable OEO
was introduced as the LO signal generator to allow frequency tuning and channel switching
of the microwave receiver for broadband operation. An MPF based on a PM-IM conversion
using an FPLD was implemented to select the IF signal while suppressing the cross-channel
interference and rejecting the image. Thanks to the wideband photonic-assisted mixing and
the large frequency-tunable range offered by the OEO, wideband frequency down-conversion
with high cross-channel interference suppression and image rejection was implemented. The
proposed system was evaluated experimentally. The results showed cross-channel interference
suppression ratio and image rejection ratio up to 21.95 and 21.51 dB were achieved, respectively.
The performance of the microwave receiver when being used for multi-channel communications
was also evaluated. The EVM performance was slightly increased by 2% when two RF signals
were simultaneously applied to the input of the microwave receiver as compared with a single RF
signal applied to the input, which was caused by the incomplete filtering of the other IF signal
due to the mixing between the LO signal and the other RF signal.

In the experiments, a DSP algorithm was employed to track the amplitude and phase fluctuations
of the LO signal from the OEO, which are caused due to the environmental changes to the long
fiber in the OEO loop. The amplitude and phase fluctuations of the LO signal can be reduced if
self-injection locking or a phase-locked loop is applied [42,43], which may further increase the
system performance.
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