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Microwave photonic receivers are a promising candidate in breaking the bandwidth limitation of traditional
radio-frequency (RF) receivers. To further balance the performance superiority with the requirements regarding
size, weight, and power consumption (SWaP), the implementation of integrated microwave photonic microsys-
tems has been considered an upgrade path. However, up to now, to the best of our knowledge, chip-scale fully
integrated microwave photonic receivers have not been reported due to the limitation of material platforms. In
this paper, we report a fully integrated hybrid microwave photonic receiver (FIH-MWPR) obtained by compris-
ing the indium phosphide (InP) laser chip and the monolithic silicon-on-insulator (SOI) photonic circuit into the
same substrate based on the low-coupling-loss micro-optics method. Benefiting from the integration of all opto-
electronic components, the packaged FIH-MWPR exhibits a compact volume of 6 cm3 and low power consump-
tion of 1.2W. The FIH-MWPR supports a wide operation bandwidth from 2 to 18 GHz. Furthermore, its RF-link
performance to down-convert the RF signals to the intermediate frequency is experimentally characterized by
measuring the link gain, the noise figure, and the spurious-free dynamic range metrics across the whole operation
frequency band. Moreover, we have utilized it as a de-chirp receiver to process the broadband linear frequency-
modulated (LFM) radar echo signals at different frequency bands (S-, C-, X-, and Ku-bands) and successfully
demonstrated its high-resolution-ranging capability. To the best of our knowledge, this is the first realization
of a chip-scale broadband fully integrated microwave photonic receiver, which is expected to be an important
step in demonstrating the feasibility of all-integrated microwave photonic microsystems oriented to miniaturized
application scenarios. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.452631

1. INTRODUCTION

Microwave photonics (MWP) is a promising interdisciplinary
technology positioned so as to overcome the performance
bottleneck of traditional microwave systems by utilizing the in-
herent superiorities of photonic technologies [1,2], including
wide operation bandwidth, low loss, flexibility, and immunity
to electromagnetic interference. Leveraging these unique ad-
vantages, the MWP has propelled technological advancements
in plenty of radio-frequency (RF) applications, such as micro-
wave photonic filters [3–7], photonic analog-to-digital convert-
ers (ADCs) [8,9], microwave photonic receivers (transmitters)
[10–17], photonics-based microwave generation [18–21],
photonics-based microwave measurement [22,23], transport
and distribution of RF signals over optical fiber (ROF)
[24,25], and photonic true-time delay beamforming [26–28].

Particularly recently, driven by urgent requirements on size,
weight, and power consumption (SWaP) oriented to miniatur-
ized application scenarios and the technological maturity of
photonic integrated circuits (PICs), researchers have been at-
tempting to shift more efforts from the validation of system
concepts based on bulk optical components to the implemen-
tation of MWP microsystems based on PICs, widely known as
integrated microwave photonics (IMWP) [29,30].

A long-standing goal of IMWP is to demonstrate chip-scale
microsystems with all the required active and passive optoelec-
tronic components integrated into the same substrate, either
monolithically [3,20] or through hybrid integration approaches
[5,27]. Most of the recent IMWP demonstrations have been
based on three mainstream photonic integrated platforms
[29]: indium phosphide (InP) [31,32], silicon nitride (Si3N4)
[33,34], and silicon-on-insulator (SOI) [35–37]. However,
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none of these material platforms can independently provide all
the good-performance components for IMWP microsystems
since these material platforms exhibit various strengths and
weaknesses. Among the three platforms, InP is the only
material that has been proven to enable the monolithic integra-
tion of main active and passive functionalities. For example,
monolithically integrated microwave photonic filter [3] and
optoelectronic oscillator [20] have been successfully demon-
strated on the InP platform. Nevertheless, constrained by the
relatively large waveguide propagation loss and RF crosstalk,
these demonstrations show few superiorities in performance.
Si3N4, featuring ultra-low-loss passive waveguides [38,39], is
gaining popularity in microresonator-based Kerr frequency
combs [18,40–43] and high-performance external cavities
for ultra-low-noise integrated lasers [44–48], but unfortunately,
it is a poor material for realizing active functionalities (lasers,
modulators, and photodetectors) for IMWP. SOI can offer
moderately low-loss passive waveguides with a compact foot-
print [49]. Besides, high-speed modulators [50,51] and photo-
detectors [52] have been developed on the SOI platform
through doping and epitaxial growth of germanium (Ge) on
Si. However, the lack of silicon-based on-chip laser sources
[53] is always a pivotal problem hindering the development
of all integrated IMWP microsystems on the SOI platform.
In summary, it is extremely challenging in the short term to
realize high-performance monolithic IMWP microsystems
based on a single material platform.

Fortunately, heterogeneous or hybrid integration of III–V
materials with SOI or Si3N4 has been proven to be a feasible
path to combine the strengths of different platforms, which
mainly relies on hetero-epitaxial growth [54,55], wafer bonding
[40,47,56], micro-transfer-printing [57,58], flip-chip bonding
[59,60], photonic wire bonding [61], facet-to-facet butt-
coupling [27,41,42,44–46], and micro-optics-based coupling
[11,62]. With these aforementioned hybrid integration ap-
proaches, laser sources, high-speed modulators, photodetectors,
and various passive functionalities can be fully integrated on
the same substrate for chip-scale IMWP microsystems.
Recently, hybrid integration of an InP-based laser chip and an
SOI-based functional PIC has been attempted to create a high-
performance microwave photonic filter with switchable
responses [5]. Moreover, based on the hybrid integration of
InP components in the Si3N4 platform, a fully integrated tun-
able 1 × 4 optical beamforming network [27] supporting the
generation and steering of a single microwave beam has been
reported. In summary, utilizing hybrid integration schemes, we
can demonstrate high-performance IMWP microsystems with
100% integration degree.

In this work, we report for the first time, to the best of our
knowledge, a chip-scale fully integrated hybrid microwave pho-
tonic receiver (FIH-MWPR) with the integration of all opto-
electronic components, including the laser source, high-speed
phase modulators, tunable optical bandpass filters based on mi-
croring resonators (MRRs), and photodetectors. Here, all the
functionalities except the laser source are monolithically inte-
grated on an SOI PIC, whereas the light is provided by an InP
distributed feedback (DFB) semiconductor laser chip. These
two complementary platforms are hybrid integrated into the

same substrate with the method of free-space micro-optics.
Figure 1 presents the photograph of the completely packaged
FIH-MWPR module, occupying a compact volume of
30 mm × 20 mm × 10 mm. The experimental performance
evaluation of this FHI-MWPR is performed in three stages.
In the first stage, we experimentally characterize the employed
on-chip functional components in the FIH-MWPR. In the
second stage, we use standard two-tone tests to measure its
RF-link performance metrics, including the link gain, the noise
figure (NF), and the spurious-free dynamic range (SFDR). In
the third stage, we assess the system performance of the FIH-
MWPR as a de-chirp receiver for processing broadband linear
frequency-modulated (LFM) radar echo signals from the S- to
Ku-band. With the advantages of broad-operation bandwidth,
tunable microwave photonic signal filtering, and superiority in
SWaP, the proposed FIH-MWPR exhibits a fundamental step
toward the implementation of high-performance fully inte-
grated microwave photonic microsystems oriented to real-
world miniaturized application scenarios.

2. FIH-MWPR ARCHITECTURE AND CHIP
DESIGN

Figure 2(a) illustrates the schematic architecture of the pro-
posed FIH-MWPR, where an InP-based DFB laser chip and
a monolithic SOI-based PIC are hybrid-integrated through the
micro-optics-based approach to establish a complete IMWP
microsystem. The SOI-based PIC includes most of the required
on-chip optoelectronic components: two parallel high-speed
phase modulators, two tunable optical bandpass filters based
on MRRs, and a photodetector array. The operation principle
of this FIH-MWPR is presented by describing the evolution of
optical and electrical spectra at several key points labeled in the
system, as shown in Fig. 2(b). A continuous-wave light around
1550 nm provided by the InP-based DFB laser chip first goes
through a sub-assembly comprising two microlenses and a
micro-isolator and is coupled into the SOI PIC via an on-chip
spot-size converter. Then the light is split equally into two
branches as optical carriers by a 50:50 multimode interferom-
eter (MMI). The optical carrier in the upper branch is sent into
a high-speed phase modulator, which is driven by the received
RF input signal, while the optical carrier in the lower branch is
sent into another parallel phase modulator, which is driven by
the RF local oscillator (LO). Here, we choose the phase modu-
lator instead of the Mach–Zehnder modulator (MZM) because

Fig. 1. Packaged FIH-MWPR module with a compact volume of
30 mm × 20 mm × 10 mm.
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of its good linearity and no extra phase bias [10]. The modu-
lated optical signals leaving the phase modulators are then
routed to MRR-based tunable optical bandpass filters for the
signal extracting. The target RF signal and LO are selected from
their first-order modulation sidebands, respectively. Finally,
these extracted signals from the filters are mixed by a 50:50
optical coupler and sent into photodetectors for down-
converting the target RF signal to the intermediate frequency
(IF), which equals the beat difference between frequencies of
the target RF signal and LO. Owing to the employed tunable
optical bandpass filters, the FIH-MWPR can flexibly select the
target part from the modulated broadband RF input signal in
the optical domain, which substantially lightens the burden of
broadband signal processing in the RF domain. Meanwhile,
the instantaneous bandwidth of the FIH-MWPR is basically
determined by the passband width of employed optical
bandpass filters.

The monolithic SOI PIC is fabricated on a standard 220 nm
SOI platform based on CMOS-compatible processes offered by
Advanced Micro Foundry (AMF) [37]. The footprint of the
whole chip is 3.18 mm × 15.8 mm, and the employed func-
tional region only occupies a compact area of 3.18 mm × 3 mm.
Figure 2(c) shows the optical microscope images of several key
elements on the fabricated SOI chip, and Fig. 2(d) exhibits the
cross-sectional schematic view of this SOI platform. The em-
ployed SOI high-speed phase modulators are based on the
plasma dispersion effect and carrier-depletion scheme [50,51].
For obtaining a large modulation bandwidth, optimized trav-
eling-wave electrodes terminated with on-chip 50 Ohm resis-
tors are utilized to meet the requirements of the phase and

impedance match [63]. The length of electro-optical modula-
tion arms is designed to be 2.5 mm. Moreover, the dimensions
and the doping profile of the lateral PN junction in the modu-
lator are depicted in Fig. 2(d). Here, the doping concentrations
of p- and n-doping regions in the PN junction are estimated as
∼5 × 1017 cm−3. For passive strip waveguides, their widths are
set to be 450 nm to support the single TE mode operation near
1550 nm. Based on such passive strip waveguides, the tunable
optical bandpass filters are designed as racetrack add-drop
MRRs with perimeters of about 1570.2 μm, corresponding
to a free spectral range (FSR) of ∼45 GHz. The 3 dB passband
width of each MRR filter is designed to be 4 GHz, which de-
fines the instantaneous bandwidth of the FIH-MWPR.
Moreover, a TiN microheater-based thermo-optical phase
shifter with a length of 130 μm is inserted into each MRR
to achieve resonance wavelength tuning. The photodetector ar-
ray comprises four Ge-based vertical p-doped-intrinsic-n-doped
(PIN) diodes operating at around 1550 nm [37,64]. The two of
them (PD2 and PD3) are used to perform the optoelectronic
down-conversion, and the other two (PD1 and PD4) serve as
testing monitors. In addition to the fundamental functional
components mentioned above, a suspended spot-size converter
based on the cantilevered 3D functional SiO2 taper structure
[65] is fabricated on the edge of the SOI PIC for enlarging the
optical mode field to ∼10 μm, leading to a reduced coupling
loss and an enhanced alignment tolerance. Furthermore, an
asymmetric MMI with a splitting ratio of 10:90 [66] followed
by a grating coupler is inserted into the on-chip optical link to
test the characteristics of on-chip functional components and
monitor the optical power during the hybrid integration.

Fig. 2. (a) Schematic diagram of the proposed FIH-MWPR. DFB, distributed feedback semiconductor laser; SSC, spot-size converter; PM, phase
modulator; MRR, microring resonator; PD, photodetector. (b) Spectra at several key points labeled in the system. 1, 2, and 3 are optical spectra, and
4 is the electrical spectrum. The signal–signal beat interference (SSBI) at 4 is ignored. (c) Optical microscope images of key elements on the
fabricated SOI chip. (d) Cross-sectional schematic view (not to scale) of the SOI platform.
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The employed InP-based semiconductor laser chip is a com-
mercially available large-power narrow-linewidth DFB laser di-
ode capable of providing a single-mode output light of 50 mW
near 1550 nm under a typical injection current of 200 mA.
With the method of micro-optics, the coupling loss between
the InP DFB laser chip and the SOI PIC is optimized at about
3.5 dB, and a 1 dB loss here is induced by the polarization-
maintaining micro-isolator (50 dB isolation) inserted between
two microlenses. This micro-isolator is necessary to protect the
laser chip from the feedback light reflected back from the SOI
PIC [67].

These two chips and micro-optic components are mounted
on a W-Cu submount with an underneath thermo-electric
cooler (TEC) controlled by a high-resolution temperature con-
troller (Arroyo Instruments, 5305 TECSource, the long-term
stability is 0.01°C over 24 h), and assembled into a compact
package, as shown in Fig. 1. Moreover, the RF signals applied
to modulators and the IF signals generated by photodetectors
are carried from on-chip RF pads to the SMP connectors on the
package through wire bonding and custom-designed RF trans-
mission lines mounted on ceramics.

3. EXPERIMENTAL RESULTS

A. Characterization of Key Elements
On-chip SOI phase modulators in the FIH-MWPR are critical
elements for up-converting the RF signals to the optical do-
main, ultimately determining the operation bandwidth of
the microsystem. We experimentally characterize the electro-
optic (E/O) modulation responses by measuring the optical
modulation spectrum from the grating coupler and recording
the first-order modulation sideband power under different driv-
ing frequencies and bias voltages, using a high-resolution opti-
cal spectrum analyzer (OSA, APEX, AP2081B). Figure 3 shows
the measured E/O modulation responses of the phase modu-
lator with or without the package. For the unpackaged on-chip
phase modulator, we utilize a 40 GHz probe (GGB, 40A-GSG-
150-LP) to load the RF driving signal onto the pad. In this case,
the measured response is mainly decided by the on-chip modu-
lator itself. As shown in Fig. 3(a), the on-chip phase modulator
supports an intrinsic 3 dB E/O bandwidth of 10 GHz at 0 V
bias, which gradually increases to ∼18 GHz and >20 GHz at
−1 V and −3 V bias voltages, respectively. Although the modu-
lation response of the packaged phase modulator is limited by
RF insertion losses induced by bonding wires and RF transmis-
sion lines, its 3-dB E/O bandwidth is still measured to be

∼18 GHz at a bias voltage of −3 V, as shown in Fig. 3(b).
Therefore, the high-speed modulation performance of pack-
aged phase modulators ensures the broad operation bandwidth
of the FIH-MWPR. In the following experiments, −3 V is
chosen as the bias voltage of modulators.

We further evaluate the half-wave voltage (V π) of the
packaged phase modulator by calculating the power ratio be-
tween the carrier and the first-order modulation sideband,
which can be theoretically expressed by J20�β�/J21�β�, where
β � ffiffiffiffiffiffiffiffiffi

2PR
p

· π∕V π represents the modulation index. Here,
P is the effective RF power loaded to the modulator, and R
is its input impedance (50 Ω). Based on the experimental re-
sults, the V π (at 1 GHz) is estimated to be 9.2 V and 14.0 V at
a bias voltage of 0 V and −3 V, respectively, corresponding to a
modulation efficiency (defined as the product of V π and the
modulation arm length) of 2.3 and 3.5 V · cm, which is about
twice the value of reported SOI push–pull MZMs [5,26,68].
Furthermore, the insertion loss of each phase modulator is mea-
sured to be about 5 dB.

On-chip MRR-based tunable bandpass filters are utilized to
extract the target signal from the modulation sidebands in the
optical domain, and their tunability ensures the software-
defined flexibility of the FIH-MWPR across the whole oper-
ation frequency band. We experimentally characterize the
transmission responses of MRR filters using the aforemen-
tioned OSA with a built-in tunable laser. Figure 4(a) depicts
the directly measured notch response spectrum (green, dots)
of the MRR from the grating coupler. By fitting this measured
notch response to the theoretical Lorentzian transfer function
(green, dashed line) of add-drop MRRs [69], we extract key
parameters of the MRR and simulate its corresponding
bandpass response (blue, solid line), which exhibits a 3 dB
bandwidth of 4.74 GHz and an insertion loss of ∼1.5 dB.
Moreover, the waveguide propagation loss is extracted to be
about 2.33 dB/cm. We further demonstrate the broadband
tuning ability of the MRR resonance by increasing the
heating power applied to the TiN heater. As shown in
Fig. 4(b), the thermo-optical tuning efficiency is measured
to be ∼1.40 GHz=mW. Since the tuning speed of MRR filters
determines the frequency agility of the FIH-MWPR, we mea-
sure the response speed of the thermo-optical tuning by apply-
ing a 500 Hz square-wave electrical driving signal to the TiN
microheater. Figures 4(c) and 4(d) present the measured tem-
poral waveforms of the driving voltage and the corresponding
optical response, respectively. The measured rise/fall time of the
thermal-optical response is about 15/66 μs, leading to a maxi-
mum switching time of 66 μs.

On-chip photodetectors are utilized to down-convert the
processed modulated signals from the optical back to the elec-
trical domain. Figure 5(a) shows the measured photocurrent as
a function of the input optical power at the wavelength of
1550 nm under different bias voltages. The responsivity of
the photodetector is measured to be 1.02 A/W at a bias voltage
of −1 V when the input optical power is less than the saturation
power of ∼10 mW, which is sufficient for holding the input
light in the down-conversion. We further measure the fre-
quency response of on-chip photodetectors utilizing the
swept frequency method [70]. As shown in Fig. 5(b), the

Fig. 3. Normalized measured E/O modulation responses of (a) the
unpackaged on-chip phase modulator and (b) the packaged phase
modulator under various bias voltages.
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3 dB optic-electro (O/E) bandwidth of photodetectors reaches
>20 GHz at a bias voltage of −1 V, which has covered the
whole operation frequency band. Therefore, in the following
experiments, −1 V is selected as the bias voltage of photodetec-
tors to reduce the dark current as much as possible. The dark
current at a bias voltage of −1 V is measured to be <20 nA,
indicating the low-noise characteristic of on-chip Ge-Si
photodetectors.

The InP-based large-power DFB semiconductor laser chip
in the FIH-MWPR provides an optical carrier at ∼1550.3 nm
with a side mode suppression ratio (SMSR) of 49 dB, as shown
by the optical spectrum measured through the grating coupler
in Fig. 6(a). Furthermore, as shown in Fig. 6(b), the Lorentzian
linewidth of the laser is measured to be ∼320 kHz, based
on the delayed self-heterodyne method, using the same
experimental configuration as in Ref. [71]. Furthermore, the
relative intensity noise (RIN) of this laser is measured to be
< −150 dBc=Hz. Therefore, in addition to the large output

power (50 mW at 200 mA), the employed DFB laser chip ex-
hibits good frequency noise and intensity noise characteristics.

B. RF-link Performance Metrics
The RF-link performance metrics, including the link gain, the
NF, and the SFDR, quantitatively characterize the system per-
formance of the demonstrated FIH-MWPR module to down-
convert the RF signals to the IF, and these metrics are measured
using the standard two-tone test [4]. As a specific example, a
two-tone test signal (14.001 and 13.999 GHz) generated by a
vector signal generator (Agilent E8267D) drives the RF signal
modulator, while another single-tone signal (14.2 GHz,
20 dBm) generated by an analog signal generator (Anritsu,
MG3694B) drives the LO modulator. After the operation pre-
sented in Section 2, the FIH-MWPR module down-converts
the two-tone RF input signal to IF at 0.199 and 0.201 GHz, as
shown by the electrical spectrum in Fig. 7(a), which is acquired
by an electrical spectrum analyzer (ESA, Agilent, N9030A).
However, due to nonlinearities induced in the modulation
and photodetection, the third-order intermodulation distortion
(IMD3) tones (0.197 and 0.203 GHz) arise close to the desired
IF fundamental tones, which are regarded as the pivotal distor-
tion limiting the linear dynamic range of the FIH-MWPR,
since the second-order intermodulation distortion (IMD2)
can be easily filtered out in the electrical domain for common
narrowband signals [30]. Furthermore, we measure the output
power of IF fundamental tones and IMD3 tones under differ-
ent RF input power in this case, as shown in Fig. 7(b). Here, by
calculating the power ratio of IF fundamental tones to the RF
input signal, the link gain (G) is extracted to be −53.7 dB.
Moreover, the power density of the noise floor (PN) is measured
to be about −168.0 dBm=Hz, which is limited by the detect-
able noise level of the employed ESA. Therefore, the NF is es-
timated at 59.7 dB based on the following expression [4],

NF �PN − G � 174: (1)

The SFDR (third order), defined as the range of input power
over which fundamental tones are above the noise floor, while
IMD3 tones are still below the noise floor, can be expressed
as [4]

SFDR � 2

3
�OIP3 − PN�: (2)

Here, the OIP3 represents the output power at the third-order
intersection point, where the linear extrapolation of fundamen-
tal tones intersects with that of IMD3 tones. Therefore, in the

Fig. 4. (a) Measured MRR notch response (green, dots), simulated
MRR bandpass response (blue, solid line), and the Lorentzian fitting
(green, dashed line) of the measured notch response. (b) The MRR
resonance wavelength is tuned with the increasing heating power.
(c) Temporal waveform of the square-wave electrical driving signal ap-
plied on the TiN microheater. (d) Measured temporal optical response
with a fall/rise time of ∼66 and ∼15 μs.

Fig. 5. (a) Measured responsivities of on-chip photodetectors under
various bias voltages. (b) Normalized measured O/E responses of on-
chip photodetectors under various bias voltages.

Fig. 6. (a) Measured optical spectrum of the employed InP-based
DFB semiconductor laser. (b) Frequency noise measurement of the
DFB laser showing a Lorentzian linewidth of ∼320 kHz.
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case shown in Fig. 7(b), the OIP3 is calculated to be
−31.5 dBm, and the SFDR 91.0 dB ·Hz2∕3.

We further performed the aforementioned two-tone test to
measure the RF-link performance metrics of the FIH-MWPR
across the whole operation frequency band, with the RF input
frequency varying from 2 to 18 GHz and the corresponding
LO varying from 2.2 to 18.2 GHz. Figures 7(c)–7(f ) show
the measured link gain, noise floor, NF, and SFDR as functions
of the RF input frequency, respectively. The link gain reaches a
maximum of −51.9 dB when the FIH-MWPR operates at
5 GHz and gradually drops to −58.6 dB at 18 GHz. The de-
crease in the link gain is attributed to limited E/O responses of
packaged phase modulators. Moreover, based on Eq. (1), the
NF is calculated to be around 60 dB at >10 GHz and above
65 dB at <5 GHz [see Fig. 7(e)], which arises from the varia-
tion of measured noise levels across the whole operation fre-
quency band. As shown in Fig. 7(d), the noise floor is
measured to be around −168 dBm=Hz at high frequencies,
and it increases at low frequencies. This is because the optical
carrier cannot be completely filtered out by MRR-based band-
pass filters when the target modulation sideband is close to the

optical carrier, and thus the residual optical carrier generates
larger noises in on-chip photodetectors. Moreover, the mea-
sured SFDR is basically above 90 dB ·Hz2∕3 across the whole
operation frequency band, and it achieves a maximum of
94.1 dB ·Hz2∕3 at 6 GHz, as shown in Fig. 7(f ).

To further characterize the capability of the FIH-MWPR to
down-convert the RF input signal to different intermediate
frequencies, we measure the RF-link performance metrics by
gradually tuning the LO frequency from 14.1 to 17 GHz
and fixing the RF input frequency at 14 GHz. As shown by
the link gain, NF, and SFDR measured as functions of the
IF in Fig. 8, the FIH-MWPR is verified to maintain a stable
performance with the IF ranging from 0.1 to 3 GHz. Here, the
slight variation of measured RF-link performance metrics is
attributed to the nonuniform frequency responses of phase
modulators and photodetectors under different operation
frequencies, as shown in Figs. 3 and 5.

The measured RF-link performance metrics of the demon-
strated FIH-MWPR are consistent with predicted values and
comparable to those of reported integrated systems with equiv-
alent external optical input. For instance, in Ref. [15], our re-
search group has once proposed an SOI-based microwave
photonic transceiver with an external laser source and experi-
mentally demonstrated its down-conversion function, which
exhibits a link gain of −50 dB, NF of 72 dB, and SFDR of
91.9 dB ·Hz2∕3 at 3 GHz. Similarly, in Ref. [16], researchers
have demonstrated an SOI-based combined radar and lidar
microsystem with an external laser source. In the radar receiver
section, the RF-to-IF link gain at 10.4 GHz was measured at
−59 dB, and the SFDR was estimated to be 99 dB ·Hz2∕3.
Although the RF-link performance of the demonstrated
FIH-MWPR is still far from that of well-developed discrete mi-
crowave photonic receivers [12,72], it can be further improved
in several aspects. The link gain can be significantly promoted
by increasing the laser source power and reducing the insertion
loss within the system, because the optical loss in the MWP
link is converted into the RF loss in quadratic form [29].
For example, by employing a commercial DFB semiconductor
laser chip with a higher output power of 200 mW in the FIH-
MWPR, we can increase the link gain by 12 dB. Moreover,
balanced photodetectors, compared to currently employed sin-
gle-end photodetectors, can reject the common-mode noise in

Fig. 7. (a) Measured electrical spectrum (RBW: 100 kHz, VBW:
1 kHz) of the down-converted IF signal, with the two-tone RF signal
centered at 14 GHz (14.001 and 13.999 GHz) and the LO (20 dBm)
centered at 14.2 GHz. (b) Measured output power of the IF funda-
mental tones and the IMD3 tones under different RF input power.
(c) Measured link gain of the FIH-MWPR over the frequency range
from 2 to 18 GHz. (d) Measured noise floor of the FIH-MWPR over
the frequency range from 2 to 18 GHz. (e) Measured NF of the FIH-
MWPR over the frequency range from 2 to 18 GHz. (f ) Measured
SFDR of the FIH-MWPR over the frequency range from 2 to
18 GHz.

Fig. 8. Link gain, NF, and SFDR measured as functions of IF.
Here, the RF input signal is fixed at 14 GHz, while the LO (20 dBm)
is tuned from 14.1 to 17 GHz.
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the photodetection [11] and double the optical power being
detected in the down-conversion, corresponding to another
6 dB increase in the link gain. Furthermore, the improvement
of the link gain can help to improve the NF and the SFDR as
well, based on Eqs. (1) and (2).

C. System Performance Evaluation as a De-chirp
Receiver
In this part, we evaluate the system performance of the dem-
onstrated FIH-MWPR as a de-chirp receiver for processing
broadband LFM radar echo signals at different frequency bands

Fig. 9. (a) Experimental setup for evaluating the system performance of the FIH-MWPR as a de-chirp receiver. The inset shows the de-chirping
principle. MZM, Mach–Zehnder modulator; EDFA, erbium-doped fiber amplifier; OBPF, optical bandpass filter; OC, optical coupler; VOA,
variable optical attenuator; PD, photodetector; AWG, arbitrary waveform generator; LNA, low noise amplifier; EBPF, electrical bandpass filter;
ADC, analog to digital converter; DSP, digital signal processor. (b) Instantaneous time-frequency diagrams of generated LFM radar echo signals from
the fiber-delay-based radar target emulator at different frequency bands (S-, C-, X-, and Ku-bands). (c) The normalized electrical spectra of de-
chirped IF signals generated by the FIH-MWPR, with the LFM radar signals located at different frequency bands (S-, C-, X-, and Ku-bands). The
insets show the zoom-in views around the main peaks. (d) Measured frequencies of the de-chirped IF signals under different fiber delay distances,
with the LFM radar signals located at different frequency bands (S-, C-, X-, and Ku-bands).
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(S-, C-, X-, and Ku-bands) by utilizing the fiber-delay-based
radar target emulator, where the electrical LFM radar signal
is up-converted to the optical domain and delayed in an optical
fiber spool. The experimental setup is shown in Fig. 9(a). A
continuous-wave optical carrier is provided by a narrow-line-
width fiber laser source (NKT Photonics, Adjustik E15) and
then modulated by an MZM (EOSPACE, 20 GHz). The
MZM is driven by the LFM signal generated by a high-speed
arbitrary waveform generator (AWG, Tektronix AWG70001A)
with a sampling rate of 50 GSa/s. The modulated optical signal
is amplified by an erbium-doped fiber amplifier (EDFA), fol-
lowed by an optical bandpass filter to eliminate the amplified
spontaneous emission (ASE) noise. Then the light is equally
split into two branches by an optical coupler. In the lower
branch, the light is directly sent into a photodetector (Finisar
XPDV2120R) to obtain the down-converted LFM signal from
the optical back to the electrical domain, with a variable optical
attenuator (VOA) inserted to adjust the signal power. The elec-
trical LFM signal is then amplified by a low-noise amplifier
(LNA) and filtered by an electrical bandpass filter. Unlike
the lower branch, the light in the upper branch is first delayed
in an optical fiber spool before being sent into the photodetec-
tor, and thus the time delay between two branches is deter-
mined by the length of the employed optical fiber spool.
Here, the delayed electrical LFM signal from the upper branch
is used as the emulated radar echo signal, while that from the
lower branch is used as the LO for de-chirping the radar echo.
The echo signal and LO are then sent into the demonstrated
FIH-MWPR and processed as the operation stated in
Section 2. Subsequently, the de-chirped IF signal generated
by the FIH-MWPR is acquired by a low-speed ADC module
(2 GSa/s) and processed by a digital signal processor (DSP).
The de-chirping principle is illustrated in the inset of Fig. 9(a).
In the case of fiber-delay-based radar target emulator, assuming
the fiber delay length between two branches is L, the frequency
of the de-chirped IF signal can be expressed as

Δf � B
T

·
L
cf

, (3)

where B is the chirp bandwidth, T is the chirp period, and cf is
the light propagation velocity in the optical fiber. Since the
minimum distinguishable peak spacing is 1∕T in the spectrum,
the theoretical ranging resolution is cf ∕B based on Eq. (3).

Figure 9(b) shows instantaneous time-frequency diagrams of
emulated radar echo signals covering different bandwidths at
S-, C-, X-, and Ku-bands, which are calculated based on the
short-time Fourier transform (STFT) of temporal waveforms
acquired using a 50 GSa/s digital oscilloscope (Tektronix,
DPO72004B). In our experimental setup, the fiber delay
length of the radar echo signal in the fiber-delay-based radar
target emulator is set at ∼1000 m. Besides, the chirp period
of the LFM radar signal is 100 μs, and its frequency is linearly
chirped at S-band (2–4 GHz), C-band (4–8 GHz), X-band
(8–12 GHz), and Ku-band (12–18 GHz), respectively.

Normalized electrical spectra of de-chirped IF signals gen-
erated by the FIH-MWPR are obtained by performing the fast
Fourier transform (FFT) on the captured waveforms from the
ADC and plotted in Fig. 9(c). With the LFM radar signal

covering a bandwidth of 2 GHz in the S-band (2–4 GHz),
the de-chirped IF signal shows a low-frequency main peak
at 100.901 MHz, indicating a fiber delay length of ∼1009 m
based on Eq. (3). Furthermore, when the LFM radar signal
covers a bandwidth of 4 GHz in the C-band (4–8 GHz) or
X-band (8–12 GHz), the IF spectral peak moves to
201.811 MHz. Moreover, when the LFM radar signal covers
the full Ku-band (12–18 GHz) with a bandwidth of 6 GHz,
the IF spectral peak moves to 302.720 MHz. As can be
seen, the measured frequency of the de-chirped IF signal is
proportional to the chirp bandwidth, consistent with the
de-chirping principle. In addition, the signal-to-noise ratio
(SNR) of the de-chirped IF signal is measured to be >50 dB
across the whole operation frequency band. Therefore, the
FIH-MWPR has been demonstrated to own the broadband
and flexible de-chirp processing capability in the range of
2–18 GHz (from S-band to Ku-band).

We further evaluate the range measurement accuracy of the
FIH-MWPR as a de-chirp receiver by gradually increasing the
fiber delay distance with fiber patch cords. Here, the employed
fiber patch cords are accurately calibrated using a commercial
high-resolution optical vector network analyzer (LUNA,
OVA5000) with a detection resolution of 1 mm. Figure 9(d)
shows measured frequencies of the de-chirped IF signals under
the increasing fiber delay distance, with the LFM radar signals
at different frequency bands. For example, when the FIH-
MWPR operates at S-band with the LFM radar signal covering
a bandwidth of 2 GHz, the measured frequencies of de-chirped
IF signals agree well with theoretical values calculated based on
Eq. (3). As can be seen, the measured frequency errors are
kept within �6 kHz, corresponding to a fiber ranging error
<0.06 m. Besides, when the FIH-MWPR operates at C- or
X-band with the LFM radar signal covering a bandwidth of
4 GHz, the measured frequency errors within�9 kHz indicate
a fiber ranging error of <0.045 m. Furthermore, when the
FIH-MWPR operates at Ku-band with the LFM radar signal
covering a bandwidth of 6 GHz, the measured frequency errors
within �5.8 kHz indicate a fiber ranging error <0.019 m.
Therefore, across the whole operation frequency band (from
S- to Ku-band), the measured ranging errors under different
chirp bandwidths accord well with the estimated theoretical
ranging resolutions, and thus the FIH-MWPR exhibits its
high-precision de-chirp ranging capability for real-world appli-
cation scenarios, such as unmanned aerial vehicles and autono-
mous vehicles. Moreover, by employing more complex LFM
signals as transmitted radar signals, the demonstrated FIH-
MWPR is expected to simultaneously measure the velocity
and direction of moving targets [73].

4. DISCUSSION

We compare our work with the state-of-the-art integrated mi-
crowave photonic receivers, and their overall performance is
summarized in Table 1. Compared to the work in Ref. [11],
which relies on hybrid integrating unpackaged discrete compo-
nents (laser, crystal modulators, fiber filters, and PDs) into a
common enclosure, our FIH-MWPR features a significant re-
duction in SWaP by further integrating all functional compo-
nents into the chip. Here, the power consumption of the
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demonstrated FIH-MWPR is estimated to be only about
1.2 W, which mainly originates from the laser diode driver
(∼0.5 W), bias sources of modulators (∼0.36 W), thermo-
optical phase shifters (∼0.06 W), and the TEC module
(∼0.3 W). Besides, the packaged FIH-MWPRmodule occupies
a compact volume of 6 cm3, only 1/30 of the result reported in
Ref. [11]. Although in Refs. [15,16], integrated microwave pho-
tonic receivers with a high integration level have been demon-
strated on the monolithic SOI PIC, their input light is still
provided by an external continuous-wave laser source due to
the lack of silicon-based integrated light sources. To overcome
this obstacle to the full integration, we hybrid integrate the
InP laser chip with the SOI PIC on the same substrate to com-
bine the strengths of these two complementary material plat-
forms, thus leading to an all-integrated microwave photonic
receiver without the need of utilizing external optical devices.
Therefore, the FIH-MWPR exhibits a feasible path to achieve
100% integration degree along with dramatically improved
SWaP, which is expected to play an important role in real-world
miniaturized application scenarios, such as unmanned aerial
vehicles, autonomous vehicles, and other mobile platforms.

Among all the integrated microwave photonic receivers
listed in Table 1, the FIH-MWPR features the broadest oper-
ation bandwidth (2–18 GHz), which mainly benefits from the
high-speed modulation performance of on-chip SOI modula-
tors and optimized RF losses in the package (see Fig. 3).
Meanwhile, thanks to the broadband tunability and the fast
tuning speed of on-chip bandpass filters (see Fig. 4), the
FIH-MWPR can be rapidly switched among different opera-
tion frequency bands. In particular, to further validate the
broadband processing capability of the FIH-MWPR toward
real-world application scenarios, we utilized it as a de-chirp
receiver to process the broadband LFM radar echo signals at
different frequency bands (S-, C-, X-, and Ku-bands). With
the optimized traveling-wave electrode structure and well-
designed doping profile, the 3 dB E/O bandwidth of the silicon
modulator can be improved to 40 GHz after packaging
[74,75]. Besides, with the improved doping structure, the

O/E bandwidth of the Ge-on-Si photodetector can be increased
to over 50 GHz [76]. Therefore, in the future, the operation
bandwidth of the FIH-MWPR can be further extended to
cover the full K-band and Ka-band.

The RF-link performance metrics of the FIH-MWPR are
comparable to those of reported integrated microwave photonic
receivers listed in Table 1. However, they still can not compete
with those of state-of-the-art discrete systems [12,72]. For
example, our research group has once proposed an all-optical
full-band microwave photonic receiver [12] and conceptually
verified its performance based on bulk optical devices. In
the experiment, its system performance is measured from
L-band to Ka-band and maintains good uniformity: the
average link gain, NF, and SFDR are ∼0 dB, ∼10 dB, and
∼115 dB ·Hz2∕3, respectively. Compared to the discrete sys-
tems, although the employment of PIC and hybrid integration
technology has eliminated the need for fiber and connectors
and thus reduced the insertion loss to a certain extent, the high
optical link loss due to the lack of optical amplifiers is still the
major cause of this performance gap. Therefore, on-chip
heterogeneous III-V/Si optical amplifiers [58] can be employed
to compensate for the optical link loss. Furthermore, as illus-
trated in Section 3.B, we proposed that the RF-link perfor-
mance metrics can also be improved by increasing the laser
power and utilizing the balanced photodetector.

In the FIH-MWPR, the optical bandpass filters process the
modulated microwave photonic signals and determine the in-
stantaneous bandwidth of the receiver. For the employed MRR
filters, their out-of-band suppression is limited by the
Lorentzian response lineshape, and their filter responses lack
reconfigurability toward different application scenarios. To fur-
ther improve the receiver performance, the more complex filter
based on the lattice structure [77] could be considered in the
future. For example, based on three-stage cascaded ring-assisted
Mach–Zehnder interferometers (RAMZIs), the optical rectan-
gular filter shows a continuously tunable bandwidth from 4.1
to 14.1 GHz and a good shape factor [78]. Therefore, by sub-
stituting this reconfigurable rectangular filter for the MRR

Table 1. Comparison among Reported Integrated Microwave Photonic Receivers [11,15,16]a

Platforms
Configuration and
Integration Level

Volume
(cm3)

Power
Consumption

(W)

Operation
Bandwidth
(GHz)

Link
Gainb

(dB)
NFb

(dB)
SFDRb

(dB ·Hz2∕3)

Hybrid III-V/SOI
(this work)

All components (laser, modulators,
filters, and PDs) are on-chip and
hybrid integrated.

6 1.2 2–18 −51.9 to −58.6 59.7–75.2 89.0–94.1

Hybrid III-V∕LiNbO3

crystal/fiber [11]
Unpackaged laser, crystal
modulators, fiber filters, and PDs are
hybrid integrated into a common
enclosure.

180 5 10–18 ∼ − 50 (at
18 GHz)

∼55 (at
18 GHz)

105 (at
12 GHz)

SOI [15] Modulators, filters, and PDs are
on-chip. The laser is from an external
device.

N/A N/A 2–10 ∼ − 50 (at
3 GHz)

∼72 (at
3 GHz)

91.9 (at
3 GHz)

SOI [16] Modulators and PDs are on-chip.
The laser is from an external device.
No optical filters.

N/A N/A 3.4–14.1 ∼ − 59 (at
10.4 GHz)

N/A 99 (at
10.4 GHz)

aN/A, not applicable.
bThe RF-link performance metrics are evaluated without IF amplifiers.
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filter, we can realize a reconfigurable microwave photonic
receiver with a tunable instantaneous bandwidth toward differ-
ent application scenarios.

5. CONCLUSIONS

In conclusion, we presented here, to the best of our knowledge,
the first realization of a chip-scale fully integrated microwave
photonic receiver, based on the hybrid integration of the
InP laser chip and the SOI PIC. The FIH-MWPR can support
a broad operation bandwidth of 2–18 GHz with an instanta-
neous bandwidth of ∼4.7 GHz. We have experimentally evalu-
ated the system performance of the FIH-MWPR by measuring
its RF-link performance metrics from S-band to Ku-band.
Moreover, we have further validated its high-precision de-chirp
processing capability by receiving the broadband LFM radar
echo signals at different frequency bands. With the integration
of all functional components, the packaged FIH-MWPR mod-
ule exhibits a compact volume of 6 cm3 and low power con-
sumption of 1.2 W, featuring a significant SWaP reduction
compared to discrete systems. Therefore, with the advantages
of broad operation bandwidth, superiority in SWaP, and tun-
able microwave photonic signal filtering, the demonstration
of FIH-MWPR exhibits a feasible path toward the high-
performance fully integrated microwave photonic microsystems
oriented to real-world miniaturized application scenarios, such
as unmanned aerial vehicles, autonomous vehicles, and other
mobile platforms.
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