
Microwave channelizer based on a photonic
dual-output image-reject mixer
WENJUAN CHEN,1 DAN ZHU,1,2 CHENXU XIE,1 JIANG LIU,1 AND SHILONG PAN1,3

1Key laboratory of Radar Imaging and Microwave Photonics, Ministry of Education, Nanjing University of Aeronautics and Astronautics,
Nanjing 210016, China
2e-mail: danzhu@nuaa.edu.cn
3e-mail: pans@nuaa.edu.cn

Received 6 May 2019; revised 14 July 2019; accepted 15 July 2019; posted 22 July 2019 (Doc. ID 366799); published 13 August 2019

A microwave channelizer based on a photonic dual-output
image-reject mixer (IRM) is proposed and demonstrated.
By introducing the dual-output IRM based on the balanced
Hartley structure, 2N channels can be produced by using
the optical frequency combs (OFCs) with N comb lines.
The required electrical hybrids and the optical filters are
also reduced by half. In addition, the channelization effi-
ciency is doubled, and the in-band interferences, including
the image and the nonlinear mixing spurs, are greatly sup-
pressed. A proof-of-concept experiment is performed. By
applying a pair of OFCs with three comb lines, an RF signal
with a 6 GHz instantaneous bandwidth is successfully di-
vided into six channels with 1 GHz bandwidth. The in-band
interference is suppressed by more than 25 dB for all
channels. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.004052

RF signal channelization has been widely studied in recent years
due to its wideband RF signal processing capability, which is
highly required in modern RF systems, including radar [1],
electronic warfare [2], communication system [3], and satellite
payload [4]. Through the RF signal channelization, a broad-
band RF signal will be sliced into a number of narrowband
channels which can be directly processed by the state of the
art electronics [5]. With the rapid increasing of the frequency
and bandwidth in RF systems, microwave photonic channeli-
zation has attracted great attention due to the benefits intro-
duced by photonics, including large bandwidth, parallel
processing capability, and low transmission loss [6]. Three main
methods are proposed to realize the microwave photonic chan-
nelization [7–15]. The first one is to convert the RF signal into
the optical domain, which is then split into several consecutive
channels by using optical filter arrays [7]. The second one is to
copy the RF signal to a group of optical carriers (typically an
optical frequency comb [OFC]), which are then filtered by a
periodic optical filter with a slightly different comb line spacing
to select different components of the RF signal [8–13]. For the
above two methods, however, strict requirements of the optical
filters in terms of precise center frequency, narrow bandwidth,

flat top, steep edge, and so on must be satisfied in order to
guarantee the channelization quality.

The third method to implement the microwave photonic
channelization is coherent channelization based on two OFCs
[14,15]. One OFC is used to broadcast the RF signal, and the
other one with a slightly different comb line spacing is used to
downconvert different components of the RF signal, which are
sliced into different channels using a multichannel optical filter
with low requirements. The two OFCs can also be replaced by
two linearly frequency-modulated (LFM) optical pulses with
proper time delay [16]. The LFM optical source plays as an
OFC with comb lines sweeping with time. The frequency dif-
ference between the two OFCs is realized through the intro-
duced time delay. However, for all these approaches, only
one channel can be output from each copy of the RF signal
in the optical domain for each photonic LO. The channeliza-
tion efficiency is low. In addition, the comb line number of the
OFCs must be equal to the channel number, demanding
coherent OFCs with high quality and large comb lines which
are difficult to generate, especially when the number of the
channelization channels is large.

In this Letter, a microwave channelizer is proposed and
demonstrated based on the photonic dual-output image-reject
mixer (IRM). Making use of the microwave photonic dual-
output IRM based on the balanced Hartley structure, two
sub-channels will be generated from each copy of the RF signal
in the optical domain with one photonic LO. The required
OFC comb line number is reduced by half, and the channeli-
zation efficiency is doubled. As compared with Ref. [15], to
realize a channelization with the same channel numbers, the
required OFC comb line number, the electrical hybrids, and
the OBPFs are reduced by half. In addition, by introducing
the microwave photonic dual-output IRM based on a balanced
Hartley structure, the in-band interference, including the
image and the undesired mixing spurs can be suppressed simul-
taneously. In this way, the channel crosstalk suppression can be
guaranteed. A proof of concept experiment is taken. By using
OFCs with three comb lines, a Ku-band RF signal with a band-
width of 6 GHz is successfully divided into six channels with a
1 GHz bandwidth. The in-band interference is suppressed by
more 25 dB for all the channels.
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The schematic diagram of the proposed microwave
channelizer using the photonic dual-output IRM is shown
in Fig. 1(a). A pair of OFCs (the signal OFC and the local
OFC) with N comb lines is employed, the comb line spacing
of which are f S and f S � Δf , respectively, as illustrated in
Figs. 1(b) and 1(c). The frequencies of the nth comb line of
the signal OFC and the local OFC can be expressed as
f Si_OFC�n� � f Sig�1� � �n − 1�f S , f LO_OFC�n� � f Sig�1� �
f 0 � �n − 1��f S � Δf �, respectively, where f Sig�1� is the fre-
quency of the first comb line of the signal OFC, and f0 is the
frequency difference between the first comb lines of the two
OFCs. The signal OFC is modulated by the RF signal f RF�t�
with the carrier-suppressed single-sideband (CS-SSB) modula-
tion format, as shown in Fig. 1(b). The expression of the nth
copy of the RF signal in the optical domain is f si_mod�n��
f Si_OFC�n��f RF�t��f Si_OFC�n��f RLn�t��f RRn�t�, where
f RLn�t� and f RRn�t� denote the frequency components of
the optically carried RF signal located at the left and the right
sides of the nth photonic LO ELO_n�t�, respectively, as shown
in Fig. 1(b). The modulated signal OFC and the LO OFC are
selected by the photonic programmable processors and injected
into the signal port and the LO port of a 90° optical hybrid,
respectively, with the optical field expression as8>>>>><

>>>>>:

ESi_n�t� ∝ ej2πtf Si_mod�n� �
ej2πt �f Si_OFC�n��f RLn�t��|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
while f Si_mod�n�<f LO_OFC�n�

�
ej2πt �f Si_OFC�n��f RRn�t��|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
while f Si_mod�n�>f LO_OFC�n�

ELO_n�t� ∝ ej2πtf LO_OFC�n�

: (1)

At the outputs of the 90° optical hybrid, two in-phase out-
puts (I1 ∝ ESi_n � ELO_n, I2 ∝ ESi_n − ELO_n) and two quad-
rature outputs (Q1 ∝ ESi_n � jELO_n, Q2 ∝ ESi_n − jELO_n)

are injected into two balanced photodetectors (BPDs), respec-
tively. A pair of quadrature downconverted IF signals will be
obtained with the expressions as follows:�
iI�t� ∝ cosf2π�f LO�n� − f RLn�t��tg � cosf2π�f RRn�t� − f LO�n��tg
iQ �t� ∝ − sinf2π�f LO�n� − f RLn�t��tg � sinf2π�f RRn�t� − f LO�n��tg

,

(2)

where f LO�n�� f Si_OFC�n�−f LO_OFC�n�� f 0��n−1�Δf .
As can be seen from Eq. (2), the mixing spur at f RRn�t� −
f RLn�t� is eliminated. An electrical quadrature hybrid is used
to combine the outputs of the two BPDs in Eq. (2). The struc-
ture of the electrical quadrature hybrid in detail is shown in the
inset of Fig. 1(a), with the transform matrix as follows [17]:

�S� �

2
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3
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Thus, the two outputs of the electrical quadrature hybrid can
be expressed as�
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�

�
�
−2 sinf2π�f LO�n� − f RLn�t��tg
2 cosf2π�f RRn�t� − f LO�n��tg

�
: (4)

As can be seen, the optically carried RF frequency components
located at the left (f RLn) and right (f RRn) sides of the nth pho-
tonic LO are downconverted with the same equivalent LO of
f LO�n� and output from the two output ports of the electrical
quadrature hybrid, respectively. The frequency components
located at the left and right sides of the photonic LO are
the image for each other. Thus, it can be seen that the micro-
wave photonic dual-output image-reject mixing based on the
balanced Hartley structure [18] is realized. The suppression
of the downconverted image and the nonlinear mixing spurs
are realized simultaneously, guaranteeing the channelization
with low crosstalk. By introducing electrical bandpass filters
centered at f IF with a bandwidth of Δf to the two outputs,
two different channelized components corresponding to Ch-n
and Ch-�n� N � with in-band crosstalk greatly suppressed will
be achieved with the nth photonic LO f LO_OFC�n� and the nth
copy of the RF signal in the optical domain f Si_mod�n�, as
shown in Fig. 1(d). In this way, the different parts of the re-
ceived wideband RF signal will be downconverted to the same
IF band with the center frequency of f IF and the bandwidth of
Δf , and 2N channels will be produced by using the OFCs
with N comb lines. The optical LOs are reduced by half,
and the channelization efficiency is improved, as compared
with the former schemes [14–16].

An experiment utilizing the scheme shown in Fig. 1 is es-
tablished, and the experimental setup is given in Fig. 2. A laser
diode (LD, TeraXion NLL04) is used to generate an optical
carrier with the wavelength of 1550.52 nm. The Lightwave
is then divided into two parts. One part is injected into a
Mach-Zehnder modulator (MZM1) driven by a single-tone
RF signal of f S to generate the signal OFC. The other part
is first frequency shifted by f Shift through an optical frequency
shifter, which is composed of MZM2 driven by a single-tone
RF signal of f Shift and an optical bandpass filter (Yenista XTM-
50) to select the shifted optical carrier. The frequency shifted

Fig. 1. (a) Schematic diagram of the proposed microwave channel-
izer based on the photonic dual-output IRM. (Inset: the principle
structure of the electrical quadrature hybrid [EQH]). Illustrations
of the optical spectra of (b) the signal OFC before and after modu-
lation, (c) the local OFC, and (d) the electrical output of each channel.
DPMZM, dual-parallel Mach-Zehnder modulator; BPD, balanced
photodetector; EQH, electrical quadrature hybrid; EBPF, electrical
bandpass filter; IRM, image-reject mixer.
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optical carrier is injected into MZM3 driven by a single-tone
signal of f S � Δf to generate the local OFC. The MZMs
(Fujitsu FTM7938EZ) have a working frequency of 40 GHz.
A dual-parallel Mach-Zehnder modulator (DPMZM, Fujitsu
FTM7961EX) with a 3 dB bandwidth of 25 GHz is employed
to multicast the RF signal to the signal OFC. An arbitrary
waveform generator (AWG, Keysight 8195A, 65 GSa/s) is used
to generate the RF signal. Two waveshapers (Finisar 16000s
and 4000s) are served as photonic programmable processors.
The BPDs (Finisar BPDV2150R) have the working band-
width of 40 GHz and the responsivity of 0.53 A/W. The
electrical quadrature hybrid (Pulsar QS8-13-463/7S) has the
working frequency range of 0.5–10 GHz. The optical spectra
are observed by the optical spectrum analyzer (OSA,
YOKOGAWA AQ6370C) with the resolution of 0.02 nm.
The electrical spectra are measured by the signal analyzer
(R&S FSV-40, 10 Hz-40 GHz). In addition, an oscilloscope
(Keysight Infiniium DSOX93304, 80 GSa/s) is used to observe
the waveforms.

The comb line spacing of the signal OFC is set to be
26 GHz, and that of the local OFC is set to be 27 GHz.
The frequency shift f shift is set to be 10 GHz, making the value
of f 0 (the frequency difference between the first comb lines of
the two OFCs) be 9 GHz. The optical spectra of the obtained
two OFCs are shown in Fig. 3. First, the performance of the
microwave photonic dual-output IRM is experimentally inves-
tigated. The first comb lines of the two OFCs with frequency
difference of 9 GHz are used. Two LFM RF signals with the
same 1 GHz bandwidth centered at 7.5 and 10.5 GHz are
modulated at the selected signal OFC comb line 1, respectively.
The two optically carried RF signals are located at the left and
right sides of the selected photonic LO comb line 1 in the fre-
quency domain. When the RF signal centered at 7.5 GHz is

applied, the two outputs of the electrical quadrature hybrid are
shown as the red solid lines in Figs. 4(a) and 4(b), respectively.
By applying the RF signal centered at 10.5 GHz, the two out-
puts of the electrical quadrature hybrid are shown as the blue
dashed line, respectively. It can be seen that the two optically
carried RF signals located at the left and right sides of the pho-
tonic LO are downconverted to the same IF band and output
from the two output ports of the same electrical quadrature
hybrid, respectively. In this way, a dual-output IRM using the
balanced Hartley structure is realized. As can be seen, the image
rejection ratio is higher than 25 dB within 1 GHz bandwidth.
The image rejection ratio difference for the two output ports is
due to the phase and amplitude imbalances of the used elec-
trical quadrature hybrid.

Then the channelization is realized based on the dual-output
IRM. A wideband LFM RF signal covering 7–13 GHz with
1 μs time duration is modulated at the signal OFC with the
CS-SSB modulation format. Figure 5 shows the optical spectra
of the modulated signal OFC and the LO OFC. The photonic
programmable processors are used to select the corresponding
photonic LOs and the optically carried RF signals, as shown in
Fig. 5. By introducing the microwave photonic dual-output
image-reject mixing, two channels will be output for each pho-
tonic LO, and each copy of the RF signal in the optical domain.
Figure 6 shows the output electrical spectra of the downcon-
verted IF signals before and after electrical filtering in each
channel. The insets illustrate the locations of the RF copy
in the optical domain and the corresponding photonic LO.
The two downconverted IF components corresponding to pho-
tonic LO1 are shown as the blue dashed lines in Figs. 6(a1) and
6(a2), with the frequency range of 0–2 and 0–4 GHz, respec-
tively. It can be seen that the optically carried RF components
located at the left and right sides of photonic LO1 are down-
converted and output simultaneously, with the bandwidth of 2
and 4 GHz, respectively. The out-of-band crosstalk rejection

Fig. 2. Experimental setup of the proposed microwave photonic
channelizer based on the dual-output IRM. LD, laser diode; MZM,
Mach–Zehnder modulator; OBPF, optical bandpass filter; DPMZM,
dual-parallel Mach-Zehnder modulator; BPD, balanced photodetec-
tor; EQH, electrical quadrature hybrid; EBPF, electrical bandpass
filter.

Fig. 3. Experimentally obtained optical spectra of the signal OFC
(blue dotted line) and the local OFC (red solid line).

Fig. 4. Measured electrical spectra of the output signals at the out-
put (a) port 1 and (b) port 2 of the electrical quadrature hybrid when
the RF signals with the same 1 GHz bandwidth centered at 7.5 GHz
(red solid line) and 10.5 GHz (blue dashed line) are applied.

Fig. 5. Measured optical spectra of the modulated signal OFC (blue
dotted line) and the local OFC (red solid line).
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ratio is large than 25 dB. By applying the EBPFs with the center
frequency of 1.5 GHz and the bandwidth of 1 GHz at each
output port of the electrical quadrature hybrid, channel 1
and channel 4 are realized. The corresponding IF components
in channels 1 and 4 are downconverted from the 7–8 and 10–
11 GHz RF components, as shown as the red solid lines in
Figs. 6(a1) and 6(a2), respectively. The out-of-band crosstalk
is further suppressed to be more than 35 dB. Similarly, with

photonic LO2, channels 2 and 5 downconverted from 8–9
and 11–12 GHz RF components are obtained, with the results
shown in Figs. 6(b1) and 6(b2). The 9–10 and 12–13 GHz RF
components are downconverted with photonic LO3, forming
the channels 3 and 6, with the results shown in Figs. 6(c1) and
6(c2), respectively.

The corresponding waveforms of the channelized output IF
signals at 1–2 GHz in each channel are shown in Fig. 7, and the
inserts are the corresponding instantaneous frequency-time
diagrams. It can be seen that the crosstalk has been greatly sup-
pressed for each channel. In this way, the RF signal with a
6 GHz bandwidth centered at 10 GHz is successfully channel-
ized to six channels by using OFCs with only three comb lines.

In conclusion, we have proposed and demonstrated a pho-
tonic microwave channelizer with greatly reduced requirement
of the comb line number of the OFCs. With a photonic dual-
output IRM based on the balanced Hartley structure, 2N
channels can be produced by using the OFCs with N comb
lines. In-band interference can also be greatly suppressed
because of the IRM. The proposed scheme can find applica-
tions in RF systems with high operational frequency and a large
instantaneous bandwidth for radars, communications, and
electrical warfare.
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Fig. 6. Output electrical spectra of the downconverted IF signals
before (blue dashed line) and after (red solid line) electrical filtering
for (a1)–(c1) Ch-1 to Ch-3 and (a2)–(c2) Ch-4 to Ch-6.

Fig. 7. Output 1–2 GHz IF signal waveforms at the (a1)-(c1) Ch-1
to Ch-3 and (a2)-(c2) Ch-4 to Ch-6. Inset: the corresponding instan-
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