IEEE PHOTONICS JOURNAL, VOL. 13, NO. 5, OCTOBER 2021

5500107

Microwave Photonic Channelizer With Large
Instantaneous Bandwidth Based on AOFS

Xiaoqing Xue

Abstract—The microwave photonic channelizer can convert the
RF signal into the optical domain for transmission and procession,
effectively avoiding the limitation of electronic bottleneck, and
realizing the instantaneous reception of ultra-wideband signal or
multi-frequency signals, which can be perfectly applied to radar
system and electronic warfare. In this paper, a microwave photonic
channelizer based on dual-output image-reject mixer is proposed,
both the signal path and the local oscillator path are divided into
three paths by using an optical coupler. An acousto-optic frequency
shifter (AOFS) is used by the optical local oscillator to shift the
frequency to the left and right and then enters the image rejection
mixer with the signal path. Finally, a 6 GHz bandwidth RF signal is
divided into six subchannels with a bandwidth of 1 GHz to achieve
simultaneous reception. This scheme needs no optical frequency
comb and doubles the channelization efficiency, the image rejection
ratio of the sub-channels is about 22 dB, and the spurious-free
dynamic range of the system can reach 103.2 dB-Hz**.

Index Terms—Microwave photonics, phononic channelization,
AOFS, image rejection.

I. INTRODUCTION

ITH the rapid development of broadband wireless com-

munications, radar systems, and electronic warfare, the
requirement of reception capability for ultra wideband radio
frequency (RF) signals is also increasing [1]-[9]. For example,
the military receiver proposed by the US Defense Advanced
Research Projects Agency (DARPA) requires that the working
bandwidth must be greater than 50 GHz, and the instantaneous
bandwidth greater than 5 GHz [7]. However, the traditional
microwave receiver is limited by the electronic bottleneck and it
is too difficult to achieve such an large instantaneous receiving
bandwidth [4]-[15]. Microwave channelization is one of the
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enabling methods to solve the problem by slicing the broadband
RF signals into a number of narrow channels [11], [12].

Benefit from the advantages of large bandwidth, low loss, and
immunity to electromagnetic interference, microwave photonic
channelizer receiver has attracted the attention of many scholars
at home and abroad [12]-[14]. With the rapid development of
microwave photonic integration technology, miniaturization and
portability of channelized receivers will inevitably be the future
development trend [15], [16]. The reported microwave photonic
channelization schemes can be divided into two categories. The
first category relay on optical frequency comb (OFC) and is
currently the most studied. Ref. [9] proposed a scheme using
OFC and Fabry-Perot (FP) to achieve the reception of two
adjacent channels, however the working frequency range cannot
be flexibly tuned and there are very few narrow-band optical
filters with high Q factors. Ref. [14] proposed a coherent RF
channelizer based on dual OFCs and a multichannel image-reject
mixer (IRM), however, the number of sub-channels is limited by
the number of comb lines. There are many other channelization
schemes based on OFCs [18]-[22]. As we know, the generation
of OFCs with high flatness and a large number of comb lines is
still a critical problem. Ref. [12] mentioned that the Kerr OFC
generated by micro-ring resonator (MRR) can greatly increase
the number of comb lines of the OFC. However, Kerr optical
frequency comb with a large number of comb lines is costly
and difficult to integrate. The second category does not require
OFC. Ref. [10] uses two linearly frequency-modulated (LFM)
optical pulses with proper time delay to achieve 6 sub-channels
reception. But the scheme above faces the problem of poor
stability.

In this paper, a microwave photonic channelizer with 6 chan-
nels based on AOFS is performed. Our scheme only needs to
use Mach-Zehnder modulator (MZM) to realize simple carrier
suppression double-sideband modulation (CS-DSB), without
generating any OFC. AOFSs shift the frequency of the local
oscillator (LO) signals to the left and right, and then send the
shifted LO signals to the corresponding mixers to achieve dual
output image rejection, and finally the broadband RF signal is
divided into 6 sub-channels for output. Compared with Refs. [9],
[12], the number of optical filters used in the system is greatly
reduced. Compared with Ref. [ 14], the number of IRMs used for
6 channels reception is also reduced by half. By using the scheme
we proposed, the reception capability in 2026 GHz has been
demonstrated, the image rejection ratio is around 24 dB, and the
spurious free dynamic range (SFDR) can reach 103.2 dB-Hz>3.
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Fig. 1. Schematic diagram of the proposed photonic RF channelizer.

II. OPERATION PRINCIPLE

The schematic diagram of the proposed photonic RF chan-
nelizer is illustrated in Fig. 1. A continuous optical carrier is
generated by a laser diode and divided into upper and lower
two branches by the optical coupler (OCy). In the upper branch,
MZM; is driven by a wideband RF signal for CS-DSB mod-
ulation. The +1st order sideband of the RF modulated signal
is selected by an optical bandpass filter (OBPF;) and can be
expressed as

E114(t) = 2E;, (t) Ji1(m1) exp(j27 frrt) (D

Where E;,(t) is the electrical field of the optical carrier, frr
is the frequency of the input wideband RF signal, J; (m1) rep-
resents the first-order Bessel function, m is the RF modulation
index. The output signal from OBPF; is amplified by EDFA; and
divided into three paths by OCs and sent to the corresponding
IRMs.

In the lower branch, the MZMs is driven by LO signal and also
used for CS-DSB modulation. OBPF5 chooses the +1st order
sideband of the LO modulated signal and sends it into EDFA,
for amplification. The LO signal can be expressed as

Epo(t) =2E;, (t) J1 (mg) exp(j27rfLot) 2)

Where f1 o is the frequency of the LO signal and ms is the LO
modulation index. The LO signal output by EDFA, is divided

into three paths by OCs. Two of the LO signals are shifted to left
and right by AOFSs and then sent to the corresponding mixers,
and the remaining LO signal is directly sent to the corresponding
mixer without frequency shift. Finally, the frequencies of the
three LO signals are shown in Fig. 1(a) and can be expressed as

fi=fc+ fro—Afi
f2 = fc +fLO
fs=fe+ fro+Afe 3)

Where f. is the frequency of the optical carrier, the frequency
of f, is the LO signal without frequency shift, the frequency of
f1 1s the LO signal shifted to left through AOFS;, the frequency
of f3 is the LO signal shifted to right through AOFSs;. AOFS
is based on the Doppler Effect to achieve frequency shift. The
advantage is that it does not generate extra optical sidebands and
has high energy utilization. The disadvantage is that it can only
perform a small range of frequency shift that is typically limited
to GHz level. The value of the frequency shift is the bandwidth
of the sub-channel. Further more, the frequency shift range of
AOFS is not tunable [23], [24].

If there is no IRM and direct mixing, the RF signals in
channel 1&4, channel 2&5 and channel 3&6 will have spectrum
aliasing after down-conversion as shown in Fig. 1. (b), and they
cannot be separated by filters.The schematic diagram of IRM is
shown in Fig. 2. It is consists of optical hybrid coupler (OHC),
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Fig. 2. Schematic diagram of IRM.

balanced photodetector (BPD), electrical hybrid coupler (EHC)
and electrical band pass filter (EBPF) [13].

The working principle of the IRM is as follows, when the input
RF signal is expressed as Erp(t) = Ej,(t) exp(jwrrt) and the
input LO signal is expressed as E1,o(t) = E;p(t) exp(jwrot).
The four optical signals output by OHC can be expressed as

I = Eiy(t) exp (jwrrt) + Ein(t) exp (jwrot)
Eip(t) exp (jwrrt) — Ein(t) exp (jwrot)
Ein(t) exp (jwrrt) + jEin(t) exp (jwrot)
Ein(t) exp (jwrrt) — jEimn(t) exp (jwrot)  (4)

After BPD, the photocurrent of I and Q can be expressed as
i) = 2nE§J1(ma)J1(me) cos(wrp — wro)t
Q) = 2ES Jy(my)Jy(ma)sin(wrr —wro)t  (5)

The parameter 7 represents the responsivity of PD. As shown
in Fig. 1(b), the I and Q signals still have the spectrum aliasing
of the desired signals and the image interference signals. The
amplitudes of these two signals are equal, and the frequency is
symmetrical about the LO signal. If the desired signal in the
wideband RF signal is expressed as F;, (t) exp(jwat), wq is the
angular frequency of the desired signal, the image interference
signal is expressed as E;,(t) exp(jwimt), w; is the angular
frequency of the image interference signal. So there is the
following relationship as w, — wro = —(Wim — WLo) = WrF.
The output of EHC can be expressed as

Eq =nE2AB [coswypt + sin (wrp + 90°) ]
= nEgAB [coswp + coswyp]
= 277E§AB COS W]
E; = nE2AB [coswypt — sin (wrp + 90°) ¢]
=nE2AB [coswrr — coswrr]
=0 (6)

From (6), it can be seen that the image signal is eliminated after
EHC.

In this scheme, the input RF signal in the IRM is always the
same and is expressed as (1). The input LO signal in the IRM
can be expressed as

Ero1(t) = 2Egexp (j2m fet) Ji(m1)J1(ms)
X exp(jQWfLot — Af)

FEro2 (t) = 2Fyexp (j27cht) J1 (ml) exp(j27TfLot)
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Eros(t) = 2Eg exp (j27 fet) Ji(my)J1(ma)
x exp(j27 frot + Af) (7

In (7), Afi = Afy = Af, then, we choose the LO; signal
which is shifted to the left by A f through AOFS; as an example
for the following derivation. The output signals after OHC can
be expressed as

I, (t) o REo%J1(my) cos {27 [frr (t) + fo]t
— 21 (fro + Af + fe)t}t

I (t) o< =REoJi(m1) cos {27 [frr (t) + fe]t
— 271 (fro + Af + fe)t}t

Q1 (t) o« RE2 1 (my)sin {2 [frr (t) + fo]t
=21 (fro +Af + fe)t}t

Q2 (t) o< —REo*J1(my) sin {27 [frr (t) + fo] t
—2m (fro+ Af+ fo)t}t (®)

The output signals after BPD can be expressed as
I(t) o< 2REo*Ji(mu) cos {2 [frr (t) + fe t

— 27 (fro + Af 4 fo)t}t

Q (1) o< 2REGJy (m1) sin {27 [frr (t) + f]t
—2m(fro+ Af+ fo)t}t ©)

When I(t) and Q(t) are combined by an EHC, the desired IF
signal and the image interference signal could be separated, as
shown in Fig. 1(c)—(d). Therefore, the two output ports of the
IRM are the channel 1 and channel 4 respectively. Because the
frequency of the input LO signal is different in corresponding
IRMs, so are the output sub-channels from the IRMs.

III. EXPERIMENT AND RESULT

A continuous light wave with the frequency of 193.515 THz
and the power of 17 dBm is generated by an LD (RIO, 01075-
0.2-004) and split into two equal branches by OC;. In the upper
branch, the optical carrier is sent to MZM; (SUMITOMO, T.
MXH1.5-40) and is modulated by a wideband RF signal that
is generated by a vector signal source (Agilent, E8267C). The
MZM; works at the minimum transmission point (MITP) with a
half-wave voltage of 3.5V and the insertion loss of 6dB. The +1st
order optical sideband of the RF modulated signal is amplified
by EDFA; (Keopsys, KPS-STD-BT-C-19-HG) and then split
into three branches by OC5 before being sent to OHCs (Kylia
COH24).

In the lower branch, the optical carrier is modulated by the LO
signal in MZMs (EOspace AX-DV5-40-PFV-SFV). The half-
wave voltage of MZM, is 4V, and the insertion loss is 4 dB.

The CS-DSB signal generated by MZM3 is shown in Fig. 3(a)
and the +1st order sideband selected by OBPF, (Finisar
16000S) is shown in Fig. 3(b). The LO signal, generated by
a microwave signal source (Agilent E8257D), has a frequency
of 23 GHz and a power of 10 dBm. The +1st order optical
sideband of the RF modulated signal is amplified by EDFA,
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Fig. 3. Measured optical spectra of LO modulated signal.

(Keopsys, CEFA-C-PB-HP) and then split into three branches
by OCs3. In the first branch, the LO signal is shifted to the left by
1 GHz through the AOFS; (IPF-1000-1550-3FP) and is defined
as LO;. In the second branch, the LO signal without frequency
shift is defined as LOs. In the third branch, the LO signal is
shifted to the right by 1 GHz through the AOFS; and is defined
as LOg. It should be noted that the frequency shift direction and
frequency shiftrange of each AOFS are fixed and non-adjustable.
For example, AOFS; in this scheme can only shift the frequency
to the left by 1 GHz, while AOFS; can only shift the frequency
to the right by 1 GHz.

In order to improve the SFDR of the system by suppressing
the second-order intermodulation distortion (IMD?2), a balanced
detection technology is used in this scheme. Two-tone signals
with the frequencies of 24.5 and 24.51 GHz and the power of
0 dBm are used as the input RF signals. The frequency of the
LO signal is 23 GHz and the power is 10 dBm. After down-
conversion, the frequencies of the two fundamental terms are 1.5
GHz and 1.51 GHz, the third-order intermodulation distortion
(IMD3) frequencies are 1.49 GHz and 1.52 GHz, and the second-
order intermodulation distortion (IMD2) frequency is 10 MHz.
Fig. 4 shows the intermediate frequency (IF) spectrum with or
without balance detection after down-conversion.

Fig. 4(a) shows the measurement result without balanced
detection, it can be seen that the power of IMD2 at this time
is —29.1 dBm as the main distortion. Although the frequency of
IMD3 is closer to the fundamental terms, its power is relatively
small so the distortion effect on the system is also limited.
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IF spectrum. (a) Without balanced detection. (b) With balanced

Fig. 4(b) shows the measurement result with balanced detection,
the power of IMD?2 is reduced from —29.1 dBm to —78.3 dBm,
which is suppressed by 49.2 dBm, and the fundamental term are
improved by 4.4 dB after balanced detection.

The SFDR is also measured by using the above two-tones
signals and LO signal. The power of input RF signal is changed
from -15 to 30 dBm, and the power of fundamental term,
IMD2, IMD3 and noise floor are measured respectively. Fig. 5(a)
shows the result without balanced detection, although SFDR3
can reach 101.8 dB-Hz??3, the overall SFDR of the system,
limited by SFDR2, can only reach 72.3 dB-Hz'’/?. When the
balanced detection is performed, SFDR3 is changed from 101.8
dB-Hz?? to 103.2 dB-Hz?/3, with 1.4 dB improved. What is
more important, the SFDR2 is changed from 72.3 dB-Hz'/? to
96.1 dB-Hz'/?2, which means the overall SFDR of the system is
improved by 23.8 dB.

The dual-output image rejection is also performed in the
proposed scheme. When the RF signal is at 20-21 GHz, it is
received by channel 1, and when the RF signal is at 23-24 GHz,
it is received by channel 4. The channel 1 and channel 4 are
image interference signals of each other and can be output from
the two output ports of the EHC.

First, the image rejection test is performed on channel 1 and
channel 4. When the frequency of the LO signal is 22 GHz, two-
tone signals with frequencies of 20 GHz, 20.2 GHz, 20.4 GHz,
20.6 GHz and 20.8 GHz are used as RF signals for frequency
down conversion. Meanwhile, two-tone signals with frequencies
of 23.2 GHz, 23.4 GHz, 23.6 GHz, 23.8 GHz and 24 GHz are
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used as image interference signals. The down converted IF signal
is shown in Fig. 6, which respectively represent the electrical
spectrum of the two output ports of the EHC. It can be seen
that the image rejection ratio is around 25 dB. Similarly, the
measurement results of the other 4 channels are shown in Fig. 7.
We measured the amplitude response of channel 1 through
experiments. When the input power of the RF signal is constant,
the frequency of RF signal are changed from 20 GHz to 21 GHz
with a step of 50 MHz. The power of IF signals are measured,
as shown in Fig. 8. It can be seen that the jitter amplitude of the
IF signal is less than 2 dB, which means that channel 1 has a
flat amplitude response. That is because the components used
in the microwave photonic channelized receiver include optical
devices and electrical devices. The 3 dB bandwidth of optical
devices is generally large, but the 3 dB bandwidth of electrical
devices is relatively small. Therefore, the sub-channel amplitude
response of the channelizer is mainly limited by the amplitude-
frequency response of the electric microwave devices in the
system such as the EHC. These devices have serious frequency
dependence at high frequencies. The amplitude measurement
results of the other 5 sub-channels are similar to channel 1.
Channelized receivers based on dual optical combs usually
have the effect of channel crosstalk, and the channel crosstalk
is mainly caused by the residual optical carrier and optical
sidebands that are not completely filtered out by the OBPFE.
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This scheme is based on Doppler frequency shift and will not
produce other optical sidebands, so it is hardly affected by
channel crosstalk.

Error vector magnitude (EVM) is an important parameter
that can comprehensively manifests the amplitude error and
phase error of the modulation signal. The better the EVM and
constellation diagram, the better the signal quality obtained
after demodulation, which also demonstrates that the proposed
channelized receiver can channelize the wideband RF signal
and restore the modulated microwave signal carried by RF
carrier. After channelization, the frequency of down-converted
IF signal is demodulated by the vector signal analyzer and the
constellation diagram is obtained to evaluate its signal quality.
Therefore, the minimum value of EVM is the best point of
communication.There are many factors that affect EVM, such
as the nonlinear distortion of the link. In order to further study
the influence of the power of the input signal on the EVM, we
used a 16QAM signal with a center frequency of 22 GHz and
a bit rate of 100 MBaud for measurement. The constellation
diagram shown in Fig. 9(a) is obtained by direct demodulation
of the vector signal generated by the vector signal source and
the EVM is 2.4%. The constellation diagram and EVM in the
proposed scheme are measured and shown in Fig. 9(b). When the
power of RF signal changes from —25 dBm to 5 dBm, the EVM
gradually decreases and then stabilizes to the minimum EVM
point about 4.7%. The drop in EVM is caused by changes in the
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signal to noise ratio (SNR), and the minimum point of the EVM
is also the maximum point of the SNR. When the power of RF
signal changes from 5 dBm to 15 dBm, the EVM becomes larger
and the constellation diagram becomes worse. At this time,
due to the increase in the amplitude of the high-order optical
sidebands, high-order intermodulation distortion has become the
main reason for the deterioration of EVM.
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IV. CONCLUSION

In this paper, a novel microwave photonic channelizer based
on AOFS is proposed and demonstrated. A broadband RF signal
covering 20-26 GHz is sliced into six sub-channels for reception,
the scheme we proposed does not need to use any OFC, so it has
the advantages of simple structure, easy implementation, and
minimal channel crosstalk. With a photonic dual-output IRM
based on the balanced Hartley structure, only three IRMs are
needed to output six sub-channels. The in-band interference
suppression ratio is about 25 dB and the SFDR is about 96.1
dB-Hz'/2. If we want to expand the number of sub-channels,
we can use an n-lines OFC to replace the single LO signal, and
then shift the OFC left and right to obtain a number of 3n LO
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signals, so as to achieve the number of 6n sub-channel reception.
The proposed scheme can find applications in RF systems with
high operational frequency and a large instantaneous bandwidth
for radars, communications, and electrical warfare.
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