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Abstract: A photonics-assisted binary/quaternary phase-coded microwave signal generator with
fundamental /doubling reconfigurable carrier frequency applicable to digital I/O interfaces is pro-
posed and has been verified by experiments. This scheme is based on a cascade modulation scheme,
which is used to reconfigure fundamental/doubling carrier frequency and load the phase-coded
signal, respectively. By controlling the radio frequency (RF) switch and the bias voltages of the
modulator, the switching of the fundamental or doubling carrier frequency can be realized. When the
amplitudes and sequence pattern of the two independent coding signals are set reasonably, binary or
quaternary phase-coded signals can be realized. The sequence pattern of coding signals is applicable
to digital I/O interfaces and can be directly generated through the IO interfaces of FPGA instead of
an expensive high-speed arbitrary waveform generator (AWG) or other digital-to-analog conversion
(DAC) systems. A proof-of-concept experiment is carried out, and the performance of the proposed

system is evaluated from the aspects of phase recovery accuracy and pulse compression capability. In
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Micromachines 2023, 14, 1034. 1. Introduction

https://doi.org/10.3390/ In modern radar systems, pulse compression technology can improve the time-
mil4051034 bandwidth product (TBWP), which has a good advantage in solving the contradiction
Academic Editor: Zihang Zhu between the detection range and range resolution. The phase-coded microwave signal is a

typical waveform of the pulse compression signal. However, due to the frequency depen-
dence of electronic devices and the limited bandwidth of the system, it cannot meet the high
frequency and broadband requirements. Microwave photonic technology is considered
an effective way to overcome the limitations of electronic methods because it can generate
high-frequency broadband and tunability phase-coded microwave signals with its advan-

® tages, such as a wide bandwidth, low transmission loss, and strong anti-electromagnetic
interference ability [1-4].
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phase modulators (PM) is used to realize phase coding. Phase-coded signals with fundamen-
tal/doubling frequency and different phases can be generated by two cascaded PolMs [9], a
dual-parallel PolM (DP-PolM) cascaded with PolM [10] and a dual-polarization dual-parallel
Mach-Zehnder modulator (DP-DPMZM) cascaded with a PM [11] or PolM [12]. Fiber Bragg
gratings (FBGs) were used to separate the two modulated optical sidebands [13,14] and
then a PM was used to load the phase-coded signal in one of the sidebands, or the optical
carrier was directly divided into two parts, one of which loads the local oscillator (LO) sig-
nal through an optical frequency shifter and the other carries out phase modulation with a
PM [15]. Finally, those two signals are combined to beat and obtain the phase-coded signal. In
addition, the phase-coded signal may also be generated based on a single parallel structure
integrated modulator with multiple radio frequency (RF) ports, in which the upper and
lower branches are loaded with microwave carrier frequency and a coding signal, respec-
tively. A dual-drive Mach-Zehnder modulator (DD-MZM) [16], dual-parallel dual-drive
Mach—Zehnder modulator (DP-DDMZM) [17], dual-polarization DD-MZM (DP-DDMZM) [1§],
or DP-DPMZM [19,20] was used to generate phase-coded signals.

Since multiphase-coded signals have better Doppler tolerance and a higher spec-
trum utilization ratio, it is of great significance to generate multiphase-coded signals.
In [12,15,16,19,21], binary or quaternary phase-coded signals are realized by changing the
waveform of the coding signals (square or multilevel wave). To generate a high-speed
multilevel voltage waveform, a high-speed arbitrary waveform generator (AWG) or digital-
to-analog conversion (DAC) should be needed. Two independent coding electrical signals
can be used to drive one arm of DP-DPMZM [20] or DP-DDMZM [18], which can generate
quadrature phase shift key (QPSK) signals or quaternary phase-coded signals. However,
the frequencies of the two systems are limited since they cannot operate in frequency
multiplying mode, and the reconfiguration flexibility of the system is low.

To fill in the above gaps, a photonics-assisted binary/quaternary phase-coded mi-
crowave signal generator with fundamental/doubling reconfigurable carrier frequency
applicable to digital 1/O interfaces is proposed and experimentally demonstrated. It
is based on the cascade electro-optical modulators scheme, and the DP-DPMZM and
polarization-dependent cascade phase modulator (PDC-PM) are used to reconfigure the
fundamental/doubling carrier frequency and load the phase-coded signal, respectively.
The proposed scheme has the following advantages. Firstly, multiple functions, including
switchable fundamental/doubling carrier frequency and multiphase coding, are compacted
in a cascade microwave photonic link (MPL). By controlling the RF switch and the bias
voltages of the modulator, switching of the fundamental or doubling carrier frequency can
be realized. When the amplitudes and sequence patterns of the two independent two-level
coding signals are set reasonably, binary or quaternary phase-coded signals can be realized.
Secondly, by using a specially designed integrated PDC-PM, a scheme applicable to loading
two-level coding signals generated by digital I/O interfaces (such as LVCOMS, LVTTL,
LVDS, and so on) is proposed. When generating binary phase-coded signals, the perfor-
mance requirements for electric amplifiers can be effectively reduced. When generating
quaternary phase-coded signals, they can be obtained by using two-level coding signals
directly generated by the IO interface of FPGA instead of expensive high-speed AWG or
other DAC systems. Thirdly, phase shifting is realized by adjusting the driving voltage
of the PDC-PM, which allows the phase of the coded signal to be independently and
continuously tuned to obtain a high-precision phase-coded signal. The performance of
the proposed system is evaluated from the aspects of phase recovery accuracy and pulse
compression performance of binary/quaternary phase-coded signals with reconfigurable
carrier frequencies. The proposed scheme features a compact configuration and large
operational frequency range, which can be employed in high-frequency and wideband
radar systems.
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2. Principle

Figure 1 shows a schematic of the proposed photonics-assisted binary/quaternary
phase-coded microwave signal generator with fundamental /doubling reconfigurable car-
rier frequency applicable to digital I/O interfaces. It contains a laser diode (LD), a power
divider, an RF switch, a DP-DPMZM, two 90° hybrid couplers (HC), a PDC-PM, a po-
larizer (Pol), an erbium-doped optical amplifier (EDFA), and a photodetector (PD). The
DP-DPMZM is composed of two sub-DPMZMs (X-DPMZM and Y-DPMZM) in parallel
arms with a 90° polarization rotator (PR) after the Y-DPMZM. A polarization beam com-
biner (PBC) combines the output of the two sub-DPMZMs. Each sub-DPMZM consists of
two sub-MZMs and three DC bias voltages, which are named sub-MZMn (n =1,2...4)
and Vp¢; (i =1,2...6), respectively.

Figure 1. Schematic diagram of the binary and quaternary phase-coded microwave signals
with fundamental/doubling frequencies. LD: laser diode. DP-DPMZM: dual-polarization dual-
parallel Mach-Zehnder modulator. PR: polarization rotator. PBC: polarization beam combiner.
PDC-PM: polarization-dependent cascade phase modulator. Pol: polarizer. EDFA: erbium-doped
fiber amplifier. PD: photodetector. LO: local oscillator signal. RF Switch: radio frequency switch.

A continuous light wave produced by the LD is injected into the DP-DPMZM. The
LO signal is divided into two parts through a power divider, one of which is input into the
X-DPMZM through a 90° HC. When the DC bias voltage of the X-DPMZM is set reasonably,
the +1st-order carrier-suppressed single-sideband (CS-SSB) modulation of the LO signal in
the X-DPMZM can be obtained. The other part is controlled by an RF switch. When the
RF switch is in open mode, the Y-DPMZM only outputs the optical carrier with a DC bias
setting in the Y polarization state. When the RF switch is in closed mode, the LO signal
is input into the Y-DPMZM through another 90° HC. By reasonably setting the DC bias
voltage of the Y-DPMZM, the —1st-order CS-SSB of the LO signal in the Y polarization state
can be reasonably obtained. Then, the polarization-multiplexed signal is input into the
PDC-PM, which is driven by two independent coding signals. When the coding sequence
mode is changed, a binary or quaternary phase-coded signal can be obtained after the PD,
and the carrier frequency is equal to or twice that of the LO signal.
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Ex_ppmzm(t) = ?Ein(t)

Epp—ppmzm(t) = [

The optical carrier from the LD is given by E;, (t) = Egexp(jwot), where Ey and wy
represent the amplitude and angular frequency of the optical carrier, respectively. The
LO signal is divided into two parts by a power divider, one part of which is input into the
X-DPMZM through a 90° HC. The optical signal at the output of the X-DPMZM is

{ exp(jmpo cos(wrot)) ]
+exp(—jmpo cos(wrot)) exp(jg1)
exp(jmro cos(wpot + 1/2))

+exp(—jmro cos(wrot + 7/2)) exp(j@2

v2 , )

) ] exp(j¢s)

where w; is the angular frequency of the LO signal, myo = 7wV o/ V5 is the modulation
index of the sub-MZM, ¢; = nVp¢;/Vz(i = 1,2,3) corresponds to the phase shifts of the
sub-MZM in the X-DPMZM induced by DC bias, and V} is the half-wave voltage of the
DP-DPMZM.

By biasing the two sub-MZMs at the minimum transmission point (MITP) and the
main MZM at the quadrature transmission point (QTP), which means ¢; = ¢, = 7 and
@3 = —1/2, the +1st-order CS-SSB of the LO signal can be obtained. In the small-signal
modulation approximation, the high-order modulations (n > 2) are neglected. It can be
given by

Ex_ppmzm(t) = ?th('ﬂw) exp(j {(wo +wio)t + g} ), ()

where J,(-) is the nth-order Bessel function of the first kind.

2.1. Generation of Binary/Quaternary Phase-Coded Signals with Fundamental Frequency

When the RF switch is in the open state, the Y-DPMZM is only biased with DC voltage.
Setting ¢4 = @5 = @4 = 271, the output of the Y-DPMZM is given by

V2 .
Ey_ppmzm(t) = — Eo exp(jwot), 3)

where ¢4, @5, and @4 correspond to the phase shifts of the sub-MZM in the Y-DPMZM
induced by DC bias. Therefore, the optical field of the DP-DPMZM can be expressed as
— . —

Ex-ppmzmex |  [%2Eofi(m1o) exp(j[(wo +wio)t + §])-ex @
- | = V2 . — ’
Ey_ppmzm-ey VZE exp(jwot)-ey

Then, the polarization multiplexed optical signal is input into the PDC-PM. The PDC-PM
has two independent RF ports, and its structure is shown in Figure 1. Since optical signals
with different polarization states have different modulation efficiencies for the polarization-
dependent phase modulator, the output of the PDC-PM can be expressed as

Eppepu(t) ~ { @th(mLo)eXp(j[(wo + wro)t + F]) exp(joix +j§02x)‘€_}>( } -

V2Eq exp(jwot) exp(jpry + jpay)-ey

where ¢,; and ¢, (n = 1,2) represent the phase shifts of the X and Y polarization state
optical signals introduced by the two cascade sub-PMs of the PDC-PM, respectively. A Pol
is used to project the orthogonally polarized optical signal to the same polarization state,
and the output of the Pol can be given by

c | 3EoJi(mpo) exp(j[(wo + wio)t + F]) exp(jgix + j@ax)
pol () & 1 , . ; , (6)
+7Eoexp(jwot) exp(j1y + jpay)
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Suppose that the responsivity of the PD is R. Ignoring the DC component, the pho-
tocurrent of the PD can be expressed as

. " 1 T
Zfun(t) = *SR'Epol(t)' pol(t) ~ Z%E(%h(mLO) cos {WLOtL + E + ((Plx + @2y — Py — CPZy)} 7 ()
For the polarization-dependent phase modulator, the modulation efficiency in TM
polarization is approximately three times that in TE polarization [22], and the optical phase
difference is linearly related to the voltage of the PDC-PM (The specific structure and
principle of PDC-PM can be seen in Appendix A). Hence,

27tV by (t)
3V7'[,PM

Pnx — Pny = ’ (8)

where V;, is the amplitude of the driving voltage and V py; is the half-wave voltage of the
PDC-PM for TM polarization.
Assume that the PDC-PM is driven by two independent coding signals, denoted by

S1(t) = Vi-b1(t) and Sy(t) = Va-by(t), respectively, and by (t) is the coding pattern. Then,
Equation (7) can be written as
T 2nVi-bi(t)  27Va-by(t)

. 1
ifun(t) & 1%]5%]1(”%0)‘305 wiot + 5 + — o t v o |’ 9)
T, T,

Equation (9) shows that by adjusting the amplitude of the coding signal loaded into
the PDC-PM, an arbitrary phase-coded signal with fundamental carrier frequency can
be realized. Both one port and two ports could be selected to load the coding signals in
binary phase-coded mode. Loading the same signal into the two ports can reduce the
requirements on the amplification amplitude of the electric amplifier. The amplitudes and
coding sequence pattern rules for binary and quaternary phase-coded signals are shown in
Tables 1 and 2.

Table 1. The amplitudes and coding sequence pattern rules for binary phase-coded signals.

bl (t) bz (t) V1 Vz @
0 0 0
1 1 3Vrrm/4 3Vrpm/4 x
0 0 0
1 0 3Vrr,PM /2 0 -

Table 2. The amplitudes and coding sequence pattern rules for quaternary phase-coded signals.

bl (t) b2 (t) V1 Vz @
0 0 0
0 1 /2
X : 3V /2 3V /4 /
1 1 3m/2

Selecting two ports to load the coding signals with the same amplitude in binary
phase-coded mode, that is, Vi = V, = 3V pp/4, Equation (9) can be written as

~—

=0)

iun_p () ~ { TRE2J1(m1o) cos(wrot + F) (b1(t) = 0, b (t -0,

$REGN1 (mo) cos(wiot + 5°) (br(t) =1,ba(t (10

~—
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In quaternary phase-coded mode, i.e., Vi = 3V, pp/2and Vo = 3V pp1/4, Equation (9)
can be written as

1RE3J1(m10) cos(wiot + F) (b1(t) =0,ba(t) = 0)
; (1) ~ TRE3J1(mp0) cos(wiot + 7T) (b1(t) =0,b2(t) = 1) (11)
fun_Q 1REZN1(myo) cos(wiot + ) (b1(t) =1,bo(t) =0) ’
1RE3J1(my0) cos(wpot + 27) (b1(t) =1,ba(t) = 1)

From Equations (10) and (11), binary or quaternary phase-coded signals with funda-
mental frequency are implemented.

2.2. Generation of Binary/Quaternary Phase-Coded Signals with Doubling Frequency

When the RF switch is in a closed state, the Y-DPMZM is driven by the LO signal
through 90° HC. Setting ¢4 = @5 = 7 and ¢¢ = 71/2, the —1st-order CS-SSB of the LO
signal can be obtained, and the output of the DP-DPMZM can be written as

2oy (m10) exp(il(wo + wio)t + Z])-ex }
Erp. ) — 72 L0J1 LO pU 0 LO 2 3)( , 12
pp-ppuzi () { 2 Eof (m10) exp(jl(wo — wio)t + §])-ey "

Similarly, the PDC-PM is driven by two coding signals, and the output of the PD can
be expressed as

27Vq-by (t) B 27‘[V2-l72(t):|

13
3Vrpm 3V pm 13)

RE3J3(mpo) cos [Zwmt -

N~

idou (t) ~

Equation (13) shows that phase modulation signals with doubling carrier frequency
are realized. By reasonably setting the amplitudes of two independent coding signals as
shown in Tables 1 and 2, a binary or quaternary phase-coded signal can be realized, and
the phase-coded signal can be written as

; (1) ~ { IREZJZ (m1o) cos(2wiot) (b1(t) = 0,ba(t) = 0)
dou BT IRER R (mpo) cos(2wiot — ) (bi(t) = Lba(t) = 1) 7

1?}3152]1 (mpo) cos(2wyot) (by(t) = 0,by(t) = 0)
i () ~ 1§RE 2(mpo) cos(wiot — F)  (b1(t) =0,ba(t) = 1) (15)
don-QL 13%E2]1(mLo>cos(2wLot— 7)) (bi(t) = 1,ba(t) =0)

13?E2]1(mLo)cos(2wLOt — —) (b1(t) =1,by

Overall, by using the RF switch and setting the bias voltages of the Y-DPMZM, the
optical carrier or —1st-order CS-SSB modulation of the LO signal can be obtained in the
Y-polarization state. Then, combining it with the +1st-order CS-SSB modulation of the
LO signal in the X-polarization state, the fundamental or doubling carrier frequency of
the LO signal will be realized after photoelectric conversion. When the amplitudes and
sequence patterns of the two independent coding signals are set reasonably, a binary or
quaternary phase-coded signal can be realized. Due to the CS-SSB modulation of the LO
signal in the proposed system both in fundamental and doubling carrier frequency modes,
chromatic dispersion-induced power fading is effectively eliminated over the long-distance
single-mode fiber [23].

In addition, the PDC-PM is driven by two independent two-level digital signals,
which are only required to cooperate with the electrical amplifier with fixed gain and
can generate the quaternary phase-coded signal, instead of using high-speed AWG or
other DAC systems to generate multilevel coding signals, which can be directly generated
through the IO interfaces of FPGA.

—~
—
~
I
~—
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3. Results

The experimental link was built according to the schematic diagram shown in Figure 2.
An LD (NKT, Koheras BASIK X15, Beijing, China) is used to generate the optical carrier with
a wavelength of 1550.21 nm and a power of 15.5 dBm, which is sent into the DP-DPMZM
(Fujitsu, FTM7977HQA, Beijing, China) with a half-wave voltage of 3.5 V. The LO signal
is generated by the microwave signal generator (MSG, Agilent, E8257D, Beijing, China)
and sent to the DP-DPMZM through an electrical 90° hybrid coupler (Marki Microwave
QH-0226, 2-26.5 GHz, Beijing, China). Limited by the equipment in our laboratory, we use
an arbitrary waveform generator (Tektronix AWG70002B, Beijing, China) to take the place of
FPGA, which only generates a two-level digital signal. Then, it is loaded into the PDC-PM
after amplification with a gain-adjustable electric amplifier (Conquer, KG-EOD-10G, Beijing,
China). A PD (Conquer, KG-PD-20G, 20 GHz, 0.75 A /W, Beijing, China) is used to realize
photoelectric conversion. In the experiment, an EDFA is utilized to implement the loss
of optical signals in the proposed link. An optical spectrum analyzer (OSA, Yokogawa,
AQ6370C, Beijing, China) and an oscilloscope (Tektronix DPO75902SX, Beijing, China) are
employed to monitor the optical spectra and waveforms, respectively.

Figure 2. Experimental link diagram of the binary and quaternary phase-coded microwave signals
with fundamental /doubling frequencies. The illustration is PDC-PM.

3.1. Generation of Binary/Quaternary Phase-Coded Signals with Fundamental Frequency

The phase-coded signal with fundamental frequency is demonstrated. LO signals
of 5 GHz and 14 GHz are used to verify the performance of the proposed scheme with
a fundamental frequency phase-coded signal. The power of the LO signal is 15 dBm,
which is sent into the power divider and divided into two parts, one of which is input
into the X-DPMZM through a 90° HC, and the DC bias voltage of the X-DPMZM satisfies
@1 = ¢ = 1 and @3= —mt/2. This allows the RF switch to be in the open state and
sets the two sub-MZMs and the main MZM of the Y-DPMZM to work at the maximum
transmission point (MATP). Then, the +1st-order CS-SSB modulation of the LO signal in
the X- polarization state can be obtained. Since the output of the DP-DPMZM combines the
X-DPMZM with the Y-DPMZM through a PBC and has an orthogonal polarization state,
both can be distinguished by a polarization controller (PC) with a Pol. Figure 3a,b shows the
optical spectra of the X-DPMZM, Y-DPMZM, and DP-DPMZM with frequencies of 5 GHz
and 14 GHz. The carrier and —1st-order sideband suppression ratios in the X-DPMZM are
23.4 dB and 28.5 dB with a fundamental frequency of 5 GHz, and 34.7 dB and 38 dB with a
fundamental frequency of 14 GHz, respectively.
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Figure 3. Measured output optical spectra of the X-DPMZM, Y-DPMZM, and DP-DPMZM with a
frequency of (a) 5 GHz and (b) 14 GHz.

Next, two coding signals (S1(t) and S,(t)) generated by the AWG are amplified by
an electrical amplifier and loaded into the two RF ports of the PDC-PM. Two 1 Gb/s
coding signals with a length of 13 bits and a pattern of “1,1,1,1,1,0,0,1,1,0,1,0,1”
are applied to the PDC-PM. To realize the binary phase-coded signal, the amplitude of
the two coding signals is 3V pp1/4. Figure 4a,b shows the phase-coded time-domain
waveforms of 5 GHz and 14 GHz microwave signals. The extracted phase information
can be obtained with the Hilbert transform, and the results are shown in Figure 4c,d. The
phase jump of 7t can be clearly observed from the experimental results, and its phase
information fits well with the trend of the loaded coding signal, which is consistent with the
theoretical analysis. To evaluate the pulse compression capability of the proposed system,
the autocorrelations of the phase-coded signals are calculated. Figure 4e shows the phase-
coded signal autocorrelation results at a frequency of 5 GHz, and the illustration shows an
enlarged view. The peak-to-sidelobe ratio (PSR) and full width at half maximum (FWHM)
are 8.34 dB and 0.83 ns, respectively. The pulse compression ratio (PCR) is calculated to be
15.6. The autocorrelation results at a frequency of 14 GHz are shown in Figure 4f. The PSR
and FWHM are 8.23 dB and 0.72 ns, respectively. The PCR is calculated to be 18.

Figure 4. Binary phase-coded signal waveform with a frequency of (a) 5 GHz and (b) 14 GHz, (c) and (d)
for the recovered phase information. Autocorrelations of the binary phase-coded signal at a frequency of
(e) 5 GHz and (f) 14 GHz. The insets show the zoomed-in views of the corresponding autocorrelations.

The performance of the proposed scheme with the generation of quaternary phase-
coded signals is also investigated. Two 1 Gb/s coding signals with a length of 16 bits and
patterns of “0,0,0,0,0,0,1,1,0,1,0,1,0,1,1,0” and “0,0,0,0,0,1,0,1,0,0,0,0,0,1,0, 17
are applied to the two RF ports of the PDC-PM, respectively. To realize the quaternary
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phase-coded signal, the amplitudes of the two coding signals need to comply with the
rules described in Table 2. Therefore, the amplitudes of the coding signals obtained by
adjusting the gain of the amplifier that is loaded to the two RF ports of the PDC-PM after
amplification by the electric amplifier are 3V pp1/2 and 3V, pas/4, respectively. Figure 5a,b
illustrates the waveforms of quaternary phase-coded microwave signals with frequencies
of 5 GHz and 14 GHz, respectively. The extracted phase information can be obtained, and
the results are shown in Figure 5c,d. The extracted phase shift has four levels, and the
phase difference between each level is 77/2. The pulse compression capability is studied by
calculating the autocorrelation of the phase-coded signals. Figure 5e shows the phase-coded
signal autocorrelation results at a frequency of 5 GHz. The PSR, FWHM, and PCR are
8.14 dB, 0.81 ns, and 19.7, respectively. The autocorrelation result at a frequency of 14 GHz
is shown in Figure 5f. The PSR, FWHM, and PCR are 7.64 dB, 0.72 ns, and 22.2, respectively.

Figure 5. Quaternary phase-coded signal waveform with a frequency of (a) 5 GHz and
(b) 14 GHz, (c,d) for the recovered phase information. Autocorrelations of the quaternary phase-
coded signal at a frequency of (e) 5 GHz and (f) 14 GHz. The insets show the zoomed-in views of the
corresponding autocorrelations.

3.2. Generation of Binary/Quaternary Phase-Coded Signals with Doubling Frequency

When the RF switch is closed, LO signals with frequencies of 2.5 GHz and 7 GHz are
used to generate doubling carrier frequency phase-coded signals with carrier frequencies of
5 GHz and 14 GHz, respectively. Keeping the +1st-order CS-SSB modulation of the LO signal
in the X-DPMZM and adjusting the DC bias voltage of the Y-DPMZM to satisfy ¢4 = ¢5 = 7
and ¢ = 71/2, the —1st-order CS-SSB of the LO signal can be obtained in the Y-polarization
state. An OSA was used to observe the output optical spectra of the X- and Y-DPMZM and
DP-DPMZM, and the spectra with a frequency of 2.5 GHz and 7 GHZ are shown in Figure 6a,b.

Figure 6. Measured output optical spectra of the X-DPMZM, Y-DPMZM, and DP-DPMZM with a
frequency of (a) 2.5 GHz and (b) 7 GHz.
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The ability of the phase-coded signal with doubling carrier frequency is also proven.
Two 1 Gb/s coding signals with a length of 13 bits and a pattern of “1, 1,1, 1,1, 0, 0,
1,1,0,1,0, 17 are applied to the two RF ports of the PDC-PM. Similarly, to realize the
binary phase-coded signal, the amplitude of the coding signals is 3V p1/4 after being
amplified by an electric amplifier. Figure 7a,b illustrates the phase-coded waveform of the
LO signals at 2.5 GHz and 7 GHz, respectively. The extracted phase information is shown in
Figure 7c,d. The phase jump of 7 can also be clearly observed. Then, the pulse compression
ability was confirmed. Figure 7e shows the phase-coded signal autocorrelation results at a
frequency of 2.5 GHz. The PSR, FWHM, and PCR are 9.36 dB, 0.82 ns, and 15.8, respectively.
The autocorrelation result at a frequency of 7 GHz is shown in Figure 7f. The PSR, FWHM,
and PCR are 8.05 dB, 0.86 ns, and 15.1, respectively.

Figure 7. Binary phase-coded signal waveform with a doubling carrier frequency at a frequency
of (a) 2.5 GHz and (b) 7 GHz, (c) and (d) for the recovered phase information. Autocorrelations of
the binary phase-coded signal with a doubling carrier frequency at a frequency of (e) 2.5 GHz and
(f) 7 GHz. The insets show the zoomed-in views of the corresponding autocorrelations.

To realize quaternary phase-coded signals with a doubling carrier frequency, the am-
plitudes of the two 1 Gb/s coding signals that are input into the PDC-PM are 3V, pp;/2
and 3V}, ppr/4 after being amplified by the electric amplifier, and their coding patterns are
“0,0,0,0,0,0,1,1,0,1,0,1,0,1,1,0”and “0,0,0,0,0,1,0,1,0,0,0,0,0, 1,0, 1”7, respec-
tively. Figure 8a,b illustrates the waveforms of the doubling carrier frequency quaternary
phase-coded signals with 2.5 GHz and 7 GHz phase-coded microwave signals, respectively.
The extracted phase information is shown in Figure 8c,d, and its phase information fits well
with the trend of the loaded coding signal. Figure 8e shows the autocorrelation result of the
quaternary phase-coded signal with doubling carrier frequency at a frequency of 2.5 GHz. The
PSR, FWHM, and PCR are 7.38 dB, 0.82 ns, and 19.5, respectively. At a frequency of 7 GHz,
the PSR, FWHM, and PCR are 7.06 dB, 0.86 ns, and 18.6, respectively, as shown in Figure 8f.
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Figure 8. Quaternary phase-coded signal waveform with an LO frequency of (a) 2.5 GHz and
(b) 7 GHz, (c,d) for the recovered phase information. Autocorrelations of the quaternary phase-coded
signal with doubling carrier frequency at a frequency of (e) 2.5 GHz and (f) 7 GHz. The insets show
the zoomed-in views of the corresponding autocorrelations.

In the above, the LO signal with frequencies of 5 GHz and 14 GHz in the fundamental
frequency mode and frequencies of 2.5 GHz and 7 GHz in the doubling frequency mode is
used to verify the phase-coded signal generation of the proposed system at different LO
frequencies. By loading a binary or quaternary coding signal, phase-coded signals with
carrier frequencies of 5 GHz and 14 GHz were generated in both modes mentioned above.
This indicates that the carrier frequency can be tuned in both the fundamental and doubling
modes. In the proposed scheme, the working frequency is also limited by the bandwidth
of the frequency-related devices, such as the RF switch, 90° hybrid coupler, DP-DPMZM
modulator, and PD. However, the bandwidths of the commercial RF switches, 90° hybrid
couplers, and PDs can reach up to 50 GHz, 40 GHz, and 100 GHz, respectively. The
bandwidth of commercial DP-DPMZM modulators can also reach 32 GHz, so the carrier
frequency can exceed 32 GHz in fundamental mode. In addition, in the doubling frequency
mode, the RF switch, 90° hybrid coupler, and DP-DPMZM modulator only account for
half of the system bandwidth. Therefore, the frequency adjustable range of this scheme is
twice the modulation bandwidth of the DP-DPMZM in doubling frequency mode, and it
can be greater than 60 GHz. The reconfigurable function of the carrier frequency in this
scheme not only makes the system have a higher working frequency band, but also reduces
the frequency requirement for the LO signal. In addition, the better carrier and sideband
suppression ratio of the optical signal at the output of the DP-DPMZM can be achieved
by optimizing the power of the LO signal within a certain range, which can reduce the
impact of the optical carrier on the accuracy of phase shifting and spurious signal of the
system. In theory, with a certain input power of the PD, the generated microwave signal is
maximum when the carrier and the sideband have the same power [19]. In this scheme, the
DP-DPMZM operates at normal points in both the fundamental and doubling frequency
modes; thus, commercial bias controllers can be used to achieve stable operation.

Then, in the pulse compression radar system, theoretically, the PCR is equal to the coding
length used. If a longer coding sequence is used, a larger PCR will be obtained. The rate of
the coding signal is limited by the bandwidth of the device. If a higher coding rate is used, a
narrower FWHM will be obtained after pulse compression, which can further improve the
range resolution of the radar system. On the other hand, the autocorrelation function of the
phase-coded signal mainly depends on the autocorrelation function of the coding signal used,
while Barker code and Frank code are kinds of symbols with good autocorrelation.

Compared with other phase-coded microwave signal generator schemes in the refer-
ences, the comparison of the proposed scheme in this manuscript in terms of link structure,



Micromachines 2023, 14, 1034

12 0of 19

reconfigurable characteristics, control complexity, and suitability for on-chip integration is
shown in Table 3.

Table 3. Performance comparison of several photonics phase-coded microwave signal generators.

w/o

Reconfigurable Arbitrary Suitable for Electrical The Possibility
Ref. Structure Carrier Phase Digital IO w/o * OBPF Phase Complexity of on-Chip
Frequency Coding Interface Shifter of Control Integration
[9] serial X ** VA No w* o No
[10] serial X 4 No o* o No
[11] serial Vv X No [ 0 normal Yes
[12] serial Vv Vv No o w special No
[13] serial X 4 No w [ normal No
[14] serial X 4 No w [ normal No
[15] serial X 4 No o) w normal No
[16] parallel X Vv No w o normal
[17] parallel V4 X No [ w special
[18] parallel X Vv Yes o o normal
[19] parallel X 4 No ) [ normal
[20] parallel X 4 Yes o o normal
[21] serial X 4 No ) w special No
The work serial 4 4 Yes o o normal Yes

* w/o—with/without, w—with, o—without. ** x //—not having or having this function.

4. Discussion
4.1. Influence of the Carrier Residual

The above principal analysis is based on the ideal carrier suppression state, that is, both
optical carriers at the output of the X- or Y-DPMZM are completely suppressed. Therefore,
when the coding voltage of the PDC-PM is adjusted, only the phase of the microwave
signal changes while the amplitude remains unchanged. However, due to the bias control
accuracy and drift of the modulator, only a limited extinction ratio can be obtained, which
makes it impossible to completely suppress the optical carrier. Therefore, the residual
optical carriers will have some fluctuations in the amplitude of the coded signal, as shown
in Figures 4b and 5b. The influence of the carrier suppression ratio on the generation of the
phase-coded signal is analyzed as follows.

In phase-coded signals with fundamental frequency mode, if the output of the
X-DPMZM contains a residual optical carrier, Equation (2) should be expressed as

Ex_ppmzm(t) = Aexp(j [(wo +wro)t + g} ) + Bexp(jwot), (16)

where A and B represent the amplitudes of the +1st-order sideband and residual optical
carrier, respectively. The difference between A and B (in dBm) is the carrier suppression
ratio of the X-DPMZM modulator. Meanwhile, Equation (3) should also be rewritten as

Ey_ppmzm(t) = Cexp(jwot), (17)

where C represents the amplitude of the Y- polarization optical carrier. Therefore, the
polarization multiplexed signal modulated by the coding signals after the PDC-PM should
be written as

7

(18)
The signals are injected into Pol at 45°, and then the electrical current after the PD can
be expressed as

Evoe (i) ~ | [AS®l(@0+ @ro)t+70/2] + Bexpljwnt) expljgrs + joss)ex
- Cexp(jwot) exp(j@1y + jp2y)-ey

i(t) = ABcos(wrot + 1/2) + AC cos(wrot + 11/2 + ), (19)
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where ¥ = @11 + @2x — @1y — ¢2y. The signal contains not only the fundamental frequency
phase-coded signal, but also a term with the same frequency and fixed phase. After
simplification, Equation (19) can be written as

i(t) ~ Kcos(wpt +6), (20)

where 0= arcsin{ [B+ Ccos(¢p)]/+/B2 +2BCcosy + Cz} and K = A/B2 +2BCcos + C2
are the phase and amplitude of vector synthesis, respectively, and both are related to carrier
residue B.

To observe the influence of the carrier residue on the phase and amplitude of the
coding signal, let M = A — B represent the carrier suppression ratio in the X-polarization
state. In phase coding, three phases, 0, 71/2 and 7, are mainly used. When the PDC-PM
is only driven by DC voltages, setting the driving voltage on the PDC-PM corresponds to
a phase shifting of 0. From Equation (19), it can be obtained that the phase of the vector
synthesis signal of the fixed phase term and the modulated phase term is always 0. When
the driving voltage on PDC-PM corresponds to the phase shifting of 7, the phase of the
vector synthesis signal is 0 or 7r, depending on their amplitude difference and related to
the carrier suppression ratio M. When the driving voltage on PDC-PM corresponds to
the phase shifting of 71/2, the change in the synthesis phase with the carrier suppression
ratio is shown in Figure 9a, where the phase in the ideal state of the carrier residue is used
as the reference. With the increase in the carrier suppression ratio M, the phase tends to
0, that is, it approaches the ideal state. For different phase shifting, the variation in the
microwave signal amplitude ratio between the nonideal state and ideal state with the carrier
suppression ratio M is shown in Figure 9b. With the increase in M, the ratio gradually
approaches 1, that is, it is also close to the ideal state.

Figure 9. (a) Relationship between the phase changes of the output signal and carrier suppression
ratio when the PDC-PM driving voltage corresponds to 7t/2; (b) the variation in the microwave
signal amplitude ratio between the nonideal state and ideal state with the carrier suppression ratio at
different phase shift settings.

Figure 10a shows the relationship between the change in voltage for 7t phase shifting
in the binary phase-coded signal and the carrier rejection ratio M. As seen from Table 1, in
an ideal situation, a binary phase-coded signal can be obtained when the amplitudes of
both coding signals are V = 3V, /4. Since the carrier cannot be completely suppressed, it is
necessary to increase the voltage difference V to offset the phase of 77/2 in the additional
term of Equation (19), to produce an accurate 7 phase shift. In the simulation, the amplitude
of coding signal S,(t) is fixed, and only the amplitude of coding signal S;(t) is changed to
obtain the desired phase offset. The results show that the larger the carrier residue is, the
higher the required amplitude of the coding signal.
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Eppc—pm(t) =

Figure 10. Variation in the amplitude of the electrical coding signal required to generate the phase-
coded signal with the carrier rejection ratio. (a) in binary mode and (b) in quaternary mode.

Similarly, the simulation results for the quaternary phase-coded signal are shown in
Figure 10b. From Table 2, the quaternary phase-coded signal is generated based on the
amplitude V; = 3V, /2 of coding signal S (t) and the amplitude V, = 3V, /4 of coding
signal S, (t). When the pattern of two coding signals is ‘1’, the generated phase shifts are
7t and 71/2, respectively. Therefore, when the carrier is not suppressed well, it can also
increase the amplitude V; or V; to obtain an accurate 7t or 77/2 phase shift. Figure 10b shows
the variation in the amplitude of coding signal Sy (t) or Sy(t) with the carrier suppression
ratio M when only one coding signal amplitude is changed.

For phase-coded signals with a doubling frequency mode, similarly, the PDC-PM
output signal can be expressed as

o { ol o -4« Dovtion] aptn e | o
[Cexp(j[(wo — wro)t+ F]) + Dexp(jwot)] exp(jp1y + jpay)-ey

where A and C represent the amplitudes of the +1st-order sideband and —1st-order side-
band of the DP-DPMZM output optical signal, respectively. B and D represent carrier
residues in different polarization states.

The signals are injected into Pol at 45°, and then the electrical current after the PD can
be expressed as

| ACcos(2wrot + ) — ABsin(wiot) + CD sin(w;ot)

i(t) ~ —ADsin(wrot + ¢) + BCsin(wrot + 9) ' )

Equation (22) contains the desired doubling frequency phase-coded signal, as well as
the fundamental frequency interference signal, in which the fundamental frequency signal
only affects the spurious suppression ratio of the system. When the amplitudes satisfy
A = Cand B = D, the fundamental frequency terms can cancel each other, and a better
spurious suppression ratio can be obtained.

In summary, the carrier suppression ratio has a greater influence on the amplitude of
the coded signal in the fundamental frequency mode, but it has no impact in the doubling
frequency mode. This can also be verified from the experimental results. In Figures 5 and 6,
the amplitude fluctuation of the phase-coded signal is obvious, while it is inapparent in
Figures 7 and 8. The simulation results show that when the carrier suppression ratio is
higher than 20 dB, the phase shifting error of 77/2 phase shifting is less than 5°. For 0,
7t/2, and 7t phase shifting, the amplitude fluctuation is less than 10%, 5%., and 11.5%,
respectively. Therefore, in fundamental frequency mode, it is necessary to select 90° HC
with precision 90° phase shifting and use a high-precision bias control circuit with an
automatic control function to ensure the acquisition of a high carrier suppression ratio
CS-SSB signal. The phase shifting error can also be compensated for by increasing the
low-frequency compensation voltage to the bias port of PDC-PM to obtain a high-precision
phase-coded signal.
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4.2. Influence of Polarization Crosstalk

Another factor that affects the experimental results is polarization crosstalk between
sidebands, which is modeled after the definition of the polarization extinction ratio in [24],
that is, the power ratio of a sideband optical signal in one polarization state to an optical
signal of the same frequency in another polarization direction.

In the fundamental frequency mode, the output of the DP-DPMZM is

Alexp(j[(wo +wio)t + 5]) +a~t exp(jeot)] e}] &)

Epp—ppmzm(t) = . .
Clexp(jwot) + e exp(j[(wo + wio)t + 5])]-ey

where « and ¢ are the polarization extinction ratios in the X and Y polarization directions,
respectively, and a, ¢ > 1. The signal is input into PDC-PM for phase modulation, and PD
is used for photoelectric detection.
2,-1 4 2.1
1) ~ [ (A%a~1 + C%e7 1) cos(wrot + §) },

+ACa1e1 cos(wiot + § — ¢) + ACcos(wrot + 5 +9) (24)

The output optical signal contains both a phase coded signal and an intensity coded
signal due to polarization crosstalk. When &, ¢ = oo, the two polarization orthogonal signals
tend to be ideal, and the PD output optical signal only contains the last term, thus obtaining
an ideal phase-coded signal. The output expression can be simplified as

I(t) = pcos(wiot +p), (25)

where y = /{2 + x? is the amplitude of the synthesized signal and p = arctan [ﬂ is the

phase of the synthesized signal, where & = (A%2a~! + C?¢71) + AC(1+a~le7!) cosy and
X =AC(a"te7t —1)siny.

In an ideal case, regarding the phase p = 7 + ¢ and amplitude = AC of the output
optical signal, it can be clearly seen that p increases linearly with the increase of modulation
voltage in PDC-PM, and the amplitude y# remains unchanged. When there is polarization
crosstalk in the experiment, changing the phase modulation voltage of PDC-PM can make
the phase shift ¢ change correspondingly. As ¢ =0, ¢ = 71/2, and ¢ = 7t are often used in
the experiment, the changes in the amplitude and phase of the synthesized signal with the
polarization extinction ratio under three values are simulated, and the results are shown
in Figures 11 and 12, respectively. Figure 11a shows the variation in the amplitude ratio
between nonideal and ideal cases with the extinction ratio a of X polarization when ¢ = 0.
Different curves show different values of the extinction ratio € of Y polarization, and it
can be seen that with the increase in « and ¢, the ratio gradually approaches 1. When the
results of iy = 71/2 and ¢ = 7 are shown in Figure 11b,c, it can be seen that when the
values of « and ¢ are close to those of ordinary commercial modulators, that is, «, & > 30dB,
the amplitude fluctuation is within the range of 6.5%. Figure 12 shows the changes in the
output signal phase under different conditions. When ¢ = 0 and i = 7, the synthesized
phase meets the ideal situation, that is, o = T + ¢, while ¢ = 71/2, when &, ¢ > 30dB, the
error of the synthesized phase is less than 3.8°.

Figure 11. The variation in the microwave signal amplitude ratio between the nonideal state and
ideal state with the polarization extinction ratio « at different polarization extinction ratio € settings.
(@iny=0,(b)inyp =m/2and (c)in ¢ = 7.
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Figure 12. Relationship between the phase change of the output signal with the polarization extinction
ratio « at different polarization extinction ratios ¢ in the fundamental frequency mode. (a) in ¢y =0,
(b)inyp =m/2and (c)in¢p = 7.

Similarly, in the doubling frequency mode, the output expression of the DP-DPMZM
can be written as

_ { Alexp(jllwo + @0}t + F) + o expljl(wo — wro)t + F1)] &% }
Ebp-ppmzu(!) { Clexp(jl(wn — wio)t + §)) + ¢ exp(jllwo +wio)t+ E)) &y | OO

At this time, the output photocurrent of the PD is
(A%2a71 4+ C%e71) cos(2wiot)
I(t) ~ 1.1 , (27)
+ACa™ e " cos(2wrot — ) + AC cosRwrot + )

It also contains phase-coded signals and intensity-coded signals. In an ideal case, the
phase of the output signal is ¢ and the amplitude is AC. Simplifying the above formula
can be expressed as

I(t) = Lcos(Rwrot + 1), (28)

where the synthesized amplitude L = /& + (—x)* and the synthesized phase

v = arctan [—%‘] The amplitude of the synthesized signal is the same as that of the

fundamental frequency mode; that is, when the polarization extinction ratio is in the com-
mercial range, the synthesized amplitude is almost unaffected by polarization crosstalk
and is close to the ideal state. Figure 13 simulates the change in the synthetic phase in the
doubling frequency mode, and it can be seen that when the polarization extinction ratio
reaches 30 dB, the phase shift error is less than 3.8°.

Figure 13. Relationship between the phase change of the output signal with the polarization extinction
ratio « at different polarization extinction ratios ¢ in the doubling frequency mode. (a) in ¢ = 0,
(b)iny =m/2and (c)inyp = 7.

5. Conclusions

A photonics-assisted binary/quaternary phase-coded microwave signal generator
with a fundamental/doubling carrier frequency has been proposed and demonstrated.
The proposed doubling carrier frequency enables the generator to work in a frequency
range well in excess of the frequency range of the LO source. An integrated waveguide
PDC-PM has been designed and fabricated. The PDC-PM is driven by two independent
two-level digital signals, and a binary or quaternary phase-coded signal can be realized
by reasonably setting the amplitudes and sequence pattern. The two independent two-
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level digital signals can be directly generated through the IO interfaces of FPGA, instead
of using high-speed AWG or other DAC systems to generate multilevel coding signals.
In addition, the influence of residual carrier suppression and polarization crosstalk in
non-ideal states on phase shifting has also been analyzed. Both binary and quaternary
phase-coded microwave signals with frequencies of 5 GHz and 14 GHz in fundamental
and doubling carrier frequency modes are generated. The experimental results show that
it has good phase recovery accuracy and pulse compression performance. The proposed
scheme features a compact configuration, large operational frequency range, and great
tolerance to chromatic dispersion, which can be employed in high-frequency and wideband
radar systems. However, it is still a challenge to solve the problems of carrier residual
and polarization crosstalk. Therefore, in the future, we can try to design and fabricate an
integrated device with a high polarization extinction ratio and modulation extinction ratio
on thin film lithium niobate to avoid the impact of these problems as much as possible. In
addition, the DP-DPMZM and PDC-PM used in the experiment were both manufactured
based on lithium niobate material, which also provides the possibility of integrating them
into a thin film of lithium niobate in the future.
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Appendix A

The PDC-PM modulator is fabricated on a lithium niobate (LN) platform that adopts
the Ti diffusion process. Ti diffusion only needs to occur in the waveguide part that
conducts optical signals. Therefore, during the diffusion process, other parts need to be
shielded. A Cr barrier layer is formed on the lithium niobate substrate by sputtering,
and then the waveguide pattern is transferred to the surface of lithium niobate through
processes such as bonding, lithography, development, etching, and so on. Ti diffusion
operation is then achieved on the exposed surface of lithium niobate. Finally, the device is
fabricated through annealing and electrodes.

In the modulation section of the waveguide, because lithium niobate is a uniaxial
crystal, the linear electro-optical coefficients in different directions are different. The chip
substrate is X-cut (along the crystal axis of the lithium niobate crystal), with light conducting
in the Y direction and the modulated electric field mainly in the Z direction, as shown in
Figure Ala.

Figure A1. Structure and principle of the waveguide and electrode in PDC-PM. (a) The direction of
electric and light field in chips, (b) structure of the waveguide and electrode in PDC-PM.

Due to the Pockels effect of lithium niobate waveguides, changes in the refractive
index of the waveguide can be achieved with an external electric field. In LN crys-
tals, when an electric field is applied on the z-axis, as shown in Figure Ala, the electro-
optic coefficients corresponding to extraordinary and ordinary are 33 (~30.8 pm/V) and
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713 (~8.6 pm/V), respectively. Therefore, the refractive indices corresponding to extraordi-
nary and ordinary are as follows

1
{nx =n, — An,, An, = j'ylgng’E;

Ny = Ne — An,, An, = %73371?155 (A1)
where 1, and 1, are the refractive index of extraordinary and ordinary waves, respectively,
and E is the intensity of the electric field applied in the z-axis direction.

When the polarization multiplexed optical signal is input into the Ti diffusion waveg-
uide, the X polarization state corresponds to the extraordinary wave, and the Y polarization
state corresponds to the ordinary wave. While applying a voltage to the waveguide through
electrodes, the changes in the waveguide refractive index, which result in a phase change
of the two polarized optical signals can be written as

2
@x = S An,L
{(Py = 2irAnoL (A2)

where A is the wavelength, and L is the electrode length.

Therefore, when the polarization multiplexed optical signal is modulated by an exter-
nal electric field through a Ti diffusion phase modulator, which will introduce an optical
phase ¢, and ¢, to each of the two orthogonally polarized signals, and the optical phase
difference (¢» — ¢y ) is linearly related to the voltage of the PDC-PM. This is followed by a
45° polarizer, and the optical phase difference at the input of the PD is given by

27
Px— @y = T(Ane — An,)L (A3)

With the production process, electrode parameters, and the overlap integral of the
light field passing through the electrode area and electric field, and so on, the modulation
efficiency of X polarization is approximately 3 times that of Y polarization. Figure Alb
shows the structure of a PDC-PM, which includes two polarization-dependent phase
modulators, each of which contains an RF port.
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