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ABSTRACT A photonic approach to generate multiform microwave frequency shift keying (FSK) signal is
proposed. In the scheme, a dual-polarization quadrature phase shift-keying (DP-QPSK) modulator along with
a polarization controller (PC) is employed to generate two orthogonally polarized signals containing specific
optical sidebands, and a following tunable filtering switch (TFS) serve as optical sidebands selector. From a
theoretical analysis, when the modulators in the scheme are properly biased, we can obtain microwave FSK
signal with frequency multiplication factors of 2/4 or microwave FSK signal with flexible tunable subcarrier
frequencies. Simulations are conducted to verify the proposed scheme. 10/20GHz and 8/12GHz microwave
FSK signals are successfully generated, and the frequency tunability is also demonstrated. In addition,
the impact of the non-ideal parameters is analyzed, and the results show that the scheme has good immunity to
the small parameters deviation (within 3°). The distinct advantage of our scheme is that we realize multiform
microwave FSK signal generation based on a single system, which may find applications in high-frequency
multifunction wireless communication system or radar system.

INDEX TERMS Microwave photonics, microwave signal generation, frequency shift keying.

I. INTRODUCTION

Microwave frequency shift keying (FSK) signal, featuring
strong anti-jamming ability and anti-interception ability, has
been widely used in wireless communication, radar, elec-
tronic warfare systems [1], [2]. Traditionally, the generation
method of microwave FSK signal is based on electronic
devices in the electrical domain, resulting in the limited oper-
ating frequency, small tunability and low bit-rate due to the
well-known electronic bottleneck.

Compared to its electrical counterparts, photonic genera-
tion of microwave FSK signal has many advantages including
broad bandwidth, low loss, large tunability and immunity
to electromagnetic interference [3], [4]. So far, various pho-
tonic solutions to generate microwave FSK signal have been
proposed. These microwave FSK signals usually can be
classified into two forms. One is that the subcarriers of
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the microwave FSK signal have a fixed multiple relation-
ship [5]-[7], and the other is that the subcarriers can be tuned
flexibly [8]-[14].

In [5] and [6], the binary coding signal is sent into a
Mach-Zehnder modulator (MZM) to switch the bias point
between quadrature transmission point (QTP) and minimum
transmission point (MITP), then a microwave FSK signal can
be obtained after photodetection, and its two subcarriers are
respectively the fundamental and doubling frequency of the
input RF signal, which can be also understanded that the
two subcarriers have frequency multiplication factors (FMF)
of 1 and 2. Therefore, we express the obtained signal as
the microwave FSK signal with FMF of 1/2. To increase
the FMF, a cascaded structure containing a dual-polarization
quadrature phase shift keying (DP-QPSK) modulator and
a polarization modulator (PolM) is proposed in [7]. Two
double-sideband (DSB) modulated signals with orthogonal
polarization states are output from DP-QPSK modulator, and
then experience complementary phase modulations in the
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PoIM driven by a binary coding signal. Finally, a microwave
FSK signal with FMF of 4/8 can be obtained after photode-
tection. The advantage of this form of microwave FSK signal
is that high-frequency subcarriers can be obtained through the
low-frequency RF input signal and the operating bandwidth
is very large, making it suitable for sophisticated electronic
warfare systems. However, the fixed multiple relationship
between the subcarriers may limit its applications for some
scenarios, where more flexible subcarriers is highly desired.

In [8]-[10], the polarization direction of optical carrier
is switched by a PolM and then inject into a polarization-
dependent parallel structure, in which two MZMs are placed
in parallel. By adjusting the two MZMs to work at the MITP,
microwave FSK signal can be obtained. In [11] and [12], only
a polarization-division-multiplexed MZM is used to generate
microwave FSK signal by adjusting the bias point of two
MZMs to switch between QTP and MITP. In [13], a PolM
also acts as a polarization switch, and a polarization main-
taining fiber Bragg grating (PM-FBG) is employed to select
different optical sideband in different polarization directions,
then the output optical sideband is combined with a tunable
optical source and sent into a photodetector (PD) to generate
microwave FSK signal. In [14], a traveling-wave silicon mod-
ulator is designed to act as a tunable filtering switch (TFS).
In the scheme, one of two DSB modulated optical signals is
selected by the TFS, which is controlled by a binary coding
signal, and then microwave FSK signal can be obtained after
photodetection. The above schemes can obtain microwave
FSK signals with flexibly tunable subcarriers, but two radio
frequency (RF) input signals or an additional tunable optical
source are required, and the FMF can only reach 2.

In this paper, we propose a photonic approach to gener-
ate the aforementioned two forms of microwave FSK sig-
nals based on a single system, which is mainly contains a
DP-QPSK modulator and a TFS. By adjusting the RF driving
signals and the DC bias voltages of the DP-QPSK modula-
tor, its output signal will contain specific optical sidebands.
And the TFS serves as optical sidebands selector. Microwave
FSK signal with FMF of 2/4 and microwave FSK signal
with flexible tunable subcarrier frequencies are generated in
this system. Besides, the system has good immunity to the
deviation of non-ideal parameters. The distinct advantage of
our scheme is that we realize multiform microwave FSK
signal generation based on a single system, making up for the
shortcomings of either of these two forms of microwave FSK
signal, enabling the scheme to accommodate more flexible
applications.

Il. THEORY AND PRINCIPLE

The schematic diagram of the proposed multiform microwave
FSK signal generator is shown in Fig. 1. In the scheme,
an optical carrier from a laser diode (LD) is sent into a
DP-QPSK modulator. The DP-QPSK modulator contains two
dual-parallel MZM (DPMZM), a 90° polarization rotator
(PR) and a polarization beam combiner (PBC), which can be
seen in Fig. 2. With the joint use of the followed polarization
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FIGURE 1. Schematic diagram of the proposed multiform microwave FSK
signal generator. LD: laser diode. MSG: microwave signal generator.
DP-QPSK: dual-polarization quadrature phase shift keying. PC:
polarization controller. PBS: polarization beam splitter. PM: phase
modulator. PPG: pulse pattern generator. PBC: polarization beam
combiner. Pol: polarizer. PD: photodetector.

controller (PC) and polarization beam splitter (PBS), the out-
put signal of the DP-QPSK modulator will be polarization
separated into two paths, then one of the two paths enters
the TFS and undergoes sideband selection. The TFS is a
parallel structure in which the upper arm contains an optical
tunable delay line (OTDL) and the lower one contains a phase
modulator (PM). Finally, the two paths optical signal are
recombined and inject into a PD for photodetection. As a
result, by adjusting the RF input signals, DC bias of the DP-
QPSK modulator and the optical delay of the OTDL, two
forms of microwave FSK signals can be obtained.

A. FSK WITH FMF OF 2/4

Fig. 2 shows the configuration of DP-QPSK modulator for the
generation of microwave FSK signal with FMF of 2/4. The
RF driving signal from a microwave signal generator (MSG)
is divided into two parts, one part sent into MZM; directly
and the other part sent into MZMy after 45° phase shift. The
remaining two RF ports of MZM, and MZM3 are empty. The
bias voltages are adjusted to make ¢; = @4 = 0°, @3 =
180°. Meanwhile, ¢, is adjusted to make the amplitude of
the optical carrier output from MZM;~/2 times to the optical
carrier output from MZM;. Supposing that the expression
of the RF driving signal is V, sin(w,t), where V, and w,
are respectively the amplitude and angular frequency. Then
the output signals of MZM; (i = 1,2,3,4) can be expressed
as[15]:

Er = 21 (Jom) -+ 1m) P 4y ) ()
Ein 2Ein
By = 1 cos(2) = gfo(m) @)
_ Ein(t) ﬁ _
E; = > cos(z)—O (3)
B — Ein(1) ( To(m)~+To(m) &2 472 4 1o (m) e—jzw,z—nﬂ)

“)

where E;,(¢) is the output of LD. m represents the modulation
index and equals to 7 V,/V,, V; is the half-wave voltage of
the MZMs. « and B are respectively the bias phase of MZM>
and MZM 3. J,, denotes the nth-order Bessel function of the
first kind. It should be noted that the optical sidebands with
orders higher than 2 are ignored for the sake of low power.
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FIGURE 2. The configuration of DP-QPSK modulator for the generation of
microwave FSK signal with FMF of 2/4. PS: phase shifter. PR: polarization
rotator.

The main bias voltages of the DPMZM; and DPMZM; are
respectively tuned to introduce a phase shift of 135° and 90°,
ie., o5 = 135° and ¢ = 90°. Thus, the output of the DP-
QPSK modulator can be written as:

Epp-gpsk
_ | Eppvzmi | _ Q E| 4 Exe™/*
Eppvzv2 2 | E3 + E4é™/?

. E; (1) Jo(m)e{n/Z + Jo(m) el:Za)rt +]2(m) e*ijr‘t
= Zﬁ Jo(m)gln/2+J2(m) e/Zwrt+j7r + Jo(m) e—ﬂwrl
(5

From Eq. (5), we can see that the optical carriers and
—2nd-order sidebands in two polarization states are in phase
while the 4+2nd-order sidebands are out of phase. Therefore,
when PC is adjusted to rotate the polarization direction of the
signal to have an angle of 457 with respect to the principle
axis of the PBS, the two outputs of the PBS (PBS-x and
PBS-y) are as follows:

[EPBSx] _ \/_5 |:EDPMZM1 - EDPMZM2i|
Epgs—y | 2 | EppmzMmi + Eppmzv2
Ein(t) [ Jo(m) e?rt

4 [Jo(m)ef”/ 2+ Jo(m) eI2er! ]

Epps =

(6)

As can be seen, the 4+2nd-order sideband is polarization
separated from the optical carrier and the —2nd-order side-
band. After that, the optical carrier and the —2nd-order side-
band are routed to the TFS, which has a frequency response
as below:

H(w) = %(eie + e_j‘”) — JO—0D)/2 oo (Q—I—Ta)t) o

where 8 = ms(t)/Vpm represents the phase shift introduced
by the PM, s(¢) is the binary coding signal generated by a
pulse pattern generator (PPG), Vpy is the half-wave voltage
of the PM. 7 denotes the time delay between the two parallel
paths which can be tuned by the OTDL. It should be noted
that we did not consider the attenuations of the two paths to
simplify the analysis. In practical applications, when proper
device (such as kylia WT-MINT) is used to perform the
function of the TFS, an adjustable attenuator embedded in one
path can balance the optical power between the two paths.
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Assuming that the Ej,(t) = exp(jw.t), where w, is the
angular frequency of optical carrier, then the output of TFS
can be written as:

T weT 9 T
T I FE ) cos (= + 25
et ' 92 . 2
Etps = +Jo(m) e/ C2orttortty —55) 8)
4 o
WeT
cos(E + T w;T)

For simplify, we assume that w.t/2 = 2km, k is equal
to an integer. It should be noted that even if w.t/2#2km,
we can compensate for it by adding a bias A6 to the amplitude
of s(t) to realize w.t/2+A6 = 2km. Therefore, we default
w.t/2 = 2km. Setting the time delay t to satisfy w,t = n/2,
and adjusting the amplitude of s(¢) to make 6 = & when s(¢)
is bit ‘0’ and & = 0 when s(¢) is bit ‘1’. As a result, Eq. (8)
can be rewritten as:

Jz(m)e/(wc—Zwr)t-i-jn for s(t) = bit'0/

Etps = J ?m) )
SO gt +iT/2 for s(t) = bit'l!

The output of TFS will recombine with the +2nd-order
sideband by a polarization beam combiner (PBC) and a polar-
izer, and undergo optical to electrical conversion in the PD,
we obtain:

J3(m) cos(dw,t — 1) for s(t) = bit'0/
Jo(m)J2(m) cosQRuw,t — w/2) for s(t) = bit'l’
(10)

As can be seen, a microwave FSK signal is obtained with
frequency multiplication factors of four for bit ‘0’ and two
for bit ‘1’, respectively. Note that when the modulation index
m is adjusted to 1.841, Jo(m) = Jo(m), the two subcarrier
frequencies of the FSK signal have uniform amplitude. Fig. 3
depicts the schematic diagram of the spectra at the output
of different devices, in which the output of DP-QPSK mod-
ulator corresponds to point a in Fig. 1, the output of PBS
corresponds to point b and ¢ in Fig. 1, and the output of Pol
corresponds to point d in Fig. 1.

B. FSK WITH TUNABLE SUBCARRIER FREQUENCIES

Fig. 4 shows the configuration of the DP-QPSK modulator
for the generation of microwave FSK signal with tunable
subcarrier frequencies. The RF driving signal is divided into
two parts, one part sent into MZM after 90° phase shift and
the other part sent into MZM> directly, the bias voltages are
adjusted to make 1 = ¢ = 180°, ¢5 = —90°. This way,
the obtained optical signal output from DPMZM; mainly
contains the —Ind-order sideband [16]. Another RF driving
signal is also divided into two parts, one part sent into MZM3
directly and the other part sent into MZMy4 after 90° phase
shift, the bias voltages are adjusted to make @3 = ¢4 = 0°,
¢ = 180°, then the obtained optical signal output from
DPMZM; mainly contains the +2nd-order sidebands [17].
Supposing that the expression of the two RF driving signals

109867



IEEE Access

N. Li et al.: Photonic Generation of Multiform Microwave Frequency Shift Keying Signal

H(w) of TFS

the output of Pol (d)

FIGURE 3. The schematic diagram of the spectra at the output of different
devices (DP-QPSK modulator, PBS and Pol) and the H(w) of TFS.

‘MSG‘;}

®

FIGURE 4. The configuration of DP-QPSK modulator for the generation of
microwave FSK signal with tunable subcarrier frequencies.

are V,1 sin(w,1t) and Vo sin(w,t), respectively. Then the
output of the DP-QPSK modulator can be expressed as:

EppmzMi i|
Eppmzv2

_ En(®) [ J1(my) e TeniHm

22 [Jz(mz) &2t 4 J(my) e—ﬂwﬂf}

Epp.gpsk = |:

(11)

where m; (i = 1,2) denotes the modulation index and equals
to 7 V,i/V. The followed PC is adjusted to rotate the polar-
ization direction of the signal to align with the principle
axis of the PBS. As a result, the Eppmzmi and Eppmzmv2
are respectively output from the two ports of the PBS and
the Eppmzm2 Will route to the TFS. According to Eq. (7),
the output of TFS can be written as:

. 0
goct [ Ja(mp)ed?nt=enT0/D cos(Z 4 o, 1)
Etrs=—+ ,
2v2 +Ja(my) & T2enitenT+60/2) cos(% —wp,T)
(12)

Setting the time delay 7 to satisfy w,,t = n/4, and
adjusting the amplitude of s(¢) to make & = m/2 when s(¢)
is bit ‘0’ and 8 = —m/2 when s(¢) is bit ‘1°. Then Eq. (12)
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FIGURE 5. The schematic diagram of the spectra at the output of different
devices (DP-QPSK modulator, PBS and Pol) and the H(w) of TFS.

can be rewritten as:
J2(m3)

232

120 w2712 por () = i1’

272
After the PBC and the polarizer, the output of TFS will
recombine with the Eppymzmi and undergo photoelectric con-
version in the PD, we obtain:

202 for s(1) = bit'0f

ETps = (13)

cos(|20r, —wn |t = 3) for sty = bir'0
Ianc . (14)
cos(|2a),2 + w, | t+ 5) for s(t) bit'l’

It can be found from Eq. (14) that a microwave FSK signal
with two subcarrier frequencies |2w;» — w,1| and [2w,2 +
wy1]| is successfully generated. Supposing that a microwave
FSK signal with two subcarriers of 30GHz and 32GHz is
wanted for millimeter wave communication, our scheme can
set w,1 = 1GHz and w,»= 15.5GHz, which indicates that we
only need a low-frequency RF input and a high-frequency RF
input to generate the high-frequency microwave FSK signal,
and the two subcarrier frequencies can be continuously tuned
by adjusting the low frequency RF input w,;. In contrast,
the schemes in [11] and [12] need two RF inputs at 15GHz
and 16GHz to achieve the same task, which increases the
requirements for RF sources. Fig. 5 depicts the schematic
diagram of the spectra at the output of different devices.

Ill. SIMULATION RESULTS AND DISCUSSION
A simulation system based on Fig.1 is built up to verify the
performance of the proposed scheme. The adopted parame-
ters of the system are set according to actual device parame-
ters which are listed in Table.1. The MSG'" is employed in
the generation process of microwave FSK signal with FMF
of 2/4, and the MSG'® is employed in the generation process
of microwave FSK signal with flexible tunable subcarrier
frequencies.

When it comes to the generation of microwave FSK signal
with FMF of 2/4, the DP-QPSK modulator is configured as
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TABLE 1. Platform: Optisystem.

Device Parameters
Frequency: 193.1 THz
Laser Power: 16 dBm

Linewidth: 10 MHz
Extinction Ratio: 30 dB
MZM half~wave Voltage: 4 V
Insertion Loss: 5 dB
Frequency: 5 GHz

(1)
MSG Amplitude: 2.34 V.
Frequency: 2 GHz and 5 GHz
2)
MSG Amplitude: 1V
PD Responsivity: 1 A/W
PPG Rise/Fall time: 0.05 bit

shown in Fig. 2. The frequency of the RF driving signal is set
to SGHz and the amplitude is set to satisfy m = 1.841. Since
the outputs of DPMZM| and DPMZM, have the same optical
spectrum, only one of them is shown in Fig. 6(a). As can
be seen, the optical carrier and £2nd-order sidebands are
retained and have identical amplitude. In addition, the optical
spurious suppression ratio (OSSR) is 25.11dB so that the
influence of undesired sidebands can be ignored due to their
much lower power than that of the desired sidebands. The
rotation angle of PC is set to 45°. Fig. 6(b) shows the spectra
at the output of PBS, in which the optical carrier and the
—2nd-order sidebands (red color) are output from the y port
of PBS while the +2nd-order sideband (blue color) is output
from the x port. The results are consistent with the theoretical
analysis.
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FIGURE 6. The spectra at the output of (a) DPMZMs and (b) PBS.

The optical carrier and the —2nd-order sideband are then
routed to the TFS. The time delay t is adjusted to 50ps to
satisfy w,t = m/2. When the binary coding signal is bit
‘1°, its amplitude is set to OV, then the frequency response
of TFS is shown as the green line in Fig. 7(a). And when the
binary coding signal is bit ‘0’, its amplitude is set to 4V, then
the frequency response of TFS is shown as the red line in
Fig. 7(a). Fig. 7(b) shows the optical spectrum at the output
of the TFS in the cases that the binary coding signal is all
bit ‘1’ (red line) or all bit ‘O’ (blue line). As can be seen,
the —2nd-order sideband is filtered and the optical carrier is
retained with an OSSR of 25.10dB when binary coding signal
is all bit ‘1’. Conversely, the optical carrier is filtered and the
—2nd-order sideband is retained with an OSSR of 38.91dB
when binary coding signal is all bit ‘0’.

VOLUME 9, 2021

for s()=bit "1’
for s()=bit "0’

-10
£-20
5-30
.40

-50

193.08  193.09 193.10 193.11  193.12
Frequency (THz)

FIGURE 7. (a) the frequency response and (b) the output optical spectrum
of TFS.

Finally, the binary coding signal is set to have a pattern
of “010011” with a bit rate of 1-Gbit/s, then we obtain a
microwave FSK signal at the output of PD. In Fig. 8(a),
the electrical spectrum of the generated FSK signal is shown
and there are two subcarrier frequencies at 10GHz and
20GHz, indicating that the frequency multiplication of 2/4 is
successfully implemented. Besides, the power of the two
spectral components is more than 24.62dB higher than
other spurious spectral components, which means that the
generated microwave FSK signal has high electrical spec-
trum purity. Fig. 8(b) shows the waveform of the generated
1-Gbit/s 10/20GHz microwave FSK signal, in which the
frequency jump can be clearly observed and the recovered
binary data (red line) obtained by coherent demodulation is
also shown. It is noticed that the curve of recovered binary
data is consistent with the binary coding signal.

24.62dB

Power (dBm)
' ' ' '

0 10 20 50
Frequencv (GHz)

1 (b)

! WWW”W“WWH“ ‘WWH 'WWW\“} %i :

0. m

Amplitude (mV)

Tlmc (ns)

FIGURE 8. (a) the electrical spectrum and (b) the waveform of the
generated 1-Gbit/s 10/20 GHz microwave FSK signal.

On the other hand, when it comes to the generation of
microwave FSK signal with flexible tunable subcarrier fre-
quencies, the DP-QPSK modulator is configured as shown
in Fig.4. The frequency and amplitude of MSG1 are respec-
tively set to 2GHz and 1V, then the output optical spectrum of
DPMZM; is shown in Fig. 9(a), in which the — 1 st-order side-
bands are retained with an OSSR of 30.29dB. The frequency
and amplitude of MSG2 are respectively set to SGHz and
4V, then the output optical spectrum of DPMZMj; is shown
in Fig. 9(b), in which the +2st-order sidebands are retained
with an OSSR of 37.77dB. The rotation angle of PC is set
to 0°. Therefore, the signal in Fig. 9(a) is output from the
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FIGURE 9. The output optical spectrum of (a) DPMZM,; and (b) DPMZM,.

x port of PBS while the signal in Fig. 9(b) is output from the
y port, and then routed to the TFS.

The time delay 7 of the TFS is adjusted to 25ps to satisfy
w»T = m/4. The amplitude of the binary coding signal is
set to 2V for bit ‘0’ and —2V for bit ‘1’, then the frequency
response of TFS is shown in Fig. 10(a). Fig. 10(b) shows the
optical spectrum at the output of the TFS in the cases that the
binary coding signal is all bit ‘1’ (red line) or all bit ‘0’ (blue
line). As can be seen, the +2st-order sideband is retained
with an OSSR of 37.45dB when binary coding signal is all
bit ‘1°, conversely, the —2nd-order sideband is retained with
an OSSR of 36.92dB when binary coding signal is all bit ‘0.

for s(1)=bit '1"
for s(1)=bit '0’

Power (dBm)

193.06  193.08 193.10  193.12 193.14
Frequency (THz)

FIGURE 10. (a) The frequency response and (b) the output optical
spectrum of the TFS.

Similarly, the binary coding signal is also set to have a
pattern of “010011” with a bit rate of 1-Gbit/s, then we
obtain a microwave FSK signal at the output of PD, whose
electrical spectrum and waveform are respectively shown
in Fig. 11(a) and (b). As can be seen, the two subcarrier
frequencies satisfy |2 x 5+2|GHz, which agrees well with
the conclusion in Eq. (13). In addition, the RF spurious
suppression ratio (RFSSR) can reach 22.69dB, which means
high purity of the electrical spectrum.

It is worth mentioned that the two subcarrier frequencies
can be tuned flexibly. For example, when we adjust the
frequency of MSG1 from 2GHz to 6GHz by 1GHz steps,
the instantaneous frequency of the generated microwave FSK
signal is shown in Fig. 12, which is obtained by Hilbert
transform. As can be seen, the two subcarrier frequencies
are respectively equal to 4/16GHz, 5/15GHz, 6/14GHz and
7/13GHz as the frequency of the MSG1 changes.

The aforementioned theoretical analysis and simulation
results show that two forms of the microwave FSK signal can
be successfully generated, enabling the scheme to accommo-
date more flexible applications. This is mainly benefit from
the joint use of DPQPSK modulator, PC and PBS. DP-QPSK
modulator is widely used in microwave signal generation [18]
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FIGURE 11. (a) The electrical spectrum and (b) the waveform of the
generated 1-Gbit/s 8/12 GHz microwave FSK signal.
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FIGURE 12. The instantaneous frequency of the generated microwave
FSK signal at MSG1 frequency of 2/3/4/5/6 GHz.

and [19], frequency conversion [20] and other fields since
it can perform many different functions due to the rich RF
and DC interfaces. In [18], all four sub-MZMs of DPQPSK
modulator are set to generate even-order optical sidebands.
In [19], the DC biases of DPQPSK modulator is carefully
adjusted to control the power ratio between each optical
sideband, so as to realize the generation of triangular wave
or square wave. In [20], both the two DP-MZMs of DPQPSK
modulator are set to generate & 1st optical sidebands. While in
our scheme, the DP-QPSK modulator is employed to generate
two orthogonally polarized signals containing specific optical
sidebands, which are then polarization separated into two
paths with the joint use of PC and PBS. Finally, the TFS con-
trolled by a binary coding signal serve as optical sidebands
selector to filter out the unwanted sideband of one path. With
their cooperation, we can perform the generation of two forms
microwave FSK signals.

It should be pointed out that there are various non-ideal
factors in the actual experimental environment, which lead
to the deviation of the parameters from theoretical value,
such as the phase value of the PS, the rotate angle of PC
and the DC bias, thus resulting in the deterioration of the
signal quality. Due to the limited experimental conditions,
we cannot carry out experimental verification for the time
being. Therefore, taking the generation of microwave FSK
signal with a tunable subcarrier frequency as an example,
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we will discuss the impact of non-ideal parameters on the
signal quality through simulation analysis.

Fig.13 (a) shows the impact of non-ideal phase shift on the
OSSR of the output spectrum of DPMZM; (blue color) and
DPMZMj (red color). Fig.13 (b) and Fig.13 (c) respectively
show the output optical spectrum of DPMZM| and DPMZM,
when the phase deviation is 3°. As can be seen, the non-ideal
phase shift increases the power of higher-order spurious side-
band components (green circle). However, these spurious
sideband components are still not the one with the maximum
power when the phase shift deviation is less than 3°, so they
have little effect on the OSSR of the output spectrum of two
DPMZMs.

(@) [—=—the OSSR at the output of DPMZM1
—o—the OSSR at the output of DPMZM2 ||

OSSR (dB)
w
0N

193.092 193.096 193.10 193.104 193.108 193.06 193.08 193.10 193.12 193.14
Frequency (THz) Frequency (THz)

FIGURE 13. (a) the OSSR of the output spectrum of two DPMZMs when
phase deviation is within 3°. (b) the output optical spectrum of DPMZM,
when the phase shift is 87°. (c) the output optical spectrum of DPMZM,
when the phase shift is 93°.

Fig.14 (a) shows the impact of non-ideal rotate angle on
the OSSR of the output spectrum at PBS-x (blue color) and
PBS-y (red color). Fig.14 (b) and Fig.14 (c) respectively show
the output optical spectrum at PBS-x and PBS-y when the
rotate angle deviation is 3°. As can be seen, the non-ideal
rotate angle results in the crosstalk of the two polarization
states, resulting in the decrease of OSSR value. However,
the OSSR value can still be guaranteed to be higher than
20 dB when the rotate angle deviation is within 3°, which
is acceptable for the system performance.

In actual situations, the phase shift of PS and the rotate
angle of PC may deviate simultaneously, which will affect
the system performance to a greater extent. In order to discuss
the joint influence of these two non-ideal parameters on the
quality of the generated signal, we set both the phase devia-
tion and the rotate angle deviation to 3°, then we obtain the
8/12 GHz microwave FSK signal, whose electrical spectrum
and waveform are showed in Fig.15 (a) and (b). Compared
with Fig.11, we can clearly see that the RFSSR decreases
from 22.69dB to 17.50dB due to the increase power of the
spurious sideband component at 20GHz, and the waveform
has also deteriorated. The reason for this result is that the
non-ideal phase shift and non-ideal rotation angle cause the

VOLUME 9, 2021

(a) [ —=—the OSSR at the output of PBS-x
—o— the OSSR at the output of PBS-y

0| by’

E-20
=)

=-30
540
~-50"

193.092 193.096 193.10 193.104 193.108 193.06 193.08 193.10 193.12 193.14
Frequency (THz) Frequency (THz)

FIGURE 14. (a) the OSSR of the output spectrum at PBS-x and PBS-y
when rotate angle deviation is within 3°. (b) the output optical spectrum
at PBS-x when the rotate angle is —3°. (c) the output optical spectrum at
PBS-y when the rotate angle is +3°.
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FIGURE 15. (a) the electrical spectrum and (b) the waveform of the
generated 1-Gbit/s 8/12 GHz microwave FSK signal when both the phase
deviation and the rotate angle deviation are 3°.

increase of the power of the unwanted optical sidebands (as
can be seen in Fig. 13 and Fig. 14), which then leads to the
power increase of the unwanted frequency components in the
electrical spectrum. However, the frequency jump can still be
clearly observed and the recovered binary data (red line) is
also consistent with the binary coding signal. Then we adjust
the frequency of MSG1 from 2GHz to 6GHz by 1GHz steps,
and the instantaneous frequency of the generated microwave
FSK signal can be obtained, as shown in Fig. 16, in which
the subcarriers with different frequencies can also be clearly
distinguished. Therefore, as long as the deviation is controlled
within 3°, the system performance can be guaranteed.

The DC bias drift is another important non-ideal factor
that should be concerned. As we all know, a well-researched
and commercialized feed-back bias control technology can
be applied to mitigate its impact. However, considering there
are many DC biases need to be controlled in the scheme, it is
still necessary to investigate the influence of the slight DC
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FIGURE 16. The instantaneous frequency of the generated microwave

FSK signal at MSG1 frequency of 2/3/4/5/6 GHz when both the phase
deviation and the rotate angle deviation are 3°.

TABLE 2. FSK signal with FMF of 2/4.

FSK signal with FMF of 2/4
Vi Ve v Vs o Ve v Vs L Vs
0 282 0 4 . 0 3 1 2
FSK signal with Tunable Subcarrier Frequencies
V] : Vg : V3 : V4 : V5 : Vﬁ
4 T 4 10 1 0 T 2 1 4

bias drift on signal quality. In the theoretical analysis, we use
@i (i = 1,2,...,6) to denote the phase shift introduced by DC
bias, and in the simulation work, the corresponding DC bias
Vi(i=1.2,...,6)is given in Table. 2.

Here, we discuss the impact of DC bias drift on the OSSR
of the output spectrum of DPMZM; when the voltage devi-
ation is 0.1V, and the result is shown in Fig.17. Since the
V3 is grounded in actual situations, the drift of V3 is not
considered. As can be seen in Fig.17, the OSSR decreases
as the V| and V, deviate from ideal value 4V, and when
Vi and V, are deviate to 3.9V, the OSSR decreases from
the maximum value of 30.29dB to 24.6dB, resulting in the
deterioration of signal quality. However, since the OSSR is
still higher than 24dB, the signal quality can be guaranteed.

OSSR (dB)

4 4
Bo395 39739 395

FIGURE 17. The impact of DC bias drift on the OSSR of the output
spectrum of DPMZM1 when the voltage deviation is 0.1V.

Likewise, the DC biases may suffer from drift simultane-
ously, making signal quality worse. In order to observing their
joint influence, all non-zero DC biases are set to deviate from
the ideal value by 0.1V, i.e., Vi =39V, V, =39V, V3 =
—2.1V and V4 = 3.9V. Fig.18 exhibits the electrical spec-
trum and waveform of the generated 8/12 GHz microwave
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FIGURE 18. (a) the electrical spectrum and (b) the waveform of the
generated 1-Gbit/s 8/12 GHz microwave FSK signal when V; = 3.9V, V, =
3.9V, V5 = —2.1V and V, = 3.9V.

FSK signal. Compared with Fig.11, the power of the spurious
sideband components at 2GHz and 20GHz are increased and
the RFSSR decreases from 22.69dB to 16.12dB. Meanwhile,
the waveform has significantly deteriorated. Fortunately, the
frequency jump can still be clearly observed and the recov-
ered binary data (red line) is also consistent with the binary
coding signal.

In addition, the limited manufacturing process may prevent
the time delay 7 of OTDL from ideal value, resulting in the
unwanted optical sidebands cannot be completely filtered out
by TFS. Fig.19 (a) shows the frequency response when t
equals to 25ps, 24.7ps, 24.4ps, 24.1ps. As can be seen, when
the time delay 7 gradually becomes smaller from the ideal
value of 25ps, the frequency response curve will shift to the
left and the period will be slightly expanded. Similarly, when
the delay is larger than the ideal value, the frequency response
curve will shift to the right and the period will be slightly
narrowed.

(a) — T=25ps —1=24.Tps (b) — T=25ps ——1=24.Tps
0 — t=24.4ps — =24.1ps 0 — t=24.4ps — =24.Ips
£-10 E-10
2 2
=20 =-20
530 530
o o
=40 =40
-50 -50

193.06 193.08  193.10 193.12 193.14 193.06 193.08 193.10 193.12 193.14
Frequency (THz) Frequency (THz)

FIGURE 19. (a) the frequency response when t equals to 25ps, 24.7ps,
24.4ps, 24.1ps. (b) the frequency response after a A9 compensation.

According to Eq. (7), we can know that a At will cause
phase change of the amplitude factor cos((6 + wt)/2), thus
making the frequency response curve shift. This problem can
be solved by adding a A6 to compensate the phase change.
The A6 and At should satisfy (A6 + wAt)/2 =k, (k =
1,2,3...). Fig.19 (b) shows the frequency response after a A
compensation, where A6 = 0.06mr for T = 24.7ps, A6 =
0.127 for T = 24.4ps and AO = 0.18x for T = 24.1ps.
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FIGURE 20. (a) the filtering process in TFS when 7 = 25ps. (b) the filtering
process in TFS when v = 23.5ps.
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FIGURE 21. (a) the output optical spectrum of the TFS. (b) the OSSR of
the output spectrum at TFS when time delay deviation is within 1.5ps.

The filtering process in TFS shows in Fig.20. When
T = 25ps, the optical sidebands are located exactly in
the peak/valley of the frequency response curve. And when
T = 23.5ps, the optical sidebands deviate slightly from the
peak/valley of the frequency response curve whose period is
expanded. Fig.21 (a) shows the output optical spectrum of
the TFS. Compared with Fig.10 (b), the OSSR is slightly
reduced, and the power of higher-order spurious sideband
components (green circle) is increased. However, since the
power is still much smaller, their impact on the signal quality
is very limited. Fig.21 (b) shows the OSSR of the output
spectrum at TFS when time delay t deviation is within 1.5ps,
which can be seen that the value of OSSR almost maintains
stable, indicating that the quality of optical signal can be
guaranteed.

In practice, the accuracy of a common OTDL can reach
the order of ps, and the state-of-art OTDL can reach an order
of fs, which makes the influence of non-ideal time delay on
signal quality greatly reduced. It is worth mentioning that
the time delay 7 may suffer from deviation by environmental
interference, making the phase compensation difficult and
complicated.

Except for the above main non-ideal parameters, there
are some other factors may affect the generated signal
quality in practical applications, such as the low extinc-
tion ratio (ER) of modulators and the amplitude fluctuation
of the input electrical signal. Fortunately, some researchers
have improved the modulators’ structure to achieve more
than 50dB ER [21], [22]. In addition, some high extinction
ratio (HER) modulators have been commercially available
due to the advancement of manufacturing technology. As to
the amplitude fluctuation of the input electrical signal, it is
highly desired that electronic devices with good performance
can be used to generate the binary data and the RF driving
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signal in practice. Furthermore, it is noted that the proposed
system is polarization-dependent. System performance might
be affected due to the variation of the polarization states
of the optical signals under the experimental environment.
Thereby polarization maintaining fibers is preferred to ensure
the system stability. Moreover, polarization state monitor and
feedback control could also be utilized to further improve the
system stability.

It is worth noting that the structure of our scheme
is constructed by discrete components, which makes the
system sensitive to environmental interference and thus
reduces long-term stability. One solution is to integrate the
structure through photonic integrated circuits. Furthermore,
thanks to the development of advanced technologies such
as silicon-based integration and heterogeneous integration,
it is expected to achieve on-chip integrated microwave pho-
tonic system, making the large-scale commercialization of
microwave photonics possible [23], [24]. By then, most tech-
nical solutions will greatly avoid the troubles caused by envi-
ronmental interference and poor system stability.

IV. CONCLUSION

In summary, we have proposed and investigated a photonic
approach to generate multiform microwave FSK signal based
on a DP-QPSK modulator and a TFS. A detailed theoretical
derivation is conducted to analyze the generation process of
microwave FSK signal with frequency multiplication factors
of 2/4 and the generation process of microwave FSK signal
with tunable subcarrier frequencies. In the simulation work,
a 1Gbit/s 10/20GHz microwave FSK signal and a 1Gbit/s
8/12GHz microwave FSK signal are respectively generated,
and the frequency tunability are verified, which agree well
with the theoretical derivation. In addition, the effects of
non-ideal phase value of the PS and non-ideal rotate angle of
PC are discussed, and the results show that this scheme has
good immunity to the small parameters deviation (within 3°).
Compared with the previous works, the proposed scheme
realizes multiform microwave FSK signal generation based
on a single system, which may find applications in high-
frequency multifunction wireless communication system or
radar system.
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