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1. Introduction

Radar detects targets by transmitting and receiving electromag-
netic waves and has strong perception and detection capabil-
ities''). By phase encoding microwave signals, the signal
energy can be more concentrated after matched filtering, which
can improve the pulse compression ratio (PCR) of the radar
waveform and improve the resolution of the radar system!?.
Microwave photonics has the advantages of high frequency,
large bandwidth, reconfiguration, and anti-electromagnetic
interference, and thus photonic generation of phase coded
microwave signals has become a hot topicl™.

Various photonic assisted approaches have been reported to
generate phase coded microwave signals. Frequency-time map-
ping can achieve arbitrary waveform generation'*. However, the
pulse rate and time duration of the generated signals are
restricted by the used spectral shaper. In direct space-time map-
ping technology, a spatial modulator is always involved, which
makes the signal generator lossy and environment sensitive!”’.
Encoding the relative phase of two optical signals is the key
to optical heterodyne®. By equivalently switching the direct
current (DC) bias of the Mach-Zehnder modulator (MZM) at
positive and negative quadrature points, 7 phase coded micro-
wave signals can be generated'”). Based on optical carrier phase
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We focus on photonic generation and transmission of microwave signals in this work. Based on dual-pumped stimulated
Brillouin scattering, a single-sideband (SSB) optical signal with high sideband rejection ratio is obtained. Combined with a
phase-modulated optical carrier, an arbitrarily phase coded microwave signal is generated after photoelectric conversion.
The SSB modulation can eliminate the fiber-dispersion-induced power dispersion naturally, and the phase modulation of the
optical carrier can achieve arbitrary phase encoding and suppress background noise. The proposed scheme can achieve
both generation and anti-dispersion transmission of arbitrarily phase coded signals simultaneously, which is suitable for

Keywords: microwave photonics; phase coded signal; anti-dispersion transmission; optical signal processing.

shifting, binary 7 phase coded microwave signals are produced
after photodetection'®). Phase coded microwave signals can also
be generated by using cascaded modulators, parallel modulators,
and cross polarization modulation effect”~'"!. However, these
schemes only demonstrated the generation of 7z phase encoding.
Actually, an arbitrarily phase coded microwave signal has the
advantages of good periodic correlation and large Doppler tol-
erance, which is also crucial for radar systems''>'. The polariza-
tion division multiplexing modulators can generate two
orthogonally polarized optical sidebands. By aligning the two
sidebands to the two principal axes of a cascading polarization
modulator (PolM), arbitrarily phase coded microwave signals
can be produced?). A fiber Bragg grating and phase modulator
involved Sagnac loop can also realize arbitrary phase encod-
ingm]. In addition, in modern radar networks, the radar signals
generated by the central station need to be transmitted to differ-
ent remote base stations through long-distance optical fibers.
However, during fiber transmission, fiber dispersion will intro-
duce different phase shifts to optical signals and cause power
fading!"”. Therefore, there is an urgent need to establish a radar
signal transmitter that can realize arbitrarily phase coded signal
generation and anti-dispersion transmission.

In this Letter, we propose a photonic transmitter that can gen-
erate arbitrarily phase coded microwave signals and eliminate
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power fading. By making use of the gain spectrum and attenu-
ation spectrum of the dual-pump stimulated Brillouin scattering
(SBS), the +1st-order sideband of the radio frequency (RF) car-
rier-modulated optical signal is amplified, while the —1st-order
sideband optical signal is decreased, thereby obtaining a single-
sideband (SSB)-modulated optical signal with high rejection
ratio. When the SSB-modulated optical signal and the phase-
modulated optical carrier are sent to a photodetector (PD), an
arbitrarily phase coded microwave signal can be generated,
whose center frequency corresponds to the driven RF carrier,
and whose bit rate and phase format agree with the driven cod-
ing signal. In addition, the generated SSB-modulated optical sig-
nal can transform the phase introduced by fiber dispersion to the
phase rather than the amplitude of the recovered microwave
signal in the remote base station so that power fading can be
eliminated. The proposed scheme has promising applications
in one-to-multi radar networks.

2. Principle

Figure 1(A) shows the schematic diagram of the proposed sys-
tem. The optical carrier emitted from a laser diode (LD) is split
into two paths. The upper path constitutes the arbitrarily phase
coded signal generation, and the lower path realizes the SBS
dual-pumped optical signal generation. A dual-parallel dual-
drive MZM modulator (DPDDMZM), which consists of
MZM1 and MZM2 parallel to each other, is the key component
of the upper path. An electrical coding signal V s(¢) is first di-
vided into two parts by an electrical power coupler. Afterwards,
the obtained two identical coding signals are sent to the two RF
input ports of MZM1. Therefore, the output optical signal of
MZM1 can be expressed as

Y

2 . . .
El (t) = T Ec(e](znfct+ﬂss(t)) + e](znfct+ﬂss(t))e](/1DC1 )’ (1)

where E, and f are the amplitude and frequency of the optical
carrier, V, and s(t) are the peak-to-peak amplitude and format
of the electrical coding signal, g, =zV,/V, is the modulation
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Fig. 1. (A) Schematic diagram and (B) principle of the proposed SBS-based
arbitrarily phase coded microwave waveform transmitter.
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index of the coding signal, ¢pc; =7Vpc;/V, is the DC bias
introduced phase shift of MZM1, V¢, is the DC bias voltage,
and V, is the half-wave voltage of MZMs. By setting the DC bias
voltage of MZM1 at 0 V, the output optical signal of MZM1 can
be given by

2 .
El (t) = JT‘ Ecej(znfct+ﬁss(t)) . (2)

Thus, a phase-modulated optical carrier is generated, as illus-
trated in Fig. 1(B-a). At the same time, an RF carrier is first
applied to a 180° hybrid coupler to produce two RF signals with
180° phase difference. Then, the two RF signals are sent to
MZM2, which is biased at the minimum transmission point.
At the output of MZM2, a carrier suppressed double sideband
(CS-DSB)-modulated optical signal is generated, as shown in
Fig. 1(B-b) and the following equation:

Ey(1) =%§Ec (71 (Bre)dCAUA D) 4 () CoUAui9)),

3)

where frp, Vrp, and frp = 7Vyge/V, are the frequency, ampli-
tude, and modulation index of the RF carriers, and J; is the
first-order Bessel function of the first kind. After being com-
bined in DPDDMZM, the output optical field can be given by

Es(t) = \/TEEC (]1 (ﬂRF)ej(zﬂ(f‘+f”)t+%)

4 elCAABSO) | ] (Bop) @ RO )i+ ) (4)

It can be seen from Eq. (4) that a phase-modulated optical car-
rier with two RF-modulated optical sidebands are obtained, as
shown in Fig. 1(B-c). Meanwhile, a microwave carrier at fre-
quency of fgpg drives the MZM in the lower path. By setting
the MZM at a minimum transmission point, the output optical
field is given by

Ey() = ? E (1) (Bsps) e CoUH51+5)

+ 1 (ﬁSBs)ej(M(fc_fSBS)H%))’ (5)

where fgpg, Vsps, and fsps = 7Vsps/V, are the frequency,
amplitude, and modulation index of the driven SBS-microwave
signal. An erbium-doped fiber amplifier (EDFA) is cascaded
after the MZM to boost the power of the optical signal. The
amplified optical signal is coupled into a spool of highly nonlin-
ear fiber (HNLF) through an optical circulator to work as the
two SBS pumped signals. The gain factor ¢ and loss factor a
of the SBS can be described as

g ([Ts/2)° g TsAf
2 Aft + (Tp/2) 4 Af? + (Tp/2)*

g(Afy) = (6)
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where g, and I'p are the line-center gain factor and Brillouin gain
bandwidth of the HNLF, Af, = |f — (f, + frp)| and Af, = |f —
(f. —fre)| are the frequency deviation from f. + fyp and
f. — fre respectively. The first term of the gain factor ¢ and loss
factor a can be regarded as an amplitude coefficient, and the sec-
ond term can be seen as a phase coefficient. By adjusting the fre-
quency of the SBS-microwave carrier (fgy), the gain spectrum
of the f, + frp sideband amplifies the RF-modulated +1st-
order sideband, while the loss spectrum of the f. — f sideband
decreases the RF-modulated —1st-order sideband. As shown in
Fig. 1(B-d), the spectral lines at the lower left and upper left of
the two SBS sidebands represent the amplitude and phase
responses of the SBS-gain spectrum, while the spectral lines at
the lower right and upper right of the SBS sidebands represent
the amplitude and phase responses of the SBS attenuation spec-
trum. The optical signal after the SBS effect can be expressed as

Ey(t) = JTEEC(G(Af*)]lQBRF)e/(zﬂ(chrfRF)H%) . e®Af)

AL | AAFY], ()@ AU 4D) eCD(Af’)))
(8)

where Aft =Af~ =fqs — vy —fre = Af, v, is the Brillouin
frequency shift. The amplitude amplification factor G(Af),
amplitude attenuation factor A(Af), and phase shift factor
®(Af) are defined as

G(Af) = exp (gOIPL (1—‘3/2)2 );

2 Af?P 4 (I'p/2)?

_ golpL  (T/2)? ,
Al8f) =exp (_ 2 Ay (FB/z)Z)’
L Af-T
4 Af* 4 (Tp/2)*

o(af) =5

)

By setting fszs = frp + Vb, the amplitude amplification factor
G(Af) reaches the maximum, amplitude attenuation factor
A(Af) reaches the minimum, and phase shift factor ®(Af) is
equal to zero. Thus, the optical signal after the SBS effect can
be written as

E3 (t) = \/TEEC (Gmax]1 (ﬂRF)ej(ZH(fc+fRF)t+§) —+ ej(2ﬂf5t+ﬂss(t))) .

(10)

Therefore, an SSB optical signal with high rejection ratio is
obtained, as illustrated in Fig. 1(B-e). An optical bandpass filter
(OBPF) is cascaded to remove the SBS pump signals. After being
transmitted over a long-distance fiber, the optical signal in the
remote base station can be expressed as
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2 ) .
E4 (t) = %Ec(Gmale (ﬂRF)e](ZH(ff+fRF)t+E+9+1)

+ ej(znfcr+ﬂss(r)+ao>), (11)
where 0, and 0, are the dispersion-induced phase shifts to the
RF-modulated +1st-order optical signal and the optical carrier.
By expanding the propagation constant  in Taylor series, we
have

HO(f) = Zﬁ(fc)7
001N =26 + 20" + 57 (f ke (12)

where z is the transmitted distance. Afterwards, the optical sig-
nal is detected by a PD. The recovered microwave signal is
expressed as

I(f)  cos (zzszF — Bus(t) + g +0,, - 90). (13)

According to Eq. (13), a phase coded microwave signal with a
carrier frequency of fy; is generated. The encoding format is the
same as the driven electrical signal Vs(t), which means that
arbitrary phase coding is realized. The signal amplitude is also
independent of the fiber dispersion. Therefore, the generation
and anti-dispersion of arbitrarily phase coded microwave signals
are achieved simultaneously in this work.

3. Experiments and Results

A proof-of-concept experiment was performed according to the
scheme shown in Fig. 1(A). A 1549.97 nm optical carrier is di-
vided into two parts by an optical coupler. In the upper path, a
16-bit 2 Gb/s electrical coding signal generated from a pattern
pulse generator (PPG) with pattern of 0001001101011111 is
applied to the upper input ports of the DPDDMZM. The ampli-
tude of the electrical coding signal is equal to the half-wave volt-
age of the DPDDMZM. An 8 GHz RF signal is first sent to a 180°
hybrid coupler and then fed to the lower input port of the
DPDDMZM. By setting the two sub-MZMs of the DPDDMZM
at maximum and minimum transmission points, a phase-modu-
lated optical carrier plus an RF-modulated DSB signal is
obtained, which can be seen from the measured optical spectrum
of Fig. 2(a). In the lower path, an MZM is driven by an SBS-
microwave signal centered at 17.42 GHz and biased at a mini-
mum transmission point. Figure 2(b) shows the measured
optical spectrum. A CS-DSB optical signal is generated and will
work as the dual-pumped light to stimulate the SBS in the
HNLE. The HNLF used in this experiment has a length of 500 m
and Brillion frequency shift of 9.42 GHz. Figure 2(c) shows the
optical spectrum at the output of the HNLF. Compared with the
+1st-order sideband, the —1st-order optical sideband is
suppressed more than 35 dB, which is much higher than
conventional SSB modulation!'®’. The sideband ratio between
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Fig. 2. Measured optical spectra at the output of (a) DPDDMZM, (b) MZM,
(c) HNLF, and (d) OBPF.

+1st-order and +2nd-order sidebands is also much higher than
that of conventional SSB modulation, which can increase the
spurious free dynamic range (SFDR) of the system. Moreover,
the power of the +1st-order sideband is 10 dB higher than that
of the optical carrier, which can improve the signal-to-noise
ratio (SNR) of the generated microwave signal. Thus, an SSB
optical signal with high gain and high sideband rejection ratio
is obtained after the process of dual-pumped SBS. It should
be noted that the obtained optical signal is not just a simple
SSB-modulated signal. The optical carrier is phase-modulated,
which cannot be realized in conventional SSB schemes. After
the HNLF, an OBPF is cascaded to remove the useless SBS pump
light and the SBS noise. The filtered optical spectrum is shown in
Fig. 3(d). Finally, the optical signal is sent to a PD to perform the
square rate detection.

Figure 3(a) shows the measured time-domain waveform of
the generated phase coded microwave signal. The discontinu-
ousness in the waveform illustrates the phase jump of the wave-
form. By using Hilbert transform, the phase information is

E a) —2Gb/s@8GHz g (b) —2Gb/s@8G
£ 250 5,180
() (7]
0 I 2 90
= (]
- 12} ]
@
e
o

Amplitud
SR

3

o

0 2 4 6 8 o 2 4 6 8
Time (ns)

Time (ns)

2Gb/s@8GHz PSK

Power (dBm)
I\ \

&
<3

0 5 10 15 20 8 6 -4 2 0 2 4 6 8
Frequency (GHz) Time (ns)

Fig. 3. (a) Time-domain waveform, (b) extracted phase information, (c) elec-
trical spectrum, and (d) autocorrelation of the generated = phase coded
microwave signal with RF carrier of 8 GHz and bit rate of 2 Gb/s.
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extracted from the waveform and is shown in Fig. 3(b). The
phase coded degree and pattern are # and 0001011001011111,
which are consistent with the driven coding signal. Figure 3(c)
shows the corresponding electrical spectrum. The center fre-
quency is 8 GHz, which fits well with the applied RF carrier,
and the main lobe covers the frequency of 6-10 GHz, which
is also consistent with the bit rate of the driven coding signal.
Background noise is not visible in the electrical spectrum, so
crosstalk with other signals can be avoided, and additional filter-
ing processing is no longer required to filter out background
noise commonly found in phase coded signals. Also, no base-
band-modulated components in the generated waveform can
be evidenced by the fact that the center amplitudes of different
parts of the waveform are flush with each other. In order to show
the pulse compression performance, the autocorrelation of the
waveform is calculated and shown in Fig. 3(d) with an insert
zoom-in view. The peak-to-sidelobe ratio (PSR) is 6.93 dB,
the full width at half-maximum (FWHM) is 0.513 ns, and the
PCR is 15.60. Next, the amplitude of the driven electrical coding
signal is adjusted to verify the arbitrary phase coding perfor-
mance. Figure 4 shows the waveform and the extracted phase
coding information of the generated microwave waveforms.
The phase coding degrees of 130°, 80°, and 30° are achieved suc-
cessfully, and the coding sequences fit well with the driven elec-
trical coding signals.

For purpose of verifying the anti-dispersion transmission
over a single-mode fiber (SMF) of the proposed arbitrarily phase
coded microwave generator, a 25 km SMF is cascaded after the
OBPF as the transmission link. Figures 5(a)-5(c) show the wave-
form, phase information, and autocorrelation of the recovered
2 Gb/s at 8 GHz 7 phase coded microwave signal after 25 km
SMF transmission. The phase encoded information is undis-
torted and remains the degree of z. The PSR, FWHM, and
PCR are, respectively, 7.40 dB, 0.525 ns, and 15.24. Although
the amplitude of the waveform is decreased, it is caused by
the insertion loss of the used 25 km SMF rather than the
dispersion introduced power fading. In order to support this
point of view, we used an optical attenuator whose attenuation
is the same as the insertion loss of the SMF to replace the 25 km
SMEF. The measured time-domain waveform, phase informa-
tion, and autocorrelation result are illustrated in Figs. 5(d)-5(f).
The waveform amplitude is almost the same as that in Fig. 5(a).
The phase shifting is also 7. According to the autocorrelation,

— 500/ < 500

WH”VWN‘MNW wilih | eponiT) | ool

500 500
4 6 8 2 4

Time (ns) Time (ns)

8808
Amplitude (m

270 Tlme (ns)
—270+ 52707
(b —2Gbis@8GHz | 200

180

—26bis@sGHz |

e0)
=

(f) —2Gbis@8CHz |

m‘
Phase (degre ee'
b _ ©
8o 8

o2 g

0 2 4 6 8 o 2 4 6
Time (ns) Time (ns)

2 T\m:(ns) ¢ :
Fig. & (a), (c), (e) Time-domain waveform and (b), (d), (f] extracted phase
information of the generated 2 Gb/s at 8 GHz phase coded microwave signal
with phase coding degrees of 130°, 80°, and 30°, respectively.

083901-4



Chinese Optics Letters

=80 : = 80 : : :
z @ —26bis@scHz | = (d) ——2Gb/s@8GHz
E 40 E 4
(] P A Ll | (]
£ o | £ o
540 5-40
€ €
<-80 : : 2 <80 : : .
2700 2 4 6 8 _ 5700 2 4 6 8
3 "le) ——2Gb/s@8G
5,180
(7]
T 90
2
LT
e
o .90
0 2 4 6 8

1r T

‘\
\T‘m "

\H
ol Il

Auto-Corr (a.u.)

8 6 -4 2 0 2 4 6 8 8 -6 4 2 0 2 4 6 8
Time (ns) Time (ns)

Fig. 5. (a), (d) Time-domain waveform, (b), (e) extracted phase information,
and (c), (f) autocorrelation of the recovered 2 Gb/s at 8 GHz x phase coded
signal after 25 km SMF transmission and optical attenuator.

the recovered 7 phase coded microwave waveform has a PSR of
7.64 dB, an FWHM of 0.515 ns, and a PCR of 15.53. Therefore,
the power fading caused by fiber dispersion in transmission is
well eliminated.

In order to show the frequency tunability of the proposed
arbitrarily phase coded microwave signal transmitter, we
changed the frequency of the RF carrier, the bit rate of the driven
coding signal, and the frequency of the SBS-microwave signal to
16 GHz, 4 Gb/s, and 25.42 GHz, respectively. The measured
time-domain waveform is shown in Fig. 6(a), and obvious phase
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jump can be obtained. The center amplitudes of different com-
ponents in the waveform are also equal. The extracted phase
information in Fig. 6(b) confirms the x phase coding.
Figure 6(c) shows the electrical spectrum of the z phase coded
signal, where the frequency range of the main lobe is 12-20 GHz
that agrees well with the 16 GHz RF carrier and 4 Gb/s driven
coding sequence. The pulse compression performance is also
calculated. A PSR of 4.76 dB, an FWHM of 0.204 ns, and a
PCR of 19.61 are obtained from Fig. 6(c). By adjusting the
peak-to-peak amplitude of the driven electrical coding signal,
the phase coding degree can also be changed accordingly. The
4 Gb/s at 16 GHz phase encoded microwave signals with encod-
ing degrees of 130°, 80°, and 30° are obtained, as illustrated in
Figs. 6(d)-6(i).

Similarly, we added a spool of 25 km SMF into the system as a
transmission link to demonstrate the anti-dispersion transmis-
sion performance of the signal generator. Figure 7(a) shows the
measured waveform of the z phase coded microwave signal in
the remote base station, where phase jump can be seen obvi-
ously. Based on Hilbert transmission, the phase information
is exhibited in Fig. 7(b). The z phase coding is realized, and
the sequence is also 0001011001011111. Figure 7 shows the
pulse compression performance. The PSR, FWHM, and PCR
are, respectively, 4.74 dB, 0.246 ns, and 16.26. Next, the SMF
is replaced by an optical attenuator with attenuation equal to
the SMF insertion loss. The waveform and extracted phase infor-
mation are shown in Figs. 7(d) and 7(e), which are quite similar
to Figs. 7(a) and 7(b). From the autocorrelation of Fig. 7(f), it can
be seen that the PSR of the recovered phase coded microwave
signal is 4.84 dB, the FWHM is 0.240 ns, and the PCR is
16.67. The similarity of the experimental results after transmit-
ting 25 km fiber and after passing through the optical attenuator
shows that the proposed phase coded signal generator can
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Fig. 7. (a), (d) Time-domain waveform, (b), (e) extracted phase information,
and (c), (f) autocarrelation of the recovered 4 Gb/s at 16 GHz & microwave
signal after 25 km SMF transmission and optical attenuator, respectively.
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achieve long-distance anti-dispersion transmission. It should be
noted that the driven electrical coding signals were first ampli-
fied by an electrical amplifier (EA) and then sent to the modu-
lator. The EA may introduce noise to the electrical coding signal,
which degrades the extracted phase information. If a high-lin-
earity low-noise amplifier can be used, the phase ripples/distor-
tions of the extracted phase information will be reduced.
Moreover, the phase distortion is also related to the power of
the phase coded microwave signals. After transmitting 25 km
SMEF or passing through an optical attenuator, the power of
the recovered phase coded signal was decreased. By increasing
the responsibility of the PD or adding an amplifier, the ampli-
tude of the generated and recovered phase coded signals can be
improved, thereby reducing the phase distortion.

4. Conclusion

In conclusion, we have theoretically analyzed and experimen-
tally demonstrated an SBS-based arbitrarily phase coded micro-
wave waveform generator with anti-dispersion transmission.
Thanks to the gain and attenuation spectrum of the dual- 1
pumped SBS, a high rejection ratio SSB-modulated optical signal
is obtained. The phase modulation of the optical carrier can not
only realize the arbitrary format encoding of the generated
microwave signal, but also ensure that the generated waveform |
has no interference from background noise. Different phase cod-
ing degrees of the generated microwave waveform are achieved.
The tunability of the carrier frequency and bit rate are also per-
formed. The proposed generator has a great promising aspect in
one-to-multi modern radar networks. 1
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