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Abstract— A novel method to generate frequency-multiplied
and phase-coded microwave signals based on a polarization
division multiplexing (PDM) dual-arm Mach-Zehnder mod-
ulator (DMZM) or a PDM dual-parallel MZM (DPMZM)
is proposed. In the proposed scheme, the PDM-DMZM or
PDM-DPMZM is employed to produce two orthogonally polar-
ized wavelengths with a wavelength spacing that is two,
four, or eight times of the driving frequency. Then the signal
is sent into a polarization modulator-based microwave photonic
phase coder for phase coding. A theoretical analysis and an
experiment are carried out. Phase-coded signals with frequency
multiplication factors of two, four and eight are successfully
generated. The bandwidth of the system is discussed, and the
impact of the polarization extinction ratio is also analyzed.

Index Terms—Frequency multiplication, phase coding,
polarization modulation, radio frequency (RF) and microwave
signal generation, RF photonics.

I. INTRODUCTION

ICROWAVE phase-coded signal generation has been

widely investigated in the past decades for pulse com-
pression in radar systems or for spectral efficiency improve-
ment in communication links [1]. Traditionally, electrical
methods are employed to generate the phase-coded signals.
However, these systems would suffer from the small oper-
ational frequency range and complicated setup. To remedy
this, optical methods to generate the phase-coded microwave
signals were reported, which yields tremendous benefits like
broad operation frequency range, low loss, and electromag-
netic interference immunity [2], [3]. Up to now, a large number
of optical systems were proposed to generate the phase-
coded signals [4]-[23], which can be generally divided into
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two categories. One utilizes optical spectral shaping together
with frequency-to-time mapping (FTTM) technology [9]-[11],
and the other is based on external phase modulation followed
by optical heterodyning [13]—-[23].

The methods in the first category are mainly realized based
on an optical wave shaper [10], [11] and a dispersive element.
For example, in [10], an optical wave shaper is used to shape
the spectrum of an ultrashort optical pulse into a sinusoidal
profile. Controlling the voltage of the electrical coding signal
applied to the system, the output optical spectrum of the wave
shaper is shifted accordingly. With the FTTM operation in a
dispersive element, the spectral shape is converted into the
time domain. Therefore, a phase-coded signal is obtained.
However, the setup of this kind of system is complicated,
and the generated signal suffers seriously from large noise,
poor spectral purity, fixed center frequency, and fixed coding
rate.

The basic idea for the methods in the second category
is to introduce different phase modulations to two phase-
correlated optical wavelengths [13]-[23], followed by optical
heterodyning in a photodetector (PD). One approach is to
spatially separate the two wavelengths and introduce only one
of them to a phase modulator (PM) [13], [14]. This operation,
however, would inevitably introduce considerable phase noise
to the generated phase-coded signal. To avoid this problem,
one can first generate two orthogonally polarized optical
wavelengths, and then employ a polarization modulator (PolM)
to implement complementary phase modulations on the two
polarization directions. The orthogonally polarized optical
wavelengths can be generated based on a polarization
beam combiner (PBC) [16], a differential group delay (DGD)
element [17], [18], or the stimulated Brillouin scattering (SBS)
effect [19]. For the PBC-based system [16], phase-coded
signals with arbitrary frequency can be generated, but the
stability of the system is poor since the two wavelengths
are spatially separated; for the DGD-element-based
approach [17], [18], due to the frequency dependence of the
DGD-induced polarization rotation, phase-coded signals with
only several specific frequencies can be generated, and for
the SBS-based method [19], several stages of SBS must be
employed to rotate the state of the polarization of one of
the wavelengths by 90°, which suffers from high power
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consumption and a complicated structure. Recently,
a single-sideband polarization modulation-based [24], [25]
phase-coded signal generator is reported [20], which features
large operation bandwidth (10-43 GHz), high stability,
and compact structure.

Most of the aforementioned systems based on external phase
modulation can generate only a signal with a center frequency
that equals to the driving frequency. To realize high-frequency
phase-coded signal generation using low-frequency devices,
schemes that can perform simultaneously frequency multiply-
ing and phase coding are highly desirable [17], [18], [21]-[23].
In [17], phase-coded signals with doubled frequency were
generated by carrier-suppressed double-sideband (CS-DSB)
modulation incorporated with a DGD element, and in [18],
phase-coded signals with a quadrupled frequency were
obtained using a polarization-maintaining fiber Bragg grat-
ing (FBG). However, simultaneous frequency multiplying and
phase coding can be implemented only at several specific
frequencies. To obtain large range tunable phase-coded sig-
nals with multiplied frequency, a dual-parallel PolM-based
approach is reported [21], which can perform simultaneously
phase coding and frequency doubling. Though the generator
is frequency independent and has large operation bandwidth,
it has a poor stability due to the interferometric structure
of the dual-parallel PolM, which is realized using discrete
optical components. Recently, we proposed another method
that can simultaneously perform phase coding and frequency
doubling, which is realized based on cascaded Mach—Zehnder
modulator (MZM), PolM, and FBG [22]. The system has a
straightforward structure that can avoid interference, and fea-
tures large operation bandwidth and large tunability. However,
there are three modulators cascaded in the system, which
seriously increase the complexity of the scheme. In addition,
the frequency multiplication factor in [21] and [22] is only
two. More recently, a photonic approach for simultaneous
frequency quadrupling and phase coding was demonstrated
using a dual-parallel MZM (DPMZM) and a Sagnac loop
incorporating an FBG [23]. The key problem associated with
the system is that the two wavelengths are spatially separated,
which would lead to a poor stability in practical applications.

In this paper, a scheme that can realize frequency-multiplied
and phase-coded signal generation is proposed and demon-
strated based on integrated modulators, i.e., an optical polar-
ization division multiplexing (PDM) dual-arm MZM (DMZM)
and a PDM-DPMZM. The frequency multiplication factor can
be two, four, and eight. The scheme is comprised of a tunable
laser source (TLS), a PDM-DMZM or PDM-DPMZM-based
orthogonally polarized CS-DSB generator, and a PolM-based
phase coder. A light wave from the TLS is sent to the
orthogonally polarized CS-DSB generator, which is com-
posed of the PDM-DMZM or PDM-DPMZM with four radio
frequency (RF) input ports and an FBG. By controlling
the phases of the RF signals and the dc biases of the
PDM-DMZM or PDM-DPMZM, double-sideband modulated
signals composed of the optical carrier and two optical
sidebands, i.e., £first-order sidebands, Zsecond-order side-
bands, or *fourth-order sidebands, are generated. With the
FBG to suppress the optical carrier, orthogonally polarized
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Fig. 1. Schematic of the signal generator that can simultaneously perform

phase coding and frequency multiplying.

sidebands separated by two, four, or eight times of the driving
frequency are obtained, which are then injected into the
microwave photonic phase coder. In the microwave photonic
phase coder, the orthogonally polarized sidebands experience
complementary phase modulations in a PoIM. With a polarizer
to combine the two sidebands, and a PD to perform square-law
detection, phase-coded and frequency-multiplied signals are
generated. The frequency multiplication factors can be two,
four, and eight, which will be introduced in Section II and
be experimentally demonstrated in Section III. As far as we
know, there are only very few systems that can generate phase-
coded signals with frequency multiplication factors larger than
four before. The impact of experimental unideal factors, such
as the amplitude imbalance of the RF signals, the RF phase
shift, the dc-bias-drift of modulators, and the finite polarization
extinction ratio, on the system performance are investigated.
The proposed scheme features wideband operation, large fre-
quency tunablity, high stability, and compact configuration,
which can be potentially employed in radar systems and
terahertz systems.

II. PRINCIPLE

The setup of the frequency-multiplied and phase-coded
signal generator is shown in Fig. 1. The system is comprised
of a TLS, an orthogonally polarized CS-DSB generator,
and a microwave photonic phase coder. The orthogonally
polarized CS-DSB generator that consists of a PDM-DMZM
or a PDM-DPMZM and an FBG-based optical filter is
employed to generate two orthogonally polarized opti-
cal sidebands, i.e., =first-order sidebands, +second-order
sidebands, or =fourth-order sidebands. The PolM-based
microwave photonic phase coder [20] is used to introduce
complementary phase modulations to the two orthogonally
polarized sidebands. As a result, electrical phase-coded signals
with a center frequency equals to the frequency difference
of the two orthogonally polarized sidebands are generated.
The frequency multiplication factor can be two, four, and eight.

A. Simultaneous Frequency Doubling and Phase Coding

In order to generate a phase-coded signal with a doubled
frequency, an integrated PDM-DMZM is applied in the
orthogonally polarized CS-DSB generator. Fig. 2(a) shows the
equivalent structure of the PDM-DMZM. The PDM-DMZM is
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Fig. 2. Schematic of (a) PDM-DMZM, (b) PDM-DPMZM, and (c) PolM.

composed of a polarization beam splitter (PBS), two dual-arm
MZMs (each has two RF input ports), and a PBC. Supposing
that the expressions of the optical carrier and four electrical
driving RF signals are exp(jwct), Vrricos(wrpt —+
#1),  VrRr2cos(wrrt + ¢2), VRrzcos(wrrt +  ¢3),
and VRpscos(wrp? + ¢4), respectively, where . and
wRrr are the angular frequencies of the optical carrier and the
RF signals, ¢; and Vrp; (i = 1-4) are the phases and peak
voltages of the four RF signals, the modulated signal after
the PDM-DMZM can be expressed as

E, =expljwct + jp1cos(wrrt + ¢1) + joi1l

+ exp[joct — jp2 cos(wrt + ¢2)] o
Ey = expljoct + jP3 cos(wrrt + ¢3) + jo2l

+ expljwct — jBacos(wrrt + P4)]

where @1 and ¢, are the phase differences introduced by the
dc biases of the two DMZMSs, equal to 7 Vpc,/Vy (n = 1, 2),
and f; equals to # VRg;/V;, where Vpc, and V, represent
the voltage of the dc bias and the half-wave voltage of the
PDM-DMZM, respectively. For simplicity, the peak voltages
of the four RF signals are assumed to be the same, i.e., VRr1 =
VRF2 = VRr3 = VRr4 = VRr and 1 = o = f3 = P4 = p.
Expanding (1) with Bessel functions, the signal becomes

Ex=exp(joct +jp1) D j"Jm(B)explim(wrrt + ¢1)]

m=—00

+exp(joet) D (=) In(B) explim(@rrt + ¢2)]

m=—0o0

Ey=exp(joct +jp2) D j"In(B) explim(wrrt + ¢3)]

m=—00

+exp(joet) D (=) In(B) explim(@rrt + ¢a)]

) @)

where J,, represents the mth-order Bessel function of the first
kind. Whenf < z/6, the sidebands with orders higher than

one can be ignored, so (2) becomes

[ E, =exp(joct + jor)

x [Jo(B) +J-1 (B exp (—joret = g1 — i)

+11(B)exp (ot + jo + 5 ) | + expliecn)

< [0(8) + J-1(Byexp (—joret = g2+ i)
+ 1By exp (joret + g2~ % )]
E, =exp(joct + jp2) .
< [J0(B) + J-1 (B exp (~ oot — i3 — i5)
+J1(B) exp (ijFf +igs+ j%)]JreXp(jwct)

x [Jo(B) + J-1(B)exp (— joomet = jps + i)

+J1(B) exp (ijFf tJda - f%)] :

3)

Letting 91 = /2, 9o = —7/2, p1 =0, pp = 7w/2, 3 =0,
and ¢4 = w/2 by adjusting the voltages of the dc biases of
the PDM-DMZM and the phases of the RF signals, (3) can
be simplified as

[E} _ [GXP(jwct)[ZJ—l(ﬂ) exp(—joret) + Jo(B)(1 + j)]}
Ey| 7| exp(joc)[2Jo(B)(1 — j) + J1(B) exp(joren)] |
4

From (4), we can see that, for both the two polarization
directions, optical single-sideband modulations are realized.
With the FBG-based optical notch filter to suppress the optical
carrier, we obtain

[Ex } _ [expuwcr)[zf_l(ﬁ) exp(—ijm]} )
E,| | exp(joc)[2Ji(B)exp(jorrt)] |

From (5), we can see that only the two first-order sidebands are
retained, with each sideband along one of the two orthogonal
polarization directions. Coupling the two optical wavelengths
into a PolM that has an equivalent structure of Fig. 2(c) [26],
complementary phase modulations can be introduced to the
two orthogonally polarized wavelengths. Supposing that the
driving signal to the PolM is s(¢), the output of the PolM can
be written as

Ev | _ [ 2T (B)exp(joct — joret +jys@) | o
Ey 2Ji(B)exp(joct + jorrt — jys(t))
where y is the phase modulation index of the PolM. Using
a polarizer to combine E, and Ey, and adjusting the angle
between the principal axis of the polarizer and one principal

axes of the PolM to be 45°, the signal after the polarizer
becomes

Epol = 2J_1(B) exp(jwct — jowrrt + jys(1))
+2J1(p) exp(jort + jorpt — jys()).  (7)

Convert the signal in (7) into an electrical current with a
PD, we have

Iac(t) o J_1(B)J1(B) cosRarrt — 2y s(1)). (®

From (8), we can see that a frequency-doubled signal with
phase associated with y and s(¢#) is obtained. When s(¥)
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Fig. 3. Schematics of the optical spectra after different devices for

(a) frequency-doubling,
octupling operation.

(b) frequency-quadrupling, and (c) frequency-

is an electrical coding signal, the signal in (8) becomes a
phase-coded signal. The phase difference between different
bits can be adjusted by the amplitude of s(¢). By applying
an electrical coding signal with different amplitudes, different
phase modulations can be realized. The phase modulation
with doubled modulation index is contributed by the comple-
mentary phase modulations of the PolM, which can generate
the same phase-coded signal with a half amplitude compared
with the condition using a single PM. Fig. 3(a) shows the
schematics of the optical spectra after different devices for
the frequency-doubling operation.

B. Simultaneous Frequency Quadrupling and Phase Coding

By increasing the modulation index S, the £second-order
sidebands in (2) will be too large to be ignored. Then,
controlling the dc biases to make ¢ = @2 = 0, and adjust-
ing the phases of the electrical driving RF signals to let
¢1 = ¢ =0 and ¢3 = ¢4 = w/4, the output of the orthog-
onally polarized CS-DSB generator becomes

Eyx = 2exp(jwct)[J-2(B) exp(— j2wrrt — jm)
+J2(B) exp(j2wRrrt + jm)]

Ey = 2exp(joct) | Ja (B exp (= 20rei+i5) )
+128)exp (j20ret — 5 ) |

The signal in (9) is actually a signal having two orthog-
onally polarized sidebands if a polarization controller (PC)
(for instance, the PC in the microwave photonic phase coder)
is used to rotate it by # and add a phase difference of ¢g.
The transformation matrix of the PC is

|: cos @ exp(jpo) —sin@
Trc =

sin @ cos exp(—joo)

}. (10)

Letting 6 = n/4 and g = /2, we have

[Ex’:| _ |:exp(ja)ct) [21—2(5) exp (_jszFt - J%)] j|
E, exp(jwct)[212(B) exp(j2wret + j)]
(11)

From (11), we can see that only the —second-order sideband
is left for TE mode and the +second-order sideband is left
for TM mode. Thereby, an orthogonally polarized CS-DSB
modulated signal with £second-order sidebands is obtained.

Similarly, with a PolM to introduce complementary phase
modulations to the two orthogonally polarized + second-order
sidebands, and converting the signal into the electrical domain
with a PD, we have

Iac(t) o< J_2(B2)J2(B2) cos (4wRFt + 377[ -2y S(f))- (12)

Therefore, a frequency-quadrupled signal with a phase
of 2ys(t) is generated. Fig. 3(b) shows the schemat-
ics of the optical spectra after different devices for
frequency-quadrupling operation.

C. Simultaneous Frequency Octupling and Phase Coding

To further improve the frequency multiplication factor,
an integrated PDM-DPMZM with four RF input ports and
four dc bias ports is employed. Fig. 2(b) shows the equivalent
structure of the PDM-DPMZM, which consists of a PBS,
two DPMZMs, and a PBC. Introducing four RF signals with
different phases to the four RF ports, the output signal can be
expressed as

E, = cos(wct) [cos (,b’ cos(wrrt + ¢1) + %)
(oot D))
Ey = cos (wct) [cos (,[)’ cos(wrr! + ¢3) + %)

+ cos (,[)’ cos(wrr! + ¢4) + %)]

where ¢; (i = 1-4) represents the dc bias introduced phase in
each sub-MZMs. Let 91 = ¢2 = ¢3 = ¢4 = 0 and expand (13)
with Bessel functions with the exponential form

Ey= exp(jwct)[JO(IB) +2 Z(_l)m Jom (,B)
m=1

x explj2m(wret + ¢1)] + Jo(B)

42" 1) T (B) explj2m (wrpt+ ¢2)]}

m=1

E,=exp(joct) | Jo(B3) +2 Z(—l)m Jom (B)

m=1

x expl j2m(wRrrt + ¢3)]
JoB)+2 D (=) Tan(B)

m=1

x explj2m(wrpt + ¢4)]].

(14)
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Fig. 4. Photographs of one of the experimental setups.

Setting the phases of the RF signal to let ¢1 =0, ¢ = 7/2,
¢3 = w/8, and ¢4 = 5x/8, and removing the optical carrier
with the wavelength fixed FBG, only sidebands with orders
of 4m are left at the output of the orthogonally polarized
CS-DSB generator

E, = exp(joct) |:4 Z Jam (B3) exp(j4mcuRFt)j|

m=—00

Ey = exp(jwct) [4 i Jam (B3) exp [j4m (wRFH—%)]].

5)

m=—0o0

Due to the fact that the phase modulation index is generally
smaller than 27, the Bessel function J4,,, (#) for m > 2 is much
smaller than J4(f). Therefore, higher order sidebands (>4)
are neglected. With a PC followed to rotate the signal by 45°
and introduce a phase difference of 90°, which is similar to
the operation in the frequency-quadrupled phase-coded signal
generation, we have

[ E, } N [exp(jwcr) [20-4()exp (5 — jdere ) | ]
Ey exp(jact) [2]4 ) exp(j4a)RFt)]
(16)

As can be seen from (16), an orthogonally polarized
CS-DSB signal with *fourth-order sidebands is generated.
Applying it into the microwave photonic phase coder,
a phase-coded signal is generated, given by

Inc(t) o J_4(B) Ja(B) cos (8wt — % ~275()). (17)

Therefore, a frequency-octupled and phase-coded signal can
be obtained. Fig. 3(c) depicts the schematics of the optical
spectra under this condition.

III. EXPERIMENTS AND RESULTS

To validate the proposed approaches in Fig. 1, experi-
ments are performed. Fig. 4 shows the photos of one of
the experimental setups. An optical carrier with a wave-
length of 1550.998 nm is emitted from a TLS (Agi-
lent, N7714A) and launched to a PDM-DMZM (Fujitsu,
Inc., FTM7980EDA) or a PDM-DPMZM (Fujitsu, Inc.,
FTM7977HQA). The power of the optical wavelength at the
output of TLS is 16 dBm. The 3-dB bandwidths of the PDM-
DMZM and PDM-DPMZM are 31.4 and 23 GHz, respectively.
The electrical driving signals are obtained by splitting the RF
source (Agilent, 8257D) with a power distribution network.

oommccccecccca,

Fig. 5. Configuration of the PDM-DMZM for frequency doubling.

The power distribution network consists of several electrical
power dividers (2-26.5 GHz), 90° hybrids (Krytar 3017360K,
1.7-36 GHz), phase shifters (1.8-26.5 GHz), and/or electrical
attenuators, which are employed to adjust the phase and
power of each driving RF signal. By carefully adjusting the
phases of the driving RF signals, the orthogonally polarized
double-sideband modulated signal can be generated. Then,
an FBG centered at 1550.98 nm is connected to suppress
the optical carrier. The bandwidth of the FBG is about
10 GHz. Since the FBG is temperature sensitive, a thermo-
stat is used. After optical carrier suppressing, orthogonally
polarized =first-order sidebands, +second-order sidebands,
or +fourth-order sidebands are generated, which are then
directed into a 40-GHz PolM (Versawave, Inc.). The driving
signal, i.e., the electrical coding signal, is generated by a
pulse pattern generator (Anritsu MP1763C, 12.5 Gbits/s). PCs
that contain three wave plates are employed to tune the
state of the polarization of the optical signals. A 30-GHz
PD with a responsivity of 0.85A/W is employed to perform
optical to electrical conversion. The half-wave voltages of
the PDM-DMZM, PDM-DPMZM, and PolM are all around
3.5 V. An optical spectrum analyzer (OSA, AQ6370C) and
a 32-GHz real-time oscilloscope (Agilent, DSO-X 92504A)
are employed to monitor the optical spectra and electrical
waveforms, respectively.

A. Simultaneous Frequency Doubling and Phase Coding

To generate phase-coded signals with a doubled frequency,
the PDM-DMZM is employed. To meet the required phase set-
tings of the input RF signal to the PDM-DMZM, i.e., ¢1 =0,
¢ = w/2, p3 = 0, and ¢pa = =/2, the RF signal is first
directed to a power divider, and further split into four paths
with two electrical 90° hybrids, as shown in Fig. 5. DC biases
of the PDM-DMZM are also adjusted to let ¢; = n/2 and
02 = —m/2.

The optical spectrum measured at the output of the FBG is
shown in Fig. 6. The frequency applied to the PDM-DMZM
is 10 GHz. From Fig. 6, we can see that two main sidebands
separated by 20 GHz are observed (solid line). To confirm
the polarization orthogonality of the two sidebands, a PBS
is connected. The two outputs of the PBS are shown as the
dashed and dashed-dotted lines in Fig. 6. When one wave-
length is selected, the other one is more than 35.9 dB lower,
indicating that the two wavelengths are indeed orthogonally
polarized.
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Fig. 6.  Optical spectrum at the output of the notch filter (solid line)
for frequency doubling, and the optical spectra at the two outputs of the
PBS when a polarizer is connected to select one wavelength (dashed and
dashed—dotted lines).
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Fig. 7. Measured waveform of the generated 16-bit frequency-doubled
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Fig. 8. (a) Phase and (b) calculated autocorrelation function of the 16-bit

frequency-doubled phase-coded signal.

The two orthogonally polarized wavelengths then experi-
ence complementary phase modulations in the PolM, which
is driven by a 2-Gbit/s “1111 0000 1010 1100 electrical
coding signal. The waveform output from the microwave pho-
tonic phase coder is shown in Fig. 7. The central frequency is
20 GHz, i.e., double of the driving frequency 10GHz, and the
phase hopping is clearly observed, especially in the zoomed-in
view of the waveform. To investigate the performance of
the generated frequency-doubled and phase-coded signal,
its phase is recovered by Hilbert transformation, as illustrated
in Fig. 8(a). A 2.7-rad phase difference between “0” and “1”
is observed. The autocorrelation function of the signal is
also calculated to evaluate its pulse compression capability.
The full-width at half-maximum (FWHM) is calculated to
be about 0.556 ns as can be seen from Fig. 8(b). The pulse
compression ratio and the peak-to-sideband suppression ratio
are calculated to be about 14.4 and 7.27 dB, respectively.
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Fig. 10. Optical output of the notch filter (solid line) for frequency
quadrupling, and two outputs when a PBS is connected to select the two
orthogonally polarized sidebands (dashed and dashed—dotted lines).

B. Simultaneous Frequency Quadrupling and Phase Coding

The configuration of the PDM-DMZM for frequency qua-
drupling is shown in Fig. 9. To meet the phase settings,
ie., ¢1 = ¢2 = 0 and ¢3 = ¢4 = 7w /4, the RF source signal is
first directed into a two-port power divider, and one output is
phase shifted by 45° via a phase shifter. After that, the outputs
are further split into four paths with other two electrical power
dividers. DC biases of the PDM-DMZM are also adjusted to
let p1 = @2 =0.

The output of the optical orthogonally polarized CS-DSB
generator is shown in Fig. 10. The electrical RF frequency
is 6 GHz. The solid line is measured directly at the output
of the FBG, while the dashed and dashed-dotted lines are
measured when a polarizer is connected to select one of
the two sidebands. The two main sidebands in the solid
line are separated by 24 GHz (4second-order sidebands),
and when one sideband is selected by the polarizer, the other
one is suppressed by 30 dB, showing a good polarization
orthogonality between the two main sidebands. The relatively
low sideband suppression ratio is mainly resulting from the
amplitude unbalance of the RF signals introduced to the
PDM-DMZM, which could be improved if the power dividing
network in Fig. 9 is carefully designed.

The experimental results for frequency-quadrupling and
phase-coding operation setup are shown in Fig. 11 when
a 2.4-Gbit/s “1110 0000 1100 1010” is employed to drive
the PolM. Obvious phase jumps are observed from
Fig. 11(a) and (b). The phase difference between “0” and “1”
is observed to be about 3.14 rad. Fig. 11(c) shows the cal-
culated autocorrelation function of the signal, whose FWHM
is about 0.43 ns. The pulse compression ratio and the
peak-to-sideband suppression ratio are calculated to be about
15.5 and 7.28 dB, respectively.
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Fig. 11. Experimental results of the generated 16-bit frequency-quadrupled
phase-coded signal. (a) Measured waveform. (b) Recovered phase. (c) Calcu-
lated autocorrelation function.

Fig. 12. Configuration of the PDM-DPMZM for frequency octupling.
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Fig. 13. Optical spectrum at the output of the notch filter (solid line) for

frequency octupling, and optical outputs when a PBS is connected to select
the two orthogonally polarized sidebands (dashed and dashed—dotted lines).

C. Simultaneous Frequency Octupling and Phase Coding

To simultaneously perform frequency octupling and phase
coding, the PDM-DMZM is replaced by the PDM-DPMZM.
To meet the phase settings of the driving RF signal
required for frequency-octupled phase-coded signal genera-
tion, i.e., ¢p1 =0, ¢ = 7w/2, ¢p3 = =/8, and ¢4 = 5x/8,
an electrical power divider, a phase shifter, and two 90° hybrid
are employed. Fig. 12 shows the configuration of the power
distribution network and the PDM-DPMZM. The RF source
signal is first directed to a two-port power divider. One path is
phase shifted by 22.5° via adjusting the electrical phase shifter.
The two paths are then further split into four paths via two
90° hybrids. DC biases of the PDM-DPMZM are also adjusted
to let o1 = g2 = 93 = pa = 0.

The optical spectrum measured at the output of the FBG
is shown in Fig. 13. Two large =+fourth-order sidebands are
observed. Again, to examine the polarization orthogonality of
the +fourth-order sidebands, a PBS is connected to the FBG.
The dashed and dashed—dotted lines in Fig. 13 show the two
outputs of the PBS. In this case, the polarization extinction
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Fig. 14. Generated 16-bit frequency-octupled phase-coded signal.
(a) Measured waveform. (b) Recovered phase. (c) Autocorrelation function.

ratios are less than 15 dB. The poor polarization extinction
ratios are mainly resulted from the unideal response of the
90° hybrid, the unideal setting of the phase shifter, and the
unbalanced amplitudes of the RF signals, which also lead to
the generation of many unwanted sidebands. With a 2.8-Gbit/s
16-bit sequence “1111 0000 1100 1010” applied to the PolM,
a 28-GHz phase-coded signal is generated, which is eight
times of the driving frequency (3.5 GHz). Since the unwanted
sidebands would generate many undesirable frequency compo-
nents after photodetection, an electrical filter was followed in
the experiment to remove these components. Fig. 14 shows the
experimental results. As can be seen, the pattern of the recov-
ered phase agrees well with the electrical coding sequence,
the phase difference between “0” and “1” is about 2.7 rad,
and the FWHM of the autocorrelated pulse is about 0.33 ns.
The pulse compression ratio and the peak-to-sideband sup-
pression ratio are calculated to be about 17.3 and 6.9 dB,
respectively.

IV. DISCUSSION
A. Frequency Range of the Generated Signal

Thanks to the frequency multiplication operation, the pro-
posed phase-coded signal generator can be operated in a
large frequency range. Supposing that the frequency operation
ranges of the devices employed in this scheme are [ fmi-d,
fma-d] for the power dividers, [ fmrps, fma-ps] for the phase
shifters, [ fmi-h, fma-h] for the 90° hybrids, [ fMi-m> fMA-m]
for the modulators, and [ fmi-pp, fma-pp] for the PD, and the
bandwidth of the FBG is Brpg, the lower and upper frequency
bounds of the system fy and fya should be

JSmr = min{max{N - max{ fmr-d, fMi-ps> fMI-m> fML-h}, BFBG},
Sfma-pD}
fma = min{N - min{fma-d, fMA-ps, MA-m> /MA-h}, fMA-PD}
(18)

where N is the frequency multiplication factor, max{} chooses
the maximum value from the braces, and min{} chooses
the minimum one. With the experimental setup in this
paper for frequency-doubled phase-coded signal generation,
fmid = 2 GHz, fmaq = 26.5 GHz, furn = 1.7 GHz,
fMa-n = 36 GHz, fmim =~ 0 GHz, fma-m = 31.4 GHz,
Smrps = 1.8 GHz, fmaps = 26.5 GHz, fma-pp = 30 GHz,
and Bpgg = 10 GHz. fuy is calculated to be 10 GHz, which
is restricted byBrpg, and fyma is calculated to be 30 GHz,
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which is constrained by fpma-pp. Similarly, we can obtain that
JSvr and fya for frequency quadrupling situation are 10 and
30 GHz, respectively, which are also restricted by Bppg in
the lower bound and fuma-pp in the upper bound. For the
frequency-octupled phase-coded signal generation, fyp and
Jfma are calculated to be 16 and 30 GHz, respectively, which
are limited by the electrical power divider in the lower bound
and the 3-dB bandwidth of the PD in the upper bound.

It should be noted that the 3-dB bandwidth of the com-
mercial available FBG can be tens of megahertz [27],
so the lowest frequencies for frequency-doubling, frequency-
quadrupling, and frequency-octupling and phase-coding sys-
tems can be 4, 8, and 16 GHz, respectively, limited by the
lowest operational frequency of the power divider. In addition,
the bandwidth of the PD reported in the literature can be
as high as 500 GHz [28]. If it is employed, the maximum
operational frequencies of the frequency-doubled, frequency-
quadrupled, and frequency-octupled phase-coded signals’ gen-
erator can be extended to 53, 106, and 184 GHz, respectively,
restricted by fma-a¢ and fmA-m-

In addition, if electrical devices and optical modulator
with higher bandwidth are employed, generation of terahertz
phase-coded signal is possible.

B. Broadband Phase Shift

In the phase-coded signal generator, RF signals should
undergo 0, #/8, /4, or w/2 phase shift. If electrical phase
shifters are utilized, the frequency tunability will be sig-
nificantly affected because the phase shifters are frequency
dependent. To solve this problem, broadband phase shifts
can be generated based on vector sum of two orthogonal
RF signals with variable amplitudes. Fig. 15 shows one of
such schemes to produce the broadband phase shifts based on
a broadband 90° hybrid, an attenuator, and a power divider.

Suppose that the expressions of the signals at the two
outputs of the 90° hybrid are exp(jwrr?) and jexp(jwrpt).
When an electrical attenuator is connected to the orthogonal
output of the 90° hybrid, the signal becomes j yexp(jwrrt),
where y is the attenuation coefficient. With a power combiner
to combine the two signals, we obtain an RF signal in the
form of

Erp(t) = (1 + jx) exp(jorrt)

= /1 + y2exp(jowrpt + jORF).

Therefore, an electrical signal with its phase shifted by ¢rp
is obtained, where ¢rr = arccos(1/(1 4+ x2)°). Because the
bandwidth of the 90° hybrid, the attenuator, and the power
combiner can be very large, ¢rp can be almost frequency
independent.
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Fig. 16. Polarization extinction ratio as a function of (a) A¢s, (b) Ap,
and (¢) AVpci.

C. Polarization Orthogonality of the Two
Sidebands and Its Impact

The proposed system highly desires that the two sidebands
introduced to the PolM-based microwave photonic phase
coder are orthogonally polarized. To generate such sidebands,
the phases of the RF signals to the four RF input ports should
be controlled to achieve the required values of ¢1—¢4, and the
amplitudes should be adjusted to let the modulation indices
of the four branches in the modulator identical. In addition,
the bias voltages of the modulator should be controlled to
obtain the required values of p1—¢4. However, it is very hard to
achieve these conditions simultaneously, thanks to the unideal
response of the phase shifters, the unideal design of the power
dividing network, and the bias drifts of the modulator. To eval-
vate the influence of these nonidealities on the polarization
orthogonality of the two sidebands, a numerical simulation of
the frequency-octupling and phase-coding operation is carried
out based on OptiSystem 12.0 (Optiwave, Inc.). A parameter
named polarization extinction ratio is also defined, which is
the power ratio of one sideband to the other sideband along
a polarization direction that the former achieves maximum
power.

Fig. 16 shows the simulated results when the phase of one
RF signal (¢3), the modulation index of one sub-MZM in the
PDM-DPMZM (f1), or one dc bias of the modulator (Vpc1)
deviates from its ideal value. From the results, we can conclude
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that the polarization extinction ratio monotonically decreases
when the deviation of the three parameters increases. To main-
tain a 20-dB polarization extinction ratio, the variation range
is £2.5° for ¢3, £x/4 for By, and £V, /4 for Vpcy, indi-
cating that all the parameters should be carefully controlled.
In practice, two or more parameters may drift simultaneously.
In that case, the polarization extinction ratio will be further
degraded. For example, when the aforementioned three para-
meters ¢3, f1, and Vg drift by 2.5°, n/4, and V./4 at the
same time, the polarization extinction ratio will be decreased
to 15 dB, and if all the phases, the modulation indices, and
the dc biases drift simultaneously, the polarization extinction
ratio will be lower than 10 dB.

The unideal polarization orthogonality of the two sidebands
would result in performance degradation. Take the frequency-
octupled phase-coded signal generation as an example again;
if the polarization extinction ratio is too low, the output of the
orthogonally polarized CS-DSB generator can be rewritten as

E, . exp(— j4wrrt) + o~ exp(j4wrr?)
[E ./} ocexp (jeer) [al exp(— j4wrrt) + exp(j4wrrt)
(20)

where a is the polarization extinction ratio in linear scale and
o > 1. Introducing the signal to the PolM for complementary
phase modulations, and beating them at the PD

I(t) x 407! cos(8wgrFt)
+ 202 cos(8wgrFt + 2y 5(t))
+2cos(Bwrrt — 2y s(1)) 21
when a = o0, which refers to the ideal polarization
orthogonality of the two sidebands, only the last term is
left, and an ideal frequency-octupled phase-coded signal is
obtained. When o = 1, which represents that the two side-
bands are in the same polarization state, (20) becomes
I(t) o< (44 4cos(2ys(t))) cos(8wprFt). (22)
Therefore, a purely intensity-coded signal is obtained. When
o is other value, the generated signal will contain both
the phase-coded and the intensity-coded frequency-octupled
signals. As a result, the performance of the generated signal
is degraded. The simulated results and the autocorrelation
functions with different values of o are shown in Fig. 17. From
Fig. 17, we can see that, for the o = oo case, the amplitude
of the generated signal maintains unchanged and the calcu-
lated autocorrelation function has a good pulse compression
capability. When o becomes smaller, the amplitude of the gen-
erated signal is partly intensity modulated, and the compressed
pulse obtained by autocorrelation is broadened. For the worst
case (a = 1), only intensity modulated signal is obtained and
the pulse compression capability is lost. It should be noted
that different phase modulations are presented in Fig. 17(c)
and (e) although their profiles look similar. The two insets
of Fig. 17 show the zoomed-in views of the two waveforms
at the jump point. As can be seen, there is no phase jump
in Fig. 17(e) although the amplitude is varied.
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Fig. 17. Waveforms and autocorrelation functions of the simulated frequency-
octupled phase-coded signals when (a) and (b) a = oo, (¢) and (d) o = 2,
and (e) and (f) o = 1.

V. CONCLUSION

A novel frequency-multiplied phase-coded signal generator
based on an integrated PDM-DMZM or PDM-DPMZM was
proposed and experimentally demonstrated. The frequency
multiplication operation makes the generator capable to oper-
ate within a frequency range far more beyond the working
frequency range of the devices used in the scheme. Theoretical
analysis of the simultaneous frequency multiplying and phase
coding was performed. Experiments to study the performance
of the system were carried out. Phase-coded signals with a
frequency multiplication factor of two, four, or eight were
generated. The recovered coding signals and the pulse com-
pression capabilities were evaluated. The performance of the
generated signals related to the polarization extinction ratio
was also discussed. The proposed method features compact
configuration and large operational frequency range, which can
be employed in radar systems and terahertz signal generation
systems.
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