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Photonic Generation of Microwave Waveforms Based
on a Polarization Modulator in a Sagnac Loop
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Abstract—An optical microwave waveform generator using a
polarization modulator (PolM) in a Sagnac loop is proposed and
experimentally demonstrated. Microwave waveforms including a
triangular waveform, a sawtooth waveform, and a square wave-
form, can be generated using a sinusoidal signal to modulate a
light wave at a PolM in a Sagnac loop. In the proposed microwave
waveform generator, a sinusoidal microwave signal is applied to
the PolM in the Sagnac loop. Due to the velocity mismatch, only
the clockwise light wave in the Sagnac loop is effectively mod-
ulated by the sinusoidal microwave signal at the PolM, and the
counter-clockwise light wave is not modulated. Along the clock-
wise direction, the powers of the odd- and even-order sidebands can
be controlled separately by tuning a polarization controller after
the PolM. In addition, the output power of the optical carrier can
be independently controlled by combining the counter-clockwise
and clockwise optical carriers at the output of a polarization beam
splitter. As a result, a modulated signal with controllable odd- and
even-order sidebands is generated. By applying the modulated sig-
nal to a photodetector, a microwave signal with fully controllable
odd- and even-order harmonics is generated, which corresponds to
a desired microwave waveform. A theoretical analysis is developed,
which is validated by an experiment. A triangular, sawtooth, and
square waveform with a repetition rate tunable from 2 to 4 GHz is
experimentally generated.

Index Terms—Carrier suppression, microwave photonics, mi-
crowave technology, optical interference, optical polarization, pho-
tonic generation of microwave signals, polarization modulation.

I. INTRODUCTION

HOTONICS generation of arbitrary microwave waveforms

has been a topic of interest recently, which can find many
important applications in modern radar systems [1], wired and
wireless communications [2], [3], and all-optical microwave
signal processing and manipulation [4], [5]. Various optical ap-
proaches have been reported to generate microwave waveforms.
Microwave waveforms can be generated based on optical spec-
tral shaping [6], [7]. In the approach, an optical pulse train
generated by an optical comb generator or a mode locked laser
(MLL) serving as a coherent broadband source is sent to an
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optical spectral shaper, which tailors the input spectrum such
that a desired microwave waveform is generated by applying
the tailored optical pulse train to a photodetector (PD). In [6],
an optical spectral shaper based on a liquid crystal modulator
(LCM) was employed to line-by-line control the magnitude and
phase of each of the comb lines to make the entire spectrum
identical to that of a triangular waveform. The system can be
extended to generate arbitrary waveforms by controlling the
LCM with different magnitude and phase response. Recently, a
technique to generate arbitrary waveforms based on frequency-
to-time mapping was proposed [7]. In the demonstration in [7],
two cascaded filters working as an optical spectral shaper were
employed to shape an ultra-short optical pulse to have a spectrum
with a triangular shape. Through frequency-to-time mapping in
a dispersive element, a triangular pulse was generated. To gener-
ate different waveforms, different optical filters have to be used,
which limits the system flexibility.

A microwave waveform can also be generated through pulse
shaping in a nonlinear and normally-dispersive fiber. For exam-
ple, in [8] a transform-limited pulse train generated by an MLL
was sent through a pre-chirping fiber and an erbium-doped fiber
amplifier (EDFA). By choosing the length of the fiber and tuning
the pulse power at the output of the EDFA, a triangular pulse
train is generated after progressive pulse reshaping in a nonlin-
ear and normally-dispersive fiber. The major limitation of the
technique is that the desired dispersion and nonlinearity were
difficult to manipulate for real applications.

Furthermore, a microwave waveform can be generated by
manipulating electro-optical modulation harmonics. In [9], a
continuous-wave (CW) light wave was modulated by a ref-
erence radio-frequency (RF) signal through a dual-electrode
Mach-Zehnder modulator (De-MZM). By controlling the bias
voltage to the De-MZM, even-order sidebands were suppressed.
The remaining odd-order sidebands were further manipulated
in their phase terms by a length of dispersive fiber. A triangular
waveform was thus generated at a high-speed PD. The repetition
rate of the generated triangular waveform is two times the fre-
quency of the reference RF signal. This approach is simple and
cost effective, but the repetition rate is difficult to tune because
the dispersion value needed in the system is dependent on the
frequency and the power of the reference RF signal.

In addition to the above techniques in [6]-[9], microwave
waveforms can also be generated based on temporal Talbot effect
[10], [11], using a microwave photonic filter [12], [13], and
based on temporal pulse shaping [14]. The major limitation
of these techniques in [10]-[14] is that the repetition rate of
the generated waveform is difficult to tune, which limits the
applications where a tunable repetition rate is needed.
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Recently, we proposed a novel approach to generating a tri-
angular waveform sequence with a tunable repetition rate using
a single polarization modulator (PolM) in a Sagnac loop [15].
The fundamental concept of the approach is to manipulate the
spectrum of an optical signal to be identical to that of a triangu-
lar waveform. It is known that a triangular waveform sequence
has a Fourier series with only odd-order harmonics, which can
be realized using a sinusoidal signal to modulate a light wave
at a PolM in a Sagnac loop. In the proposed waveform gen-
erator, a sinusoidal microwave signal is applied to the PolM.
Due to the velocity mismatch, only the clockwise light wave
in the Sagnac loop is effectively modulated and the counter-
clockwise light wave is not. Along the clockwise direction, the
even-order sidebands are suppressed by tuning a polarization
controller (PC) after the PolM. As a result, a modulated signal
with only the odd-order sidebands is generated, which is com-
bined with the counter-clockwise propagated optical carrier at
the output of a polarization beam splitter (PBS). By applying the
combined signal to a PD, a microwave signal with only the odd-
order harmonics is generated, which corresponds to a triangular
waveform.

The approach reported in [15] can be extended to generate
other types of microwave waveforms with a tunable repetition
rate. In this paper, we provide a detailed theoretical as well
as experimental study of the technique for the generation of
microwave waveforms reported in [15]. By manipulating the
system parameters, such as the input RF power level and the
polarization states at different locations in the system, the gen-
erator can be reconfigured to generate other types of microwave
waveforms. The approach is evaluated by simulations which are
then verified by experiments. The generation of a triangular,
sawtooth, and square waveform with a repetition rate tunable
from 2 to 4 GHz is experimentally demonstrated.

The paper is organized as follows. In Section II, the principle
of the proposed approach is presented, with an emphasis on the
accurate manipulation of the electro-optical modulation side-
bands through controlling the system parameters, such as the
input RF power and the polarization states at different locations
in the system. Numerical simulations are then performed. In
Section III, an experimental demonstration is presented. A trian-
gular waveform, a sawtooth waveform, and a square waveform
with a tunable repetition rate from 2 to 4 GHz are generated. A
conclusion is drawn in Section IV.

II. PRINCIPLE

Fig. 1 shows the schematic of the proposed microwave wave-
form generator. A linearly polarized CW light wave from a tun-
able laser source (TLS) is sent to a Sagnac loop through a PBS,
to split the input light wave into two orthogonally polarized light
waves to travel along the clockwise and counter-clockwise di-
rections in the Sagnac loop, in which a PoIM is incorporated. A
PC (PC1) after the TLS is used to align the polarization direction
of the light wave from the TLS to have an angle relative to one
principal axis of the PBS. As can be seen from Fig. 1, the two
linearly polarized clockwise and counter-clockwise light waves
are incident into the PolM from the opposite directions. Along
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Fig. 1. Schematic of the proposed microwave waveform generator. TLS:
tunable laser source; PC: polarization control; PBS: polarization beam split-
ter; RF: radio frequency; PolM: polarization modulator; Pol: polarizer, PD:
photodetector.

the clockwise direction, the light wave and the microwave are
traveling in the same direction. Since the PolM is designed to
match the velocities of the light wave and the microwave [16],
a strong modulation is obtained. Along the counter-clockwise
direction, however, the light wave and the microwave are trav-
eling in the opposite directions, since the light wave and the
microwave only meet at a very short time, very weak modula-
tion will be produced. Therefore, only the clockwise light wave
is effectively modulated by a reference microwave signal at the
PolM, and the counter-clockwise light wave is not modulated.
As a result, a modulated and a non-modulated optical signal
with opposite propagation directions are obtained. Notice that
along the clockwise direction, the PolM in conjunction with a
PC (PC2) and the PBS operates as an equivalent MZM with the
bias point controlled by a tunable static phase shift introduced
by PC3 [17], [18]. Thus, the modulated optical signal is com-
bined with the counter-clockwise propagated optical carrier at a
polarizer. By applying an optical bandpass filter to remove the
negative order sidebands, and apply the positive order sidebands
including the optical carrier to a PD, a microwave waveform is
generated.

EpBs.cw = % exp(jwt) {[1 +exp(jg)] o (B)+ > _[(-1)F

+ exp(j)] Tk (B)[(—1)F exp(jkwp, t) +exp(—jkwn t)] }

)]

As shown in Fig. 1, along the clockwise direction, the joint
operation of the PolM, PC3, and the PBS corresponds to an
MZM with the bias point controlled by PC3 to introduce a static
phase shift. In this way, the amplitude of the harmonics can
be tuned. Assuming that the amplitude of the electrical filed
of the CW light wave from the TLS is Ej, and the polarization
direction of the incident light from the TLS is aligned at an angle
of 6 relative to one principal axis of the PBS, the electrical field
at the output of the PBS for the clockwise propagation light
wave can be expressed in (1) at the bottom of the page, where
FE.w = Eycosf is the amplitude of the electrical field of the
clockwise propagation light wave, 3 is the phase modulation
index, w and w,, are the angular frequencies of the optical
carrier and the microwave signal, respectively, ¢ is a static phase
term introduced by PC3 placed between the PolM and the PBS.
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Combining the counter-clockwise non-modulated optical signal
with the clockwise optical signal at the polarizer, and assuming
that the principal axis of the polarizer is aligned at an angle of «
to one principal axis of the PBS, the electrical field at the output
of the polarizer can be expressed as

Epo1 = EpBs-cw oS + EpBg_cew SIN @ 2

where Eppg.cew = Foexp(jwt)sind is the electrical field of
the counter-clockwise light wave at the output of the PBS. No-
tice that the negative and positive odd-order sidebands are out of
phase when the even-order sidebands are suppressed, an optical
bandpass filter is required to remove the negative order side-
bands (or positive order sidebands) for generating waveforms
with only odd-order harmonics. Thus, the electrical field after
the optical bandpass filter is given by

Eout = EO exp (jwt)

x { A+ %B > (1 + exp (oo + jkm)] Ji (B) exp (jkwmt)
k=0
3)
where A =sinasinf and B = cosacos . By applying the
signal at the output of the optical bandpass filter to the high
speed PD, we have an electrical signal at the output of the PD,
given by
I(t)=R-Eout - Ebyy = Lie

(]

+ Ce.o. kzoc; Ji. () cos (kg + g) cos (k’wmt + k’g — gpc)

4)
where R is the responsivity of the PD, C, ,. is a constant, and
. 1s a static phase term given by

Asin%

\/A2 sin? £ + cos? £ [A + BJy (8)]

Y. = arcsin

A. Triangular Waveform

The Fourier series expansion of a typical triangular waveform
sequence 7; (t) is given by
=~ 1
T () =Ca+ Dy Y 15 coskQt (5)
k=1,3,5

where Ci, and Dy, are two constants, and {2 is the fundamen-
tal angular frequency. As can be seen from (5), a triangular
waveform has only odd-order harmonics. To obtain an electri-
cal signal with a spectrum containing the odd-order harmonics,
the even-order harmonics need to be suppressed, which can be
realized by biasing the equivalent MZM at the minimum trans-
mission point (MITP) or equivalently to let ¢ = 7, as shown in
(4). Comparing the expression of I () in (4) with the Fourier se-
ries expansion of a typical triangular waveform sequence Ty, ()
in (5), to generate an ideal triangular waveform, and assuming
that @ = o = /4, we should have

J(B) 1 ©)

Ji(B) K2
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Fig. 2. Simulation results. Reconstructed temporal triangular waveform se-

quence with the number of Fourier series components of (a) 2, (b) 3, (c) 5,
and (d) 10. The amplitudes of the corresponding Fourier series components are
shownin (e), (f), (g) and (h). (i) Error analysis at different harmonic power levels
for seven harmonics, each of which is calculated when the other harmonics are
at the ideal power levels. The RMSE curves for the even-order harmonics at 2,
4 and 6 are overlapped, as shown in the dashed lines, which indicates that the
even-order harmonics contribute an identical RMSE at the same power level.
RMSE: root mean square error; HM: harmonic.

where £ = 3,5, 7, ... is the order of the Bessel function of the
first kind. For a given phase modulation index (3, (6) cannot
be satisfied for every k, an ideal triangular-shaped waveform is
not feasible. However, a triangular waveform can be approxi-
mated by a finite number of the Fourier series components. We
perform a simulation to evaluate the errors between an ideal
triangular waveform and a triangular waveform with a finite
number of Fourier series components, with the results shown in
Fig. 2(a) to (h), where m is the number of Fourier series compo-
nents. The root-mean square errors (RMSEs) corresponding to
different number of Fourier series components are also shown.
As can be seen, two Fourier components can provide a good
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approximation of a triangular waveform. Since the powers of
the high order Fourier components are dropping fast, as shown
in (5), even no visible difference between triangular waveforms
reconstructed using five and ten Fourier series components. In
our experimental demonstration, two Fourier components will
be considered, and (6) can be rewritten as
Ji(B) 9

which can be realized if the modulation index is controlled to
be

B =151 8)

which can be realized by controlling the power level of the
modulation microwave signal.

In a real system, the even-order harmonics may not be com-
pletely suppressed, and the 3rd harmonic is difficult to maintain
a fixed power level for different frequencies without power ad-
justment. Thus, the change of the power level of each harmonic
to the accuracy of the generated triangular waveform is eval-
uated. As shown in Fig. 2(i), the insufficiently suppression of
the even-order harmonics would lead to a large RMSE, and
the power level of each odd-harmonic can be chosen to have
a minimum RMSE, which is marked with a small triangle in
Fig. 2(i). To generate a high accuracy triangular waveform, the
even-order harmonics should be fully suppressed. In addition,
the power level of each odd-order harmonic should be controlled
identical to the ideal value to ensure the generation of an accurate
triangular waveform. Practically, to generate a good triangular
waveform, the even-order harmonics should be suppressed by
30 dB, and the power levels of the odd-order harmonics should
be maintained close to the marked values in Fig. 2(i).

B. Sawtooth Waveform

The Fourier series expansion of a typical sawtooth waveform
sequence 7 (t) is given by

sin (kQt) )

el

T‘sa (t) = Csa + Dsa Z
k=1

where Cs, and Dy, are two constants. As can be seen from (9),

a sawtooth waveform has both odd- and even-order harmonics.

Comparing the expression of I (¢) in (4) with the Fourier series

expansion of a sawtooth waveform sequence Ty, (¢) in (9), to

generate an ideal sawtooth waveform, we should have
Je(B)cos (k3 +%5) 1

Ji(B)cos(5+%) K

Y
Pe =73

(10)

where k = 2, 3,4, ... is the order of the Bessel function of the
first kind. For a given phase modulation index (3, (12) cannot be
satisfied for every k, thus an ideal sawtooth-shaped waveform
cannot be generated. However, if we only consider a finite num-
ber of Fourier series components, a sawtooth waveform can also
be approximated. As shown in Fig. 3, a limited number of the
Fourier series components can provide a good approximation of
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Fig. 3.  Simulation results. Reconstructed temporal sawtooth waveform se-
quence with the number of Fourier series components of (a) 2, (b) 3, (c) 5,
and (d) 10. The amplitudes of the corresponding Fourier series components are
shown in (e), (f), () and (h). (i) Error analysis at different harmonic power levels
for seven harmonics, each of which is calculated when the other harmonics are
at the ideal power levels.

a sawtooth waveform. When two series components are used,
the RMSE is 0.1377, and when three Fourier series components
are used, the RMSE is as small as 0.1156. In our experimental
demonstration, three Fourier series components are used, thus
(12) is simplified to

hB) _

H B 2cos (%) (11
Js(B) 1

J1(B) 3
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which can be simply achieved if the static phase and the phase
modulation index are given by

p =0.357

0 =6.10 (12)
which can be implemented by tuning PC3 and the power of the
microwave signal, respectively.

The effect of the power level of each harmonic on the accuracy
of the generated sawtooth waveform is also discussed. As shown
in Fig. 3(i), the power level of each harmonic can be chosen to
have a minimum RMSE, which is marked with a small triangle
in Fig. 3(i). To achieve the highest accuracy of the generated
sawtooth waveform, the power levels of the harmonics should
be maintained close to the marked values in Fig. 3(i)

C. Square Waveform

The Fourier series expansion of a typical square waveform
sequence Ty, () is given by

|
Ty (t) = Ciq+Dsq Y - sin (k) (13)

k=1,3,5

where Cy, and Dy, are two constants. As can be seen from
(13), a square waveform has only odd-order harmonics. Similar
to the triangular waveform generation, to obtain an electrical
signal with a spectrum containing the fundamental and the odd-
order harmonics, the equivalent MZM should be biased at the
MITP to make p = (20 + 1) 7,1 =0, 1,2, 3, .... Comparing the
expression [ (¢) in (4) with the Fourier series expansion of a
typical square waveform sequence T, (¢) in (13), to generate
an ideal square waveform, and assuming that = o = 7 /4, we
should have

(14)

where k = 3,5,7,... is the order of the Bessel function. For
a given phase modulation index /3, (14) cannot be satisfied for
every k, thus an ideal square waveform cannot be generated.
Similar to the triangular waveform generation, a square wave-
form can be approximated by a finite number of Fourier series
components. As shown in Fig. 4, a limited number of the Fourier
series components can provide a good approximation of a square
waveform. However, compared with the generation of a trian-
gular waveform, the generation of a square waveform needs
more Fourier series components to maintain the same level of
RMSE. In our experimental demonstration, due to the limited
input microwave power, two Fourier series components will be
considered, and (14) is now given by

: 1
Js(B) 1 (15)
J1(B) 3
which can be realized if the modulation index is
G = 6.10. (16)

Similar to the triangular waveform generation, the effect of the
power level of each harmonic on the accuracy of the generated

3641
- 8
1@ - )
0
RMSE=0.3147 | 40
m=2
—— 0
= 1Mo (0
]
%‘ 4 RMSE=0.2581 | 40
E— m=3 K
+ + -
1( 1 - ) ) ) i 0 E
2 (<) M M | ®| &
T 0 1 k
£ ] RMSE=0.2001 | 0
ol ol o]
1 @) 2 P (] ©
) ? 0
0 ] f9%¢
RMSE=0.1404 |_40
m=10
L1 11
0 i 2 3 4 s 9 13 17
Time (ns) Frequency (GHz)
11— : . . . :
@ ———- 2ndHM
L 3rd HM r
0.06 1 4th HM JI-"
075k 4 5th HM .f:
5 | [----sthum|
f 7thHm| [ )

w
vy
=
-4
0
-60 -50 -40 -30 -20 -10 a
Harmonic Amplitude (dB)

Fig.4. Simulation results. Reconstructed temporal square waveform sequence

with the number of Fourier series components of (a) 2, (b) 3, (¢) 5, and (d) 10.
The amplitudes of the corresponding Fourier series components are shown in
(e), (f), (g) and (h). (i) Error analysis at different harmonic power levels for
seven harmonics, each of which is calculated when the other harmonics are
at the ideal power levels. The RMSE curves for the even-order harmonics are
overlapped, as shown in the dashed lines, which indicates that the even-order
harmonics contribute the same RMSE at a same power level.

square waveform is evaluated. As shown in Fig. 4(i), the insuf-
ficiently suppression of the even-order harmonics would lead to
a large RMSE, and the power level of each odd-harmonic can
be chosen to have a minimum RMSE, which is marked with a
small triangle in Fig. 4(i). In real applications, the power levels
of the odd-order harmonics should be maintained close to the
marked values in Fig. 4(i).

D. Arbitrary Waveform

Now we discuss the use of the proposed approach to the
generation of an arbitrary microwave waveform. The Fourier
series expansion of an arbitrary waveform sequence 7' (t) is
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given by

S(t)y=C+D Z ay, cos (k) + by, sin (kQt)
k=1

= C+Dch cos (kQt + ) (17

k=1

where C' and D are two constants. Comparing it with (4), we
have

Ji (B) cos (kg + f) 1

2/) _ =
J1 (B) cos (g + %) k (18)
L = Pc

where k = 2, 3,4, ... is the order of the Bessel function of the
first kind. If the static phase terms of all harmonic are identi-
cal, the proposed system can generate at least three harmonics
which satisfy (18). For most waveforms, the fundamental, the
second and third harmonics largely dominates the shape of the
waveform. In this case, the propose system can approximately
generate arbitrary waveforms if the static phase terms of all
harmonics are identical.

III. EXPERIMENT

A proof-of-concept experiment based on the setup shown in
Fig. 1 is implemented. A linearly polarized CW light wave at
1550.37 nm from the TLS (N7714A, Agilent) is sent to the
Sagnac loop through PC1 and the PBS. Two orthogonally po-
larized light waves travel along the opposite directions in the
Sagnac loop and pass through the PolM (Versawave, 40-GHz
polarization modulator). Due to the velocity mismatch, only
the clockwise light wave is effectively modulated by the ref-
erence sinusoidal microwave signal applied to the PolM, and
the counter-clockwise propagation light wave is not modulated.
As a result, a modulated and a non-modulated optical signal
with opposite propagation directions are obtained at the out-
put of the PBS. By adjusting PC2 and PC3, the power levels
of the sidebands are controlled at the output of the PBS. The
non-modulated optical signal is combined with the modulated
optical signal at the polarizer. After an optical bandpass filter
(WaveShaper 4000 S, Finisar), an optical signal consisting of
an optical carrier and sidebands with controllable power levels
are obtained. By applying this optical signal to the PD, a de-
sired microwave waveform, including a triangular waveform, a
sawtooth waveform, and a square waveform, with a repetition
rate identical to the reference sinusoidal microwave frequency
is generated.

A. Triangular Waveform

In the experiment, a reference sinusoidal microwave signal
with a tunable frequency from 2 to 4 GHz generated by a signal
generator (Agilent E8254A) is applied to the PolM. Consider-
ing the half-wave voltage of the PolM is 3.3 V, the power of
the microwave signal is controlled to be 14 dBm, correspond-
ing to a modulation index of 1.51. By tuning PC2 and PC3,
the second-order sidebands are suppressed. The non-modulated
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Fig. 5. Experiment results. (a) Generated triangular waveform with a repe-
tition rate of 2 GHz, and (b) its spectrum. (c) Generated triangular waveform
with a repetition rate of 3 GHz, and (d) its spectrum. (e) Generated triangular
waveform with a repetition rate of 4 GHz, and (f) its spectrum.

optical signal is combined with the modulated signal, which
contributes to the strong optical carrier. Since the positive- and
negative-order sidebands are out of phase, the negative-order
sidebands are removed by the optical filter to ensure effective
signal generation. Thus, an optical signal with the first-, the
third-order sidebands and the optical carrier is obtained.

By applying the optical signal to the high-speed PD (New
Focus Model 1014, 25 GHz), a triangular waveform with a
repetition rate identical to the frequency of the reference mi-
crowave signal is generated. The temporal waveform of the
generated microwave signal is measured by a real-time oscillo-
scope (DSO, Agilent X93204A) and its spectrum is measured by
an electrical spectrum analyzer (ESA, Agilent E4448A). When
the microwave frequency is tuned at 2 GHz, a triangular wave-
form with a repetition rate of 2 GHz is generated, as shown in
Fig. 5(a). The spectrum of the triangular waveform is shown
in Fig. 5(b). To evaluate the repetition rate tunability, the mi-
crowave frequency is continuously increased from 2 to 4 GHz
while maintaining the other parameters in the system (setting
of PC1, PC2, PC3, and PC4, and input microwave power) un-
changed, a triangular waveform with an increased repetition rate
is generated. Fig. 5(c) and (e) shows the triangular waveforms
at 3 and 4 GHz and the corresponding spectra are shown in
Fig. 5(d) and (f). This important feature makes the generation
of a widely repetition-rate-tunable triangular waveform greatly
simplified. The RMSEs of the experimentally generated triangu-
lar waveforms are also calculated. For the triangular waveforms
at 2, 3, and 4 GHz, the RMSEs are 0.0283, 0.0283, and 0.0287,
respectively. The theoretical RMSE calculated in the simulation
for the triangular waveform with two Fourier series compo-
nents is 0.0279. It can be seen that the experimentally gener-
ated triangular waveforms match well with the simulated wave-
forms. The small deterioration of RMSE is due to the difference
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Fig.6. Experimentresults. (a) Generated sawtooth waveform with a repetition

rate of 2 GHz, and (b) its spectrum. (c) Generated sawtooth waveform with a
repetition rate of 3 GHz, and (d) its spectrum. (e) Generated sawtooth waveform
with a repetition rate of 4 GHz, and (f) its spectrum.

between the theoretical and experimental power distributions of
the Fourier series components. In the experiment, it is difficult
to control the power levels of the individual spectral lines.

B. Sawtooth Waveform

To generate a sawtooth waveform, the power of the microwave
signal is controlled to be 26 dBm, corresponding to a modulation
index of 6.10. By tuning PC2 and PC3, both the even- and
odd-order sidebands are well controlled to ensure that the power
levels of the generated microwave harmonics comply with (11),
and by tuning PC1 and PC4, the static phase is controlled to be
p. = 7/2, as given in (10). By applying the optical signal to
the high speed PD, a sawtooth waveform with a repetition rate
identical to the frequency of the reference microwave signal is
generated. In the experiment, when the microwave frequency is
tuned at 2 GHz, a sawtooth waveform with a repetition rate of
2 GHz is generated, as shown in Fig. 6(a). The spectrum of the
sawtooth waveform is shown in Fig. 6(b).

The repetition rate tunability is also evaluated. To do so,
the microwave frequency is continuously increased from 2 to
4 GHz while maintaining the other parameters in the system un-
changed. A sawtooth waveform with an increased repetition rate
is generated. Fig. 6(c) and (e) shows the sawtooth waveforms at 3
and 4 GHz and the corresponding spectra are shown in Fig. 6(d)
and (f). The RMSEs of the experimentally generated sawtooth
waveforms are also calculated. For the sawtooth waveforms at
2, 3, and 4 GHz, the RMSEs are 0.1160, 0.1158, and 0.1158,
respectively, showing small deterioration as compared with the
theoretical RMSE of 0.1156 for the sawtooth waveform with
three Fourier series components. Again, the small deterioration
is due to the difference between the theoretical and experimental
power distributions of the Fourier series components.
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Fig. 7. Experiment results. (a) Generated square waveform with a repetition

rate of 2 GHz, and (b) its spectrum. (c) Generated square waveform with a
repetition rate of 3 GHz, and (d) its spectrum. (e) Generated square waveform
with a repetition rate of 4 GHz, and (f) its spectrum.

C. Square Waveform

To generate a square waveform, the power of the microwave
signal is controlled to be 26 dBm, corresponding to a modula-
tion index of 6.10. By tuning PC2 and PC3, the second-order
sidebands are suppressed. The non-modulated optical signal is
combined with the modulated signal at the PBS. By applying
the optical signal to the high speed PD, a square waveform
with a repetition rate identical to the frequency of the reference
microwave signal is generated. In the experiment, when the mi-
crowave frequency is tuned at 2 GHz, a sawtooth waveform with
a repetition rate of 2 GHz is generated, as shown in Fig. 7(a).
The spectrum of the sawtooth waveform is shown in Fig. 7(b).

Again, the repetition rate tunability is evaluated by contin-
uously increasing the modulated microwave frequency from 2
to 4 GHz while maintaining the other parameters in the system
unchanged. Fig. 7(c) and (e) shows the square waveforms at 3
and 4 GHz and the corresponding spectra are shown in Fig. 7(d)
and (f). The RMSEs of the experimentally generated square
waveforms are also calculated. For the square waveforms at
2, 3, and 4 GHz, the RMSEs are 0.3150, 0.3151, and 0.3150,
respectively. The theoretical RMSE calculated in the simulation
for the square waveform with two Fourier series components is
0.3147. Again, the experimentally generated waveforms match
well with the theoretical waveforms.

IV. DISCUSSION AND CONCLUSION

The key significance of the proposed approach is the
frequency-independent repetition rate tuning, a feature that is
important for applications where the repetition rate is required
to be tunable. In the experiment, the repetition rate was tuned
from 2 to 4 GHz for the three types of waveforms. The tunable
range could be increased if an electrical amplifier with a higher
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output over a wider bandwidth is used to amplify the reference
sinusoidal microwave signal to drive the PolM. The major limi-
tation of the proposed approach is that the powers of the Fourier
series components cannot be tuned individually, which reduces
the flexibility of the proposed approach for arbitrary microwave
waveform generation.

In summary, we have proposed and experimentally demon-
strated a new approach to generating microwave waveforms
with a continuously tunable repetition rate using a single PolM
in a Sagnac loop. The fundamental concept of the approach
is to use the Sagnac loop incorporating the PolM to generate
a pulse train with its Fourier series containing the harmon-
ics corresponding to a microwave waveform to be generated.
Due to the bi-directional use of the PolM which performs ef-
fective modulation for a light wave passing through it along
the clockwise direction and no modulation for a light wave
along the counter-clockwise direction, and the flexibility to con-
trol the polarization states in the loop, microwave waveforms
with the required spectrum can be generated. The key signifi-
cance of the proposed system is the frequency independent repe-
tition rate tuning, which simplifies the generation of microwave
waveforms with a large tunable range. In addition, because of
the use of a Sagnac loop, in which the two counter propagation
light waves were traveling within the same fiber loop, the envi-
ronmental changes have limited impact on the system stability.
The proposed system was theoretically analyzed and experimen-
tally demonstrated. The generation of a triangular waveform, a
sawtooth waveform, and a square waveform with a continuously
tunable repetition rate from 2 to 4 GHz was demonstrated.
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