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Abstract—Polarization modulation of two phase-correlated, or-
thogonally polarized wavelengths by a parabolic waveform is a
promising way to generate linear-frequency-modulated (LFM) sig-
nals, but the time-bandwidth product (TBWP) of the generated
LFM signal is intrinsically limited by the achievable modulation
index of the polarization modulator (PolM). In this paper, an ap-
proach to increase the TBWP of the LFM signal generated by
polarization modulation is proposed and comprehensively studied
by splitting the electrical parabolic waveforms into N pieces with
identical amplitude. Applying the split parabolic signal to the PolM,
the total equivalent phase shift would be boosted by N/2 times. As
a result, the bandwidth as well as the TBWP of the generated
LFM signal is increased by N/2 times. An experiment is carried
out. As compared to the scheme using an unsplit parabolic signal,
the TBWP is improved by more than 500 times. The relationships
between the bandwidth, the time duration, and the TBWP of the
generated signal with the parameters of the electrical waveform
generator are discussed.

Index Terms—Linear frequency modulation, microwave pho-
tonics, pulse compression, time-bandwidth product.

I. INTRODUCTION

L INEAR frequency-modulated (LFM) waveforms are
widely used in radar systems to achieve simultaneous large

detection range and high range resolution thanks to their pulse
compression capability [1], [2]. With the fast development of
millimeter-wave and terahertz-wave technologies, LFM signals
with a central frequency of up to tens or even hundreds of gi-
gahertz and an instantaneous bandwidth of a few gigahertz are
often desired. Conventionally, LFM waveforms are generated
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using electrical circuits. However, because of the well-known
electronic bottleneck, direct generation of the LFM signal in
the electrical domain would suffer from limited instantaneous
bandwidth, low central frequency and complicated configura-
tions. To deal with these problems, photonic technologies for
LFM signal generation have been reported [3]–[20] because
photonic technologies can provide distinct features in terms of
broad bandwidth, low loss and immunity to electromagnetic in-
terference. Many methods have been proposed in the past few
years to generate the LFM signals using photonic technologies,
which can be generally divided into two categories. One is based
on pulse shaping, either direct space-to-time (DST) pulse shap-
ing [3]–[4] or spectral shaping together with frequency-to-time
mapping (FTTM) [5]–[10], and the other is based on external
phase modulation followed by optical heterodyning [11]–[22].

DST pulse shaping is implemented by shaping the envelope of
input optical pulses in the time domain with free-space compo-
nents [3] or arrayed waveguide gratings [4]. When these pulses
are introduced to a bandwidth-limited photodetector (PD), the
envelope would be detected, which forms an electrical LFM
waveform. LFM waveform generation based on spectral shap-
ing and FTTM is to manipulate the spectrum of the input optical
pulse to have a shape of the scaled version of an LFM waveform.
When this signal is propagating through a dispersive element,
the spectral shape is mapped into the time domain, generat-
ing an LFM waveform. Both of these methods can generate
LFM waveforms with an instantaneous bandwidth up to tens of
gigahertz, but the time durations are usually limited to a few
hundreds of picoseconds or several nanoseconds, resulting in a
very small time-bandwidth product (TBWP) (around 100).

To improve the TBWP, an optical interferometric configura-
tion can be employed [9], but it is very difficult to eliminate
the phase jitter introduced by the optical path separation. In ad-
dition, the maximal TBWP is limited by the total number of
the resolution element of the pulse shaper, which is generally
smaller than 500. Recently, A. M. Weiner et al. proposed a
method to improve the TBWP by phase coding the generated
LFM waveform with a pseudo-random sequence [10]. With the
phase coding, the effective duration of the LFM waveform can
be increased by thousands of times while keeping the instanta-
neous bandwidth unchanged, so the TBWP can be improved
to be larger than 80,000. However, with phase coding, the
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synthesized LFM signal would be sensitive to Doppler shift,
which would reduce the range resolution when the signal is
employed in a radar system.

LFM waveforms can also be generated by introducing a
parabolic phase difference to two phase-correlated optical wave-
lengths followed by optical heterodyning in a PD. The phase
difference can be introduced by a phase modulator (PM) [11]–
[13], but the two phase-correlated optical wavelengths have to
be spatially separated to ensure that only one wavelength under-
goes the phase modulation, which would inevitably introduce
serious phase jitter to the generated signals [11]–[12]. To avoid
the optical path separation, a polarization modulator (PolM),
which can introduce two opposite phase modulations to two
orthogonal polarization directions, is employed [14]–[16].

The key of the proposed method is to generate two
orthogonally-polarized and phase-correlated optical wave-
lengths. Previously, the two wavelengths were generated based
on a differential group delay (DGD) [15]–[16], stimulated Bril-
louin scattering (SBS) induced polarization rotation [17], or
external polarization modulation [18]–[21]. The key limitation
associated with the external-phase-modulation based method is
the small TBWP of the generated LFM signal, which is re-
stricted by the maximum achievable modulation index of the
electro-optical modulator (generally smaller than 10). To en-
large the TBWP of the generated LFM waveform, a recirculat-
ing phase modulation loop (RPML) can be employed [22]. By
recirculating one optical wavelength in the RPML and introduc-
ing a parabolic phase modulation during each recirculation, an
LFM signal with the TBWP increased by 16 times is generated.
However, the circulation times are limited to about 20 due to
the insertion loss of the devices used in the loop. In addition,
the larger the duty cycle is, the smaller the recirculating time
will be.

Recently, we have proposed a photonic approach to gener-
ate LFM waveforms with an improved TBWP by splitting the
electrical parabolic driving signal into N pieces [23]. However,
only a proof-of-concept experiment was conducted, which did
not provide any detailed analysis of the capability and limitation
of the method for improving the TBWPs of the generated LFM
waveforms. In addition, LFM waveforms with TBWP improved
by only 50 times were generated, which is still too small to meet
practical requirements.

In this paper, a comprehensive study of the PolM-based LFM
signal generator with a split electrical parabolic driving signal
is performed. In the system, two orthogonally-polarized phase-
correlated wavelengths are first generated. Then, a PolM driven
by a parabolic signal is employed to introduce a parabolic phase
difference to the two wavelengths. With a polarizer to combine
the two orthogonally-polarized wavelengths and a PD to convert
the optical signal into the electrical domain, an LFM waveform
is generated. Splitting the parabolic waveform into N pieces with
identical amplitude while maintaining the total time duration
unchanged, the effective modulation index of the PolM would
be increased by N/2 times (N is the number of the split pieces),
so will be the bandwidth and the TBWP of the generated LFM
signal. However, the larger N is, the higher the sampling rate of
the electrical waveform generator will be required.

Fig. 1. (a) Schematic diagram of the proposed photonic LFM waveform gen-
erator. LD: laser diode; PC: polarization controller; OBPF: optical bandpass
filter; MZM: Mach-Zehnder modulator; PDM-DMZM: polarization division
multiplexing dual-arm MZM; PDM-DPMZM: PDM dual-parallel MZM; FBG:
fiber Bragg grating; PolM: polarization modulator; OSSB-PolM: optical single-
sideband PolM; PD: photodetector. (b) Schematic of the conventional parabolic
signal (left) and the split parabolic signal (right) when the split number is equal
to 10.

To lower the performance requirements of the electrical wave-
form generator, the parabolic signals can be first time-stretched
by N/2 times, split into N pieces, and amplified to the maximum
achievable magnitude. As compared with the case with an un-
split parabolic driving signal, the bandwidth of the generated
LFM waveform remains almost unchanged while the TBWP is
improved by N/2 times. An experiment is carried out to verify
the feasibility of the proposed scheme. The generation of LFM
waveforms with a TBWP increased by more than 500 times
is experimentally demonstrated as compared with the case us-
ing an unsplit parabolic driving signal. The distortions induced
by the non-ideal electrical driving waveforms and imperfect
orthogonal polarization states are analyzed. The relationships
between the bandwidth, the time duration and the TBWP of the
generated LFM waveforms with the parameters of the electrical
waveform generator, such as, the sampling rate, memory depth,
etc. are discussed. The method can possibly be applied together
with the RPML [22] to generate LFM waveforms with TBWPs
of more than 10,000.

II. PRINCIPLE

Fig. 1(a) shows the schematic diagram of the proposed
photonic LFM waveform generator, which consists of a laser
diode (LD), an orthogonally-polarized-wavelength generator,
a PolM, a polarization controller (PC), a polarizer and a PD.
The orthogonally-polarized-wavelength generator can be im-
plemented based on an optical single-sideband PolM (OSSB-
PolM) [18], a Mach-Zehnder modulator (MZM) incorporated
with a PolM [20], a polarization-division multiplexing (PDM)
dual-arm MZM (PDM-DMZM), or a PDM dual-parallel MZM
(PDM-DPMZM) [21], [24]. The schematic diagrams of the
three types of orthogonally-polarized-wavelength generators are
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shown in the insets of Fig. 1(a). With different experimental
setups, orthogonally-polarized wavelengths separated by one
time, two times, four times or eight times of the frequency of
the electrical driving RF signal can be generated, respectively.
As a result, LFM signals with a central frequency far beyond the
operation frequency range of the electrical and optoelectronic
devices can be generated.

Among the orthogonally-polarized-wavelength generators
listed in Fig. 1(a), the OSSB-PolM is the simplest one, which is
therefore applied in this work to study the TBWP improvement
by the split electrical parabolic driving signal. Continuous-wave
light from the LD is fed into the OSSB-PolM. A PC (PC1) is
inserted before the OSSB-PolM to let the angle between the
polarization direction of the input light and one of the principal
axes of the OSSB-PolM be 45°. After the OSSB-PolM, another
PC (PC2) is employed to rotate the state of the polarization of
the OSSB polarization-modulated signal by 45°. Suppose the
expression of the optical carrier is Eo = cos(jωot), and that
of the RF driving signal is Em = cos(ωm t), where ωo and ωm
are the angular frequencies of the optical carrier and the RF sig-
nal, respectively, the signal at the output of PC2 consists of two
orthogonally-polarized phase-correlated wavelengths [18], i.e.

EPC2 =

[
A1 cos (ωot + φ0)

A2 cos (ωot − ωm t)

]
(1)

where A1 and A2 are the parameters related to the modulation in-
dex of the OSSB-PolM [18], and φ0 is the initial phase difference
between the two polarization directions. Then, the two optical
carriers are coupled into the second PolM (PolM2), in which the
principal axes are aligned with those of the OSSB-PolM. As-
suming the expression of the driving signal introduced to PolM2
is s(t), the optical field at the output of the PolM can be written as

EPoIM ∝
⎡
⎣A1 cos

(
ω0t + φ0 + γs

s(t)
Vs

)
A2 cos

(
ω0t + ωm + γs

s(t)
Vs

)
⎤
⎦ (2)

where γs is the modulation index of PolM2, and Vs is the peak
amplitude of s(t). As can be seen from (2), complementary
phase modulations are introduced to the two orthogonally-
polarized wavelengths. With a polarizer to combine the two
wavelengths, we have

Epol ∝ 1√
2

[
A1 cos

(
ω0t + φ0 + γs

s(t)
Vs

)

+A2 cos
(

ω0t + ωm t + γs
s(t)
Vs

)]
(3)

Then, the combined optical signals are sent to a PD, and the
AC term of the photocurrent is

IAC(t) ∝ A1A2

2
cos

(
ωm t + φ0 + 2γs

s(t)
Vs

)
(4)

As a result, a phase-modulated microwave signal with an
angular frequency of ωm and a phase term of φ0 + 2γss(t) Vs

is generated. When s(t) is a parabolic signal as the left figure of

Fig. 1(b) shows, i.e.

s (t) = Vs

{
K(t − T0/2)2 , 0 ≤ t ≤ T0

0, else
(5)

where K is a constant equal to 4/T0
2, (4) can be rewritten as

IAC (t) ∝⎧⎨
⎩

A 1 A 2
2 cos

[
ωm t + φ0 + 2γsK(t − T0/2)2

]
, 0 ≤ t ≤ T0

A 1 A 2
2 cos (ωm t + φ0) , else

(6)

The instantaneous frequency of the generated signal in (6) is
the derivation of the phase term, which is

ωI =

{
ωm + 4γsK (t − T0/2) , 0 ≤ t ≤ T0

ωm , else
(7)

Therefore, the generated signal is an LFM signal as the in-
stantaneous frequency changes linearly according to the time
value “t”. And the bandwidth of the generated LFM signal is

Bf =
4γsKT0

2π
=

8γs

πT0
(8)

so the TBWP of the generated LFM signal is given by

TBWP = Bf ∗ T0 =
8γs

π
(9)

As can be seen from (9), the TBWP of the generated LFM
waveform depends only on the modulation index of PolM2,
which is determined by

γs = πVs/2Vπ (10)

where Vπ is the half-wave voltage of PolM2. To improve the
TBWP, one has to enlarge the modulation index, which can be
realized by increasing the input power of the parabolic signal
or by decreasing the half-wave voltage of PolM2. Considering
the modulator after fabrication has a fixed half-wave voltage,
the feasible way to improve the TBWP is to increase the input
power. However, the maximum allowable electrical power to the
PolM is generally limited to less than 1 W, indicating that the
TBWP of the LFM signal generated with the parabolic signal is
limited, typically to less than 10.

To solve this problem, we propose in this work to split the
parabolic signal into N pieces, which are amplified to the same
peak amplitude as large as that the modulator can tolerate. The
split signal can be expressed as

s (t) =
N

2
Vs

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

K(t − T0/2)2 + C1 , 0 ≤ t < t1

K(t − T0/2)2 + C2 , t1 ≤ t < t2

. . . . . .

K(t − T0/2)2 + CN , tN − 1 ≤ t ≤ T0

0, else

(11)

where Cn (n = 1, 2, . . . N) is a constant to adjust the signal in
each piece to have the same peak amplitude. When N = 10,
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Fig. 2. Experimental setup of the proposed LFM generator.

the split parabolic signal has a shape like the right figure of
Fig. 1(b). Because the instantaneous frequency of the generated
LFM signal is proportional to the differential of s(t), the values
of Cn have no impacts on the instantaneous frequency. Using
this signal as the driving signal to PolM2, the bandwidth of the
generated signal becomes

Bf
′ =

N4γsKT0

4π
=

4Nγs

πT0
(12)

As can be seen, the bandwidth of the generated LFM signal is
related to the parameters of N, γs and T0 . If the modulation index
of the proposed system is fixed, the bandwidth of the generated
LFM signal is proportional to N/T0 . If the time duration T0 is
also fixed, the bandwidth would be increased by N/2 times when
the parabolic signal is split into N pieces, and the TBWP can
be improved by N/2 times. If the bandwidth of the generated
LFM signal is required to be constant while the TBWP needs
to be increased, one can stretch the parabolic signal in the time
domain, and then select an N to let N/T0 be a constant.

Substituting (12) into (9), the TBWP is increased to

TBWP ′ = Bf
′ ∗ T0 =

4Nγs

π
(13)

Therefore, the TBWP can be improved by N/2 times when
a split parabolic signal with a split number of N is applied to
the proposed LFM system. It should be noted that the proposed
approach can work together with the RPML-based method [22],
to further improve the TBWP.

III. EXPERIMENTS AND RESULTS

An experiment is carried out based on the experimental setup
in Fig. 2. The wavelength and the output power of the LD are
1,552.442 nm and 16 dBm, respectively. The 3-dB bandwidth
and the half-wave voltage of the PolMs are 40 GHz and 3.5 V,
respectively. The microwave signal generated by a signal gen-
erator (Agilent 8257D) has a power of 15 dBm. By applying
the microwave signal to the OSSB-PolM, which consists of a
PolM (PolM1) and an optical bandpass filter (OBPF), an OSSB
polarization-modulated signal is generated. This signal is fed
into another PolM (PolM2) which is driven by a parabolic signal
generated by an arbitrary waveform generator (AWG, Keysight
M8195A) with a sampling rate of 65 GSa/s. After a polarizer,
the OSSB polarization-modulated signal is fed into a PD with
a 3-dB bandwidth of 50 GHz and a responsivity of 0.65 A/W.
The electrical waveforms are observed by an 80 GSa/s real-time
oscilloscope (Agilent DSO-X 92504A) and the optical spectra
are measured by an optical spectrum analyzer with a resolution
of 0.02 nm (AQ6370C).

Fig. 3. The optical spectra of the orthogonally-polarized optical wavelengths.

Fig. 4. The experimental results for the LFM generation (a)–(d) using an
unsplit parabolic signal, and (e)–(h) using a split parabolic signal with a split
number N = 10. (a), (e) The generated LFM waveforms, (b), (f) the recovered
phases, (c), (g) the instantaneous frequencies, and (d), (h) the auto-correlation
functions.

Fig. 3 shows the optical spectra observed at the output of
the OSSB-PolM based orthogonally-polarized-wavelength gen-
erator when a PC and a polarization beam splitter (PBS) are
connected. As can be seen, in each polarization direction, only
one optical wavelength is observed while the other is more than
27 dB lower, indicating that the two wavelengths at the output
of PC2 are indeed orthogonally polarized.

The two orthogonally-polarized optical wavelengths are
sent directly to the optical port of PolM2 which is driven by
an unsplit parabolic waveform with a peak voltage of 7 V.
The duration of the parabolic pulse is 10 ns. Fig. 4(a) shows
the waveform of the LFM signal, and its phase is shown in
Fig. 4(b) which is extracted by Hilbert transformation of the
waveform in Fig. 4(a). A phase curve with a parabolic shape
is observed. Fig. 4(c) shows the instantaneous frequency of
the LFM waveform obtained by short-time Fourier transform.
The bandwidth of the LFM signal is about 740 MHz. As the
time duration is 10 ns, the TBWP of the generated LFM signal
is 7.4. Fig. 4(d) shows the auto-correlation function of the
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Fig. 5. The phases, instantaneous frequencies and auto-correlation functions of the generated LFM signals with different splitnumbers when T0 = 100 ns.
(a) N = 20, (b) N = 40, (c) N = 60, (d) N = 80 and (e) N = 100.

generated LFM waveform. The full-width at half maximum
(FWHM) of the compressed pulse is about 1.39 ns, so the pulse
compression ratio is 7.19. Because the pulse compression ratio
after autocorrelation should be equal to the TBWP for LFM
signals, the experiment confirms that LFM signal generation is
realized.

Then, the parabolic signal is split into 10 pieces and applied
to PolM2. Fig. 4(e) shows the waveform of the generated LFM
signal. The amplitude variations might be introduced due to
the imperfect photonic microwave phase modulation. Fig. 4(f)
shows the recovered phase of the generated LFM signal, and
Fig. 4(g) shows the instantaneous frequency, from which the
bandwidth is calculated to be about 4.04 GHz. Thus, the TBWP
is calculated to be 40.4. Fig. 4(h) shows the auto-correlation
function. The FWHM of the compressed pulse is about 0.25 ns,
corresponding to a pulse compression ratio of 40, which agrees
well with the pulse compression ratio, indicating again that the
generated signal is indeed a LFM signal. Compared with the

case using an unsplit parabolic driving signal, the bandwidth
and TBWP of the LFM signal generated by the 10-piece split
parabolic signal are improved by about 5 times, agreeing well
with the theoretical prediction.

Then, parabolic signals with a fixed time duration of 100 ns
and split numbers of 20, 40, 60, 80 and 100 are used to drive
PolM2. The recovered phases, instantaneous frequencies as well
as the auto-correlation functions of the generated LFM signal are
shown in Fig. 5. As can be seen from Fig. 5(a)–(e), the maximum
phase changes of the generated LFM signals are 62, 125, 180,
250 and 315 rad respectively, and the corresponding bandwidths
are 0.76, 1.52, 2.24, 3.08 and 3.96 GHz. Both the maximum
phase change ranges and the bandwidth of the generated LFM
signals increase linearly according to the split number N. As the
time duration is fixed to be 100 ns, the TBWP of the generated
LFM signals are calculated to be 76, 152, 224, 308 and 396,
respectively. The FWHM of the five compressed pulses after
auto-correlation are 1.30 ns, 0.61 ns, 0.43 ns, 0.32 ns and 0.26 ns,
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Fig. 6. (a) Bandwidth and (b) TBWP as a function of T0 when N/T0 is fixed.

Fig. 7. TBWP and bandwidth as a function of split number N when T0 is
fixed to be 1,000 ns.

corresponding to pulse compression ratios of 72.9, 163.9, 232.6,
312.5 and 384.6, respectively.

Fig. 6 shows the TBWP and bandwidth as a function of the
time durations under different ratios of N/T0 . As can be seen,
when N/T0 is fixed, the bandwidth remains almost unchanged
while the TBWP increases linearly with the time duration, which
agrees well with the results predicted by (12) and (13).

Fig. 7 shows the TBWP and bandwidth of the generated LFM
signals as a function of split number N when the time duration
of the driving signal T0 is fixed to be 1,000 ns. As expected,
both the TBWP and the bandwidth increase linearly with N.

The instantaneous frequency and the auto-correlation func-
tion when N/T0 is 1.0 ns−1 and T0 is 1,000 ns are shown in
Fig. 8. The FWHM of the compressed pulse is calculated to
be 0.26 ns, corresponding to a TBWP of about 3,846.2. Com-
pared to the case using unsplit and unstretched parabolic driving

Fig. 8. (a) The instantaneous frequency and (b) the auto-correlation function
of the generated LFM signal when a split parabolic driving signal with T0 =
1, 000 ns and N = 1, 000 is employed.

Fig. 9. (a) The instantaneous frequency and (b) the auto-correlation function
of the generated signals with 20 GHz central frequency.

signal with a pulse width of 10 ns, the TBWP is improved by
more than 500 times.

It should be noted that the proposed method can work with a
RPML [22] to further increase the TBWP of the generated LFM
waveform. Wideband LFM signals with very large TBWPs (e.g.
more than 10,000) might be possibly generated.

IV. DISCUSSION

A. Tunability

For different applications, LFM waveforms with different
central frequencies and different bandwidths will be required.
In the proposed scheme, the bandwidth of the generated LFM
signal can be tuned by controlling the ratio between the split
number and the time duration of the driving parabolic signal, as
can be seen in Figs. 6 and 7. The frequency tunability is imple-
mented by adjusting the frequency of the RF signal to PolM1.
The frequency tuning range is dependent on the orthogonally-
polarized-wavelength generators. As explained in Section II,
many schemes can be employed in the proposed LFM gen-
eration system, and different schemes have different frequency
tuning ranges. For the OSSB-PolM based scheme used in the ex-
periment, the frequency range depends mainly on the bandwidth
of the electro-optical modulator and the optical filter, which is
from 10 to 40 GHz [25]. If a frequency multiplication structure
is employed [24], LFM signals with central frequencies up to
hundreds of GHz can be generated.

To confirm the frequency tunability, a microwave signal cen-
tered at 20 GHz is applied to PolM1, and a parabolic signal
with a split number of 1,000 and a time duration of 1,000 ns is
applied to PolM2. The experimental result is shown in Fig. 9. As
can be seen, the frequency range of the generated LFM signal
is changed to 18−22 GHz, giving a bandwidth of about 4 GHz.
The FWHM of the compressed pulse is about 0.246 ns, corre-
sponding to a pulse compression ratio of about 4,065, which is
very close to that of the 10-GHz case.
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Fig. 10. The simulated instantaneous frequency diagrams of the generated
LFM signals when split parabolic signals with (a) Cn = 2π , (b) Cn < 2π and
(c) Cn > 2π are applied.

B. Undesirable Frequency Components

In Figs. 4, 5, 8, and 9, we can observe many several weak lines
around the main lines in the instantaneous frequency diagrams.
One factor to create these undesirable frequency components is
the non-ideal split of the parabolic signal. From (11), the values
of Cn should have no impacts on the instantaneous frequency
since the instantaneous frequency is proportional to the differ-
ential of the phase. However, if Cn �= 2kπ (k is an integer), a
discontinuity point would be created in the phase curve and a lot
of high-frequency components are therefore generated. Fig. 10
shows the simulated instantaneous frequency diagrams when
split parabolic signals with Cn = 2π, Cn < 2π and Cn > 2π
are applied to the PolM, respectively. Only one line can be ob-
served when Cn = 2π, while many undesirable harmonic com-
ponents are created when Cn �= 2π. Ideally, one can carefully
control the amplitude of the drive signal to let Cn = 2π. How-
ever, due to the uneven frequency response of the microwave
devices and the electro-optical modulator, it is very difficult to
achieve this ideal condition.

Another contributing factor of the undesirable frequency
component generation is the non-ideal orthogonally-polarized-
wavelength generator. If the two phase-correlated wavelengths
generated by the orthogonally-polarized-wavelength generator
are not orthogonal, the parabolic driving signal would affect the
amplitude of the generated LFM signal, forming undesirable
frequency components. To evaluate the orthogonality of the two
phase-correlated wavelengths, we redefine polarization extinc-
tion ratio as the ratio of the total power of one wavelength and
its power along the polarization direction of the other wave-
length. Fig. 11 shows the simulated instantaneous frequency
diagrams when the polarization extinction ratio is 20, 10 and
3 dB, respectively. As can be seen, the smaller the polariza-
tion extinction ratio is, the stronger the undesirable components
will be.

In addition, the parabolic signal that is generated directly by
the electrical waveform generator is also not ideal. A parabolic
signal from the electrical waveform generator is recorded us-
ing an oscilloscope and then applied to the simulated system
with all other components ideal. Fig. 12 shows the simulated in-
stantaneous frequency diagram. As can be seen, there are many
harmonic components.

Fig. 11. The simulated instantaneous frequency diagrams of the generated
signals with different polarization extinction ratio. (a) 20 dB, (b) 10 dB, and
(c) 3 dB.

Fig. 12. The simulated instantaneous frequency diagram when a parabolic
signal generated by the electrical waveform generator is applied to the simulated
system.

Fig. 13. The zoom in version of the first piece of the parabolic signal contain-
ing three points.

C. Limitations

Although the proposed method can significantly improve the
TBWP or bandwidth of the generated LFM signal, the maximum
achievable bandwidth, pulse width and TBWP are restricted
by the sampling rate and the memory depth of the electrical
waveform generator.

Supposing the maximum split number of the parabolic signal
in (5) is Nm , and the sampling rate of electrical waveform
generator is fs , the maximum amplitude of each piece from the
electrical waveform generator can be expressed as,

VN m = Vs
K(0 − T0/2)2

Nm /2
(14)

To make the distortion of the generated signal acceptable,
the first or last piece of the split parabolic signal, which has the
largest slope in a parabolic signal, should contain at least three
points, as shown in Fig. 13. So another expression of VN m can
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be obtained,

VN m = VsK(0 − T0/2)2 − VsK(2/fs − T0/2)2 (15)

Substituting (14) into (15), the expression of Nm can be
achieved, given by

Nm =
2k(0 − T0/2)2

k(0 − T0/2)2 − k(2/fs − T0/2)2 =
T0

2fs
2

4 (T0fs − 2)
(16)

When the time duration T0 is much larger than 2/fs , which is
always the case in practice, (16) can be simplified to

Nm =
T0fs

4
(17)

From (17), the maximum split number is determined by the
time duration of the parabolic signal and the sampling rate of
the parabolic signal generator.

Substituting (17) into (13), the maximum achievable TBWP
of the generated LFM signal is

TBWPm =
4Nmγs

π
≈ T0fsγs

π
(18)

Since the time duration of the generated signal is T0 , the
maximum bandwidth of the generated signal is

Bf m =
fsγs

π
(19)

As can be seen from (19), when the modulation index is a
constant, the maximum bandwidth is related to the maximum
sampling rate of the electrical waveform generator. According
to the Nyquist sampling theorem, the maximum bandwidth BEm
generated by an electrical waveform generator with a sampling
rate of fs should be less than fs/2. However, in the practical
applications, an empirical formula is concluded, which is

BEm =
fs

2.4
(20)

so the proposed method can improve the maximum
bandwidth by

RB =
Bf m

BEm
=

2.4γs

π
(21)

With a modulation index larger than π/2.4, the bandwidth of
the generated LFM signal will be larger than that of the LFM
signal which is directly generated by the electrical waveform
generator.

The maximum time duration is dependent on the sampling
rate and the memory depth of the electrical waveform generator,
which can be expressed as,

T0 =
Mfs

fs
(22)

where Mfs
is the number of the maximum memory points of the

electrical waveform generator. To generate an LFM signal with
a large time duration, one has to increase the sampling point
number or decrease the sampling rate.

Substituting (22) into (18), the expression of TBWP becomes

TBWP ′
m =

T0fsγs

π
=

Mfsγs

π
(23)

It is interesting that the maximum TBWP depends only on
the number of the maximum sampling points of the electrical
waveform generator when the modulation index of the PolM is
a constant.

In our experiment, the modulation index γs is around π, the
number of the maximum sampling points Mfs is 1.6 × 1010

and the maximum sampling ratio fs is 65 GSa/s. Therefore,
the maximum bandwidth of the LFM signal generated based
on the proposed method can be as high as 65 GHz, which is
2.4 times of that of the electrical waveform generator (27 GHz).
The maximum TBWP can be as high as 1.6 × 1010. If the half-
wave voltage of the PolM can be decreased and the maximum
tolerable power of the PolM can be increased in the future, γs

can be enlarged and therefore the TBWP and bandwidth can be
further increased.

V. CONCLUSION

A photonic method to generating LFM waveforms with an
improved TBWP was proposed and comprehensively studied.
By splitting a parabolic signal into N pieces with uniform am-
plitudes and applying it to an external-phase-modulation based
LFM signal generator, the TBWP of the LFM signal can be
improved by N/2 times. An experiment to verify the feasi-
bility of the proposed scheme was carried out. LFM signals
with TBWP improved by more than 500 times are generated.
The tunability of the bandwidth and the central frequency are
evaluated. The distortions introduced by the non-ideal wave-
forms and imperfect orthogonally polarization modulation are
analyzed. The maximum achievable bandwidth, pulse width
and TBWP are theoretically predicted. The system can also
work with the RPML to further increase the bandwidth and
TBWP. The proposed method is compatible with all the external-
phase-modulation based LFM signal generators, which can find
applications in modern radar systems.
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