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Abstract—We propose and demonstrate a simple method for
the full characterization of an ultrashort optical pulse based on
temporal interferometry, using an unbalanced temporal pulse
shaping (UB-TPS) system. The UB-TPS system consists of a
Mach–Zehnder modulator and two dispersive elements (DEs)
having opposite dispersion, but nonidentical in magnitude. The
entire system can be considered as a typical balanced TPS system
for a real-time Fourier transformation to generate two time-delayed replicas of the input optical pulse, followed by a residual DE
to perform a second real-time Fourier transformation to convert
the two time-delayed pulse replicas to two frequency-sheared
optical spectra. The spectral interferometry is performed in the
time domain. The spectral magnitude and phase information of
the input optical pulse is accurately and unambiguously reconstructed from the recorded temporal interference pattern based
on a Fourier transform algorithm. Compared with a conventional
pulse characterization system based on linear interferometric
measurement using an optical interferometer implemented by
using discrete components, the proposed system features better
stability, higher adaptability, and single-shot measurement. The
use of the proposed system for the characterization of a femtosecond pulse before and after passing through a 60-m-long
single-mode fiber is experimentally demonstrated.
Index Terms—Chromatic dispersion, pulse characterization,
real-time Fourier transform, spectral interferometry, suppressed-carrier (SC) modulation, temporal pulse shaping.

I. INTRODUCTION
LTRASHORT optical pulses have found wide applications in various scientific and engineering fields [1], such
as optical communications, medical diagnostics, and direct observation of ultrafast dynamics. Fast and precise characterization of an optical ultrashort pulse is essential to evaluate and
improve the performance of an optical system based on ultrafast optics. An optical pulse used for optical telecommunications typically has a temporal duration ranging from 1 ps to 1 ns.
Several approaches for the full characterization (both magnitude
and phase) of a picosecond pulse have been recently demonstrated [2], including those based on sonography [3], chrono-
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cyclic tomography [4], and spectrography [5]. To fully characterize an optical pulse with a much shorter duration (i.e., a
femtosecond pulse), different characterization techniques have
been developed in the past few decades [6]. A widely used technique for femtosecond pulse characterization is the frequencyresolved optical gating (FROG) [7] that is implemented based
on nonlinear interaction between the probe and the gate pulses.
The pulse information is reconstructed from a spectrally resolved cross-correlation profile followed by an iterative phaseretrieval algorithm. A time-domain ultrashort optical pulse characterization method called time-resolved optical gating (TROG)
technique has also been proposed [8], in which the gating is
performed in the frequency domain by a spectral filter and the
cross-correlation trace is temporally resolved by an integrating
photodetector (PD). In the cross-correlation-based techniques
[7], [8], a known reference pulse is always required. In addition, since the iterative algorithms employed in the aforementioned methods are time-consuming, the pulse characterization
cannot be implemented in real time. On the other hand, self-referencing interferometric techniques enabling simple (without a
known reference pulse) and direct (noniterative) pulse characterization with higher sensitivity have been recently proposed
[9]. For example, spectral phase interferometry for direct electric field reconstruction (SPIDER) [10] is a well-known pulse reconstruction method implemented in the spectral domain based
on spectral shearing interferometry [11], where a spectral shear
between two replicas of the input optical pulse is generated in a
nonlinear material.
Linear self-referencing interferometric measurement can also
be done in the time domain based on temporal interferometry
[12] where the optical pulse to be characterized is first spectrally dispersed, and then sent to an optical interferometer. The
phase of the dispersed pulse can be determined by an optical
delay line discriminator. A simple linear transform is then used
to retrieve the information of the original pulse. Another application of this technique is the measurement of optical fiber dispersion [13]. A similar time-domain interferometric technique
based on real-time spectral interferometry has recently been
proposed for the complete characterization of an ultrashort pulse
[14], [15]. Unlike the spectral shearing interferometry where
the spectral shear is generated in a nonlinear material [10], the
frequency shear is obtained by time-shifting two Fourier-transformed waveforms due to the real-time Fourier transformation
[16] in a dispersive element. The magnitude and phase information of the original input pulse is reconstructed from the temporal interference of the two stretched and time-delayed pulses,
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Fig. 1. Schematic of the proposed UB-TPS system that can be modeled as a typical TPS system followed by a residual DE. PUT: pulse under test, DE: dispersive
element, TPS: temporal pulse shaping, MZM: Mach–Zehnder modulator, and PD: photodetector.

using the Fourier transform [14], [15] or Hilbert transform [17],
[18] algorithms. In the self-referencing time-domain interferometric techniques [12], [14], [15], [17], [18], since the interferogram can be recorded in the time domain by using a high-speed
real-time oscilloscope, a complete characterization of an ultrashort optical pulse with a high update rate of up to a gigahertz
can be achieved. However, since an optical interferometer implemented by using discrete components, such as a glass plate
[14], a fiber-optic Sagnac interferometer [15], or a free-space
Michelson interferometer [12], [17], is usually used to generate
two time-delayed interfering optical pulses, the performance of
pulse characterization methods is greatly affected by the poor
stability of the interferometer due to its inherent high sensitivity
to environmental perturbations, leading to considerable errors in
the phase measurement process. A feedback control loop could
be introduced in the interferometer to minimize the measurement errors [18]. However, the whole system becomes complicated, and moreover, the feedback loop can only be updated at
a relatively slow rate (usually below 1 MHz) that is not suitable
for the characterization of an optical pulse train with a very high
update rate.
In this paper, we propose and demonstrate a simple technique for the complete characterization of an ultrashort (subpicosecond) optical pulse based on temporal interferometry
without using a discrete optical interferometer. An unbalanced
temporal pulse shaping (UB-TPS) system is employed to simultaneously generate and temporally stretch two time-delayed
replicas of the input optical pulse to be characterized [19].
It is different from a conventional balanced TPS system [20]
where a Mach–Zehnder modulator (MZM) and two dispersive
elements (DEs) having exactly complementary dispersion
are employed, in the proposed UB-TPS system, the two DEs
have opposite dispersion, but nonidentical in magnitude. The
proposed UB-TPS system has recently been applied to achieve
photonically assisted continuously tunable microwave frequency multiplication [21].
The proposed UB-TPS system is equivalent to a conventional
balanced TPS system to perform a real-time Fourier transform
for the generation of two time-delayed replicas of the input
optical pulse, followed by a residual DE to perform a second
real-time Fourier transform for the generation of an equivalent
frequency shear. Therefore, the spectral interferometry is performed in the time domain. The spectral magnitude and phase
information of the input optical pulse to be measured is retrieved from the recorded temporal interferogram based on the
well-known Fourier transform algorithm [22]. The key signif-

icance of the proposed technique is that the system stability is
greatly improved since the optical interferometer that was implemented by using discrete components in the previous systems is replaced by an MZM that is essentially an integrated
waveguide interferometer. It is worth noting that the use of an
MZM also enables fast electrical tuning of the time delay between two interfering pulses by controlling the frequency of the
microwave modulation signal applied to the MZM, making the
technique ideally suitable for practical applications where optical pulses with a variety of repetition rates and pulse durations
are to be characterized. This issue will be discussed in more details in Section IV-D.
Some preliminary experimental observations have recently
been reported by us [19]. To have a better understanding of the
proposed technique, a comprehensive theoretical analysis and
further experimental verifications are needed, which are presented in this paper.
The remainder of this paper is organized as follows. In
Section II, we first describe the principle of the proposed
UB-TPS system in details, with a focus on the generation of
two time-delayed pulse replicas in a double-sideband with
suppressed carrier (DSB-SC) modulation scheme. Numerical simulations to evaluate the UB-TPS system performance
are also performed. In Section III, the principle of optical
pulse characterization by using the UB-TPS system is presented. Experimental demonstration of ultrashort optical pulse
characterization is also carried out in this section. The full
characterization of an optical pulse train with a full-width at
half-maximum (FWHM) of 810 fs and a repetition rate of
48.6 MHz before and after propagating through a 60-m-long
standard single-mode fiber (SMF) is performed. A discussion
on the impact of the higher order dispersion on the optical pulse
characterization is provided in Section IV. The stability and
adaptability of the proposed technique for practical implementations are also presented. A conclusion is drawn in Section V.
II. UB-TPS SYSTEM
The proposed UB-TPS system is illustrated in Fig. 1. The
system consists of an MZM and two DEs having opposite dispersion, but nonidentical in magnitude. The DEs can be two linearly chirped fiber Bragg gratings (LCFBGs) or two dispersive
fibers with opposite dispersion.
Here, we assume that the values of the third-order dispersion (TOD) of the two DEs are small and can be ignored, and
only the second-order dispersion (SOD) or group velocity dispersion (GVD) is considered in our analysis. This assumption
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is usually employed in a temporal-interferometry-based optical
pulse characterization system [14]. We also assume that the peak
power of the input pulse is low enough to avoid any nonlinear
effects in the DEs. Then, the two DEs can then be modeled as
linear time-invariant (LTI) systems with transfer functions given
by [23]
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indicated in (3). In addition, under small-signal modulation condition, all optical sidebands above the second order would have
an amplitude that is low enough to be ignored. Therefore, in this
DSB-SC modulation scheme, the intensity modulation function
can be rewritten as
(4)

(1)
where
and
(in square picosecond per radian) are the dispersion (GVD) of the two DEs. In the proposed UB-TPS system,
the dispersion values should satisfy the conditions
and
. The transfer function of the second DE can be
, where
rewritten as
is defined as the residual dispersion. Therefore,
the entire UB-TPS system can be modeled as a typical balanced
TPS system with a pair of complementary DEs having disperand
[20], followed by a residual DE with a
sion of
, as shown in
transfer function of
Fig. 1.
Assume that the microwave drive signal applied to the MZM
,
is a sinusoidal signal given by
is the half-wave voltage of the MZM, and
and
where
are the amplitude and angular frequency of the microwave modulation signal, respectively. The intensity modulation function
in the MZM can be expressed as [24]

(2)
is a constant phase shift determined by the dc-bias
where
voltage applied to the MZM. Equation (2) can be expanded in
Bessel series

n
(3)
n
where
is the Bessel function of the first kind of order
with argument of , and
is the phase
modulation index. We can see that the intensity modulation in
the MZM would lead to the generation of the first-order and
higher order optical sidebands, with the amplitude distribution
of these sidebands determined by the variation of the Bessel
functions parameterized by and the constant phase shift .
In our proposed approach, the dc bias voltage of the MZM is
. This is equivalent that the MZM is dc-bituned to have
ased at the minimum transmission point. Therefore, the optical
carrier and all the even-order optical sidebands will vanish, as

On the other hand, an input pulse under test (PUT) can be ex, with
and
being
pressed as
the temporal magnitude and phase terms, shown as the solid and
dashed lines in Fig. 1, respectively. The PUT is first sent to the
first subsystem, the typical balanced TPS system, where it is
, modulated by the mitemporally stretched by the first DE
at the MZM, and then, completely
crowave drive signal
compressed by a matched DE
, as shown in Fig. 1.
Note that the first DE should have an adequate dispersion
to temporally stretch the input optical pulse such that the
stretched pulse can be completely modulated by a low-frequency microwave drive signal. It is known that the optical
pulse broadening is determined by its spectral bandwidth and
the dispersion of the DE [23]. The dispersion of the first DE
and modulation frequency must satisfy the following condition:
(5)
where
and
are the temporal pulsewidth and spectral
, respectively.
bandwidth of the original input optical pulse
,
Then, the signal at the output of the typical TPS system,
can be expressed as the convolution between the input optical
signal and the Fourier transform of the intensity modulation
function due to the real-time Fourier transform process in the
typical TPS system [20]

(6)
where
is the Fourier transform of
,
is a
(*) denotes the convolution operation,
is a time delay
time-independent constant, and
introduced by the balanced TPS process. According to (6), two
replicas of the input optical pulse with a time delay difference
are generated at the output of the typical TPS system
of
that corresponds to the two first-order optical sidebands at the
output of the MZM that is biased to suppress the carrier and the
even-order sidebands.
Then, the complex electrical field of the optical pulse at
, is obtained by
the output of the entire UB-TPS system,
propagating the signal
through the second subsystem
that is simply the residual DE. The input and output signals
,
are related by the temporal convolution
is the impulse response of the
where
residual DE. If the dispersion of the residual DE satisfies the
, the spectra of the individual pulses
condition
and
) are mapped to the time domain
(
and
as two transformed waveforms (
) due to the dispersion-induced real-time
Fourier transform [16]. Since the two transformed waveforms
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are time-delayed, the time delay difference
represents a corgiven by
based
responding frequency shear
on the mapping relationship. Therefore, the two transformed
waveforms can be expressed as
(7a)
(7b)
where
is the com, with
and
plex spectrum of the original input pulse
being the spectral magnitude and phase terms, respecis the corresponding frequency shear resulted
tively, and
from the time delay difference between the two time-delayed
from
transformed waveforms [14]. Then, the output signal
the entire UB-TPS system is given by

(8)
Note that the time-independent phase terms have been ignored
in (8).
Finally, the two time-delayed and stretched optical pulses are
sent to a high-speed PD. The electrical current at the output of
PD is proportional to the intensity of the input electrical field
that is given by

(9)
where
is the relative
phase difference between the two sheared spectral phases. From
(9), we can see that the spectral interferometry is performed in
the time domain, realized based on the linear frequency-to-time
.
conversion given by
Note that our proposed pulse characterization method has
, the moduthree major design parameters: the dispersion
, and the residual dispersion
. For the
lation frequency
input optical pulse with a given bandwidth, the selection of
and
is determined by (5). The bandwidth requirement for
the modulation process can be reduced by choosing a greater
. However, a greater value of
may also introvalue of
duce unwanted TOD. On the other hand, the residual dispersion
. In fact, a larger
must be large enough such that
value of residual dispersion is always preferred to achieve more
accurate frequency-to-time mapping that will improve the characterization accuracy, and to obtain a temporal interference pattern with a longer duration and lower frequency that will ease
the bandwidth requirement for photodetection. In addition, the
TOD introduced by the residual DE can be properly modeled in
our analysis (see Section IV-A). Therefore, three design parameters are interlinked and need to be determined according to the
specific requirements.
The proposed UB-TPS system is first investigated by numerical simulations. In the calculations, we assume that the
sinusoidal microwave modulating signal has a frequency of

GHz. The phase modulation index is 0.35 rad. The
two DEs are a standard SMF and a dispersion compensating
fiber (DCF). The dispersion values of the first and second DEs
ps /rad and
ps /rad,
are selected to be
respectively. In the simulations, the PUT is a slightly dispersed
optical pulse with an FWHM of 2.5 ps that is obtained by
passing a transform-limited Gaussian optical pulse through a
60-m-long standard SMF. Fig. 2(a) and (b) shows the complex
temporal profile and optical power spectrum of the input pulse,
,
respectively. The input pulse is stretched by the first DE
modulated by the sinusoidal microwave signal in the DSB-SC
modulation scheme, and then, completely compressed by a
. The temporal signal at the output of
complementary DE
the typical TPS system is shown in Fig. 2(c). Two short pulses
that are the replicas of the input optical pulse and are separated
are observed, as predicted by (6). It can
by a time shift of
be seen that both the magnitude and phase of the original input
optical pulse are maintained in the two replicas. The optical
power spectrum of the two output pulses is shown in Fig. 2(d).
A spectral interference is obtained due to the introduced time
delay difference between the two pulses. Fig. 2(e) and (f) shows
the temporal and spectral intensity profiles of the signal at the
output of the entire UB-TPS system. By comparing the results
shown in Fig. 2(d) and (e), we can see that spectral interferometry is performed in the time domain due to the real-time
Fourier transform in the residual DE. An equivalent frequency
shear is obtained by time shifting the Fourier-transformed
waveforms.
Therefore, the proposed UB-TPS system is playing two
roles, as an optical interferometer and a frequency-to-time
mapper, both are critical for achieving a good performance for
the optical pulse characterization system. Specifically, the first
subsystem (the typical TPS system) generates two time-delayed replicas of the input optical pulse to be characterized, as
indicated by (6), without using an optical interferometer implemented by using discrete components. The system stability
is thus greatly improved. The time delay difference between
the two pulse replicas can be accurately controlled and easily
tuned by controlling the microwave modulation frequency. The
second subsystem, which is simply the residual DE, is then
employed to map the spectra of the two time-delayed optical
pulses to two transformed waveforms with a corresponding
frequency shear. The spectral interferometry is performed in the
time domain, due to the real-time frequency-to-time mapping,
as indicated by (9). Therefore, a stable temporal interference
pattern is obtained for an individual input optical pulse that
can be recorded by a high-speed oscilloscope in real time. The
proposed technique enables single-shot pulse measurement
based on the time-domain self-reference of the input pulse.
III. PULSE CHARACTERIZATION BY THE UB-TPS SYSTEM
A. Pulse Characterization Procedure
The complete characterization of an ultrashort optical pulse
can be performed based on temporal interferometry by using the
proposed UB-TPS system. The optical pulse characterization
procedure is illustrated in Fig. 3.
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Fig. 2. Simulations performed to evaluate the UB-TPS system performance. (a) Complex temporal profile of the input optical pulse with the amplitude shown as
solid line and phase shown as dashed line. (b) Optical power spectrum of the input pulse. (c) Complex temporal profile. (d) Optical power spectrum of the signal
at the output of the typical TPS system. (e) Temporal intensity. (f) Optical power spectrum of the signal at the output of the entire UB-TPS system.

Fig. 3. Diagram showing the pulse characterization procedure based on temporal interferometry by using the proposed UB-TPS system. PUT: pulse under test
and UB-TPS: unbalanced temporal pulse shaping.

The optical pulse to be characterized is sent to the UB-TPS
system. A temporal interference pattern is obtained at the output
of the UB-TPS system according to (9). If the frequency shear
is small enough compared to the whole pulse bandwidth,
i.e., % of the whole pulse bandwidth, we have
and
, and (9) can be rewritten as

(10)

is the spectral intensity of the input optical pulse.
where
The phase difference can also be approximated as a differen. From (10), we can
tial expression
is a standard temporal interferogram that contains
see that
the information of both the spectral intensity of the original optical pulse and the relative spectral phase difference between
the spectra of two frequency-sheared pulse replicas. The temporal interferogram consists of fringes with a nominal period
or a nominal frequency of
of
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. If the input optical pulse is not transform-limwould make the nomited, the spectral phase difference
inal fringe period nonconstant.
can be obtained by envelope
The spectral intensity
detection of the recorded temporal interference pattern that can
be done by extracting the baseband term using a Fourier transform technique. The spectral phase information is then retrieved
by the well-known Fourier transform phase retrieval algorithm
[22] that has been successfully employed for the measurement
of chromatic dispersion [25]. First, the Fourier transform of the
recorded temporal interference pattern is performed. To extract
from the phase term in
the spectral phase difference
(10), the Fourier transform pattern is shifted by an amount of
. One sideband will be shifted to the baseband (frequency
downconversion), and the central band and the other sideband
are no longer considered. By performing the Fourier transform
of the shifted sideband, we obtain the phase term that gives di. Second, the spectral
rectly the spectral phase difference
of the original optical pulse can then be obtained by
phase
either concatenating the spectral phase difference [10] or calculating the following integral [14]:
(11)
Note that since the spectral interference is obtained from the
temporal interference pattern, the frequency-to-time mapping
must be applied to reconstruct
relationship given by
the spectral intensity and phase. Finally, temporal intensity and
phase of the original optical pulse can be obtained by calculating
the inverse Fourier transform of the complex optical spectrum
.
B. Experimental Results
The proposed optical pulse characterization approach is experimentally demonstrated based on the setup shown in Fig. 1.
A passively mode-locked fiber laser (MLFL) is employed in our
experiments as the optical source to generate a nearly transform-limited femtosecond Gaussian optical pulse train with a
central wavelength of 1558 nm, a 3-dB spectral bandwidth of
8 nm ( 1 THz), and a repetition rate of 48.6 MHz.
Two experiments are performed. In the first experiment, the
complete characterization of a nearly transform-limited optical
pulse is implemented. The ultrashort optical pulse from the
MLFL is directly employed as the PUT and is characterized
by using the proposed optical pulse characterization approach.
As shown in Fig. 1, the PUT is first temporally stretched by
the first DE that is a 2-km-long DCF with a dispersion of
ps /rad. Since the proposed technique is operating
in the linear regime, the peak power of the input optical pulse is
controlled low by using a tunable optical attenuator to avoid any
nonlinear effects in the DCF. Considering the temporal width of
an individual pulse is around 800 fs and the repetition rate of the
pulse train is 48.6 MHz, the average power of the input optical
pulse train is controlled to be lower than
dBm [23].
The stretched optical pulse is then modulated by a 4-GHz sinusoidal microwave signal at the MZM. The dispersion value
and modulation frequency are selected to satisfy the condition
given by (5). The DSB-SC modulation scheme is achieved by

Fig. 4. (a) Measured temporal interference pattern between two time-delayed
and stretched replicas of the PUT using a real-time oscilloscope. (b) Zoom-in
view of the interference pattern in the dashed box in (a).

dc-biasing the MZM to operate at the minimum transmission
point. The modulated optical pulse is then sent to the second
DE that is a 60-km standard SMF with a dispersion of
ps /rad. According to the discussion in Section II, the
UB-TPS system here is equivalent to a typical balanced TPS
system with two complementary DEs ( and
), followed
by a residual DE with a dispersion of
ps /rad.
Therefore, two time-delayed replicas of the PUT are generated
at the output of the balanced TPS system. The two replicas have
an expected time delay difference of
ps according to
(6). The corresponding frequency difference is
GHz ( 0.4% of the whole bandwidth of the original pulse).
The two time-delayed optical pulses are then stretched by the
residual DE that has an adequate dispersion such that
is satisfied. The temporal interference between the two
time-delayed and dispersed pulses is detected by the PD and
recorded by an oscilloscope, with the result shown in Fig. 4(a).
Note that the proposed system enables single-shot pulse measurement. Although the input from the MLFL is a periodic optical pulse train in our case, the temporal interference pattern is
measured by a real-time oscilloscope without performing any
averaging. Fig. 4(b) shows the zoom-in view of the interference
pattern inside the dashed box. The nominal period of the fringes
is measured as 233.6 ps that matches very well with the expected
value of 234.5 ps by (10).
Although the interferometry is performed and measured in
the time domain, the spectral interferometry can be directly
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Fig. 5. Calculated Fourier transform (absolute value) of the interference pattern, as shown in Fig. 4(a).

Fig. 6. Spectral intensity (solid line) and spectral phase (dashed line) of
the PUT in the first experiment, reconstructed from the measured temporal
interferogram.

obtained from the measured temporal interferogram due to
the linear frequency-to-time mapping relationship given by
. In reality, the frequency-to-time mapping process
is not exactly linear due to the effect of higher order dispersion.
This deviation has been taken into account in the calculations.
The spectral interference trace is accurately obtained from the
recorded temporal interference pattern according to the higher
order dispersion-induced nonlinear frequency-to-time mapping
[15]. This issue will be further discussed in more details in
Section IV-A.
Fig. 5 shows the calculated Fourier transform (absolute value)
of the interference pattern shown in Fig. 4(a). Two frequency
sidebands located at
GHz are obtained, which matches
well with the predicted nominal central frequency of 4.25 GHz
given by (10). The central band contains the information of the
interference pattern envelope. The absolute value of the inverse
Fourier transform of the central band gives directly the spectral intensity
. Then, the spectral phase information of
the PUT is reconstructed from one of the sidebands following
the Fourier transform phase retrieval procedure, as described
in Section III-A, with the results shown in Fig. 6. The spec-
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Fig. 7. Retrieved temporal intensity (solid line) and phase (dashed line) of the
PUT in the first experiment, calculated from the inverse Fourier transform of
Fig. 6.

tral intensity and phase are plotted as solid line and dashed line,
respectively.
By calculating the inverse Fourier transform of the complex
pulse spectrum, as shown in Fig. 6, we finally obtain the temporal intensity and phase of the PUT, with the results shown
in Fig. 7. The reconstructed optical pulse has a Gaussian shape
temporal intensity profile with an FWHM of 810 fs. We also
observe a small (0.7 rad) phase variation across the main pulse
window. The time–bandwidth product (TBWP) of the reconstructed optical pulse is calculated to be 0.77 that is a little larger
than the value of a transform-limited Gaussian pulse (0.44). The
small pulse chirp is mainly resulted from the material dispersion
and self-phase modulation in the MLFL.
In the second experiment, to further evaluate the proposed
system, a slightly dispersed optical pulse is characterized. The
original ultrashort optical pulse from the MLFL is sent through a
60-m-long standard SMF, and then, applied to the pulse characterization system as the PUT. It is known that the transmission
of the transform-limited ultrashort optical pulse in the dispersive fiber would introduce some frequency chirping that would
lead to the change of the phase profile. Fig. 8(a) and (b) shows
the retrieved temporal intensity and phase profiles. The theoretically calculated profiles, obtained according to the spectral
phase response of the 60-m-long standard SMF [23], are also
shown for comparison. Fig. 8(c) shows the phase measurement
errors between the measured and the calculated results. An average phase error as small as 0.6 rad is achieved within the main
pulse window. The possible sources of the phase errors in our
method include the inaccurate measurement of the dispersion
(both the SOD and TOD), the slight nonlinear effects in the DEs,
and the slightly inaccurate frequency-to-time mapping relationship (an approximation is always assumed [16]). The first error
source can be eliminated by using a more accurate dispersion
measurement method, such as the method proposed by Dorrer
[25]. The nonlinear effects can be reduced by lowering the input
optical power. The phase error caused by the approximated frequency-to-time mapping is intrinsic to the method, which, however, can be reduced by using greater residual dispersion.
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Fig. 9. Measured group delay response of the second DE by the conventional
modulation phase shift method. Quadratic curve fitting result is also plotted as
dashed line.
Fig. 8. Measured (circles) and calculated (solid line) (a) temporal pulse intensity profile and (b) temporal phase profile of the PUT in the second experiment.
(c) Measurement errors of temporal phase by comparing the measured and calculated results.

IV. DISCUSSIONS
A. Effect of Higher Order Dispersion
In our analysis, the dispersion up to the second-order or the
GVD ( in square picosecond per radian) was considered. For
an ultrashort input optical pulse, the first DE with a moderate
dispersion, i.e., a 2-km-long DCF in our experiments, is enough
to temporally stretch the input pulse. Therefore, the TOD in the
first DE is small and negligible. However, the dispersion in the
second DE, i.e., a 60-km-long standard SMF in our experiments,
is an adequate value to accomplish both the balanced TPS and
the real-time Fourier transformation. Since the fiber is very long,
the TOD ( in cubic picosecond per square radian) is large and
has to be taken into account in the pulse characterization.
In this scenario, the second DE with both the GVD and TOD
can be described by the following transfer function:
(12)
and
. Recall that
; thus, the
aforementioned transfer function can be rewritten as
where

time mapping [26]. As a result, even the input optical pulse is
transform-limited, the temporal interference pattern would have
a nonuniform period caused by the nonlinear mapping process.
To precisely retrieve the spectral phase information, an accurate
nonlinear frequency-to-time mapping relationship, taking into
account both the GVD and the TOD, should be used. Based on
[15], the nonlinear frequency-to-time mapping relationship is
given by
(14)
By applying the aforementioned modified frequency-to-time
mapping relationship, an accurate spectral interference pattern
is obtained from the measured temporal interference pattern. To
determine the GVD and TOD of the second DE ( 60-km standard SMF), the group delay response of the SMF is measured
in the range of 1545–1570 nm by the conventional modulation
phase shift method [27], with the result shown in Fig. 9. The
quadratic curve fitting of the experimental data is also plotted as
dashed line. From the fitting result, we obtain the SOD and TOD
ps/nm (or
ps /rad) and
as
ps/nm (or 5.34 ps /rad ). These dispersion values are used
in the nonlinear frequency-to-time mapping relationship given
by (14).
B. Stability

(13)
From (13), we can see that according to the property of a
linear system, the second DE can be regarded as two cascaded
subsystems. The first one, with only the GVD
, is employed as a complementary element to the first DE to perform
the balanced TPS. The second subsystem, with both the GVD
and the TOD
, is functioning to stretch the two timedelayed pulses generated by the balanced TPS system and perform higher order dispersion-induced nonlinear frequency-to-

It is worth noting that the accuracy of the spectral phase
retrieved by the Fourier transform algorithm depends on the
fringe visibility of the temporal interferogram. In the previous
approaches, the backreflections [14] and poor alignment of
the polarization states [15], [17] of the two interfering light
beams in the interferometer would significantly degrade the
fringe visibility of the interferogram. In addition, the optical
interferometer is sensitive to environmental perturbations
that will also lead to poor pulse characterization accuracy.
In our proposed method, however, the two interfering signals
are generated by the balanced TPS system incorporating the
DSB-SC modulation and propagate through the same optical
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Fig. 10. Measured temporal interference patterns. (a) Five successive patterns.
(b) Superimposed individual patterns of (a). (c) Interference patterns measured
every 2 min in a 10 min period.

path that ensures that the two interfering signals always have
an identical magnitude and maintain well-aligned polarization
states. Therefore, a stable interferogram with a high fringe
visibility can be achieved, leading to improved spectral phase
measurement accuracy.
To investigate the system stability, more experimental measurements are performed. A stable periodic ultrashort optical
pulse train with a repetition rate of 48.6 MHz from the MLFL is
used as the input optical pulse in the measurements. The same
experimental parameters and conditions as used in Section III-B
are applied. The temporal interference patterns for five successive input optical pulses are measured by using a high-speed
real-time oscilloscope, with the results shown in Fig. 10(a). For
the purpose of comparison, the individual interference patterns
are superimposed, as shown in Fig. 10(b). Five measurements
are also performed for a period of 10 min with a 2 min interval.
The measured interference patterns are shown in Fig. 10(c).
We can see that the recorded temporal interference patterns are
stable and maintain a good fringe visibility. Since the optical
pulse train and the sinusoidal microwave modulation signal are
not synchronized, slight fluctuations in the interference envelope are observed. For long-term operation, the bias drift of the
MZM may become a critical issue that will affect the system
stability that, however, can be resolved by using a simple bias
stabilization circuit [28].
C. Reduced Processing Bandwidth
According to the analysis in Section II, the larger the dispersion in the first DE
and the higher the microwave modulation
frequency , the more the cycles will be contained in the generated temporal interference pattern, leading to a more accurate
pulse characterization. On the other hand, the use of a DE with
large dispersion may introduce high-order dispersion and the
high-frequency microwave modulation may also increase the
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cost of the system; therefore, it is desirable to develop a guideline to choose the minimum number of cycles in the temporal
interference pattern to ensure good measurement accuracy. In
the following, a few more experimental measurements are performed to evaluate the impact of the number of cycles on the
performance of the pulse characterization system. The PUT in
the experiments is again the femtosecond optical pulse with an
FWHM of 810 fs after propagating through a 60-m standard
SMF. For the same system dispersion values of
ps /rad and
ps /rad, the microwave modulation frequency is tuned at four different values of 5, 3, 0.85, and
0.65 GHz. The experimental results are shown in Fig. 11. The
left column shows the measured temporal interference patterns.
Different numbers of the cycles in the interference patterns are
obtained. The right column shows the corresponding retrieved
temporal phase profiles of the PUT. The calculated phase profiles according to the dispersion parameter of the 60-m-long
standard SMF are also plotted as solid lines for comparison.
Fig. 12 shows the root-mean-square error (RMSE) of the retrieved phase within the main pulse window, as a function of
the number of cycles contained in the temporal interference patterns. It is clearly seen that the number of cycles must be greater
than 10 to ensure good measurement accuracy.
In the proposed approach, the obtained temporal interference
is measured by a high-speed
pattern with a nominal period of
real-time oscilloscope. To perform a complete characterization
of an input optical pulse, according to the sampling theorem, the
should satisfy the condisampling rate of the oscilloscope
tion given by
(15)
We can see that the required sampling rate is determined by
the system dispersion and the microwave modulation frequency.
and the modulation frequency
The dispersion of the first DE
must be properly selected to satisfy the condition in (5) and
cannot be very large to
the dispersion of the residual DE
avoid the higher order dispersion-induced interference pattern
distortion, as discussed in Section IV-A. In our experiments, for
ps /rad and
the dispersion values (
ps /rad) and the modulation frequency (
GHz), the sampling rate of the oscilloscope should be higher than 8.5 GHz. In
fact, by reducing the number of cycles in the interference pattern, a lower sampling rate is required while maintaining acceptGHz,
able measurement accuracy. For example, when
the number of cycles is 32. By reducing the number to 10, the
required microwave drive frequency is only 1.25 GHz that still
satisfies the condition in (5). Clearly, a much lower sampling
rate is needed. Therefore, the proposed method can find applications in the complete characterization of an ultrashort optical
pulse, using relatively low-speed MZM, PD, and oscilloscope.
D. Adaptability
System adaptability is another key issue that should be taken
into account for practical implementations. A good pulse characterization system should be able to measure optical pulses
with a variety of pulse durations and phases. For example, the
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Fig. 11. Measured temporal interference patterns with four different modulation frequencies (left column) and the corresponding retrieved temporal phase profiles
of the PUT (right column). (Solid line) Calculated temporal phase profiles.

Fig. 12. RMSE of the phase measurement as a function of the number of cycles
contained in the temporal interference pattern.

time delay difference between the two replicas of the original
pulse should be tuned according to the pulse duration of the

PUT to avoid pulse overlap. To show the importance of system
adaptability, more simulations are carried out under the same
simulation conditions as used in Section II. If the input optical
pulse has a relatively large FWHM of 12 ps, at the output of the
typical TPS system, the two pulse replicas are overlapped due
to the small time delay, as shown in Fig. 13(a). Therefore, the
time delay should be increased to avoid the significant measurement error due to the pulse overlap. Tuning the time delay was
difficult in the previously reported systems where an optical interferometer based on a glass plate [14] or a fiber loop [15] was
employed. In our proposed method, however, the time delay between the two pulse replicas can easily be tuned by controlling
the microwave modulation frequency. As shown in Fig. 13(b),
the two pulses are well-separated if the microwave modulation
frequency is increased to 10 GHz. The original input pulse is
also plotted as dashed line in Fig. 13. Therefore, the proposed
technique works for characterization of both femtosecond and
picosecond pulses.
Note that tuning the microwave modulation frequency may
lead to the change of the nominal period of the temporal
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Fig. 13. Simulated signals at the output of the typical TPS system. (a) Microwave modulation frequency is 4 GHz. (b) Microwave modulation frequency
is tuned to 10 GHz to increase the time delay between the two pulses. (Dashed
line) Original input pulse.

interference pattern, as demonstrated in [21], where the proposed UB-TPS system was applied to achieve the microwave
frequency multiplication. In fact, by properly controlling the
dispersion values of the DEs [29], frequency division can also
be realized. The significance of frequency division is that the
temporal interference pattern may have a much lower carrier
frequency than that of the microwave modulation signal; thus,
a low-speed PD and oscilloscope are required, which would
make the system less costly.
V. CONCLUSION
We have proposed and experimentally demonstrated a simple
approach to achieving complete characterization of ultrashort
optical pulse based on temporal interferometry in a UB-TPS
system. The key innovation of this technique is that the system
stability and tunability are significantly improved by replacing
a fixed optical interferometer implemented, using discrete components in the previous techniques by an integrated MZM that
was driven by a sinusoidal microwave modulation signal. In
addition, the temporal interference pattern can be recorded in
real time by a high-speed oscilloscope, making the system suitable for single-shot optical pulse characterization. The use of
the proposed system for the complete characterization of an ultrashort optical pulse before and after passing through a 60-m
standard SMF was experimentally demonstrated. The impact of
high-order dispersion on the pulse characterization performance
was also discussed. The use of lower microwave drive frequency
to reduce the sampling rate, and eventually, to enable the use of
relatively low-speed MZM, PD, and oscilloscope in the system
was discussed. The stability and adaptability of the proposed
system were also discussed.
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