
Carrier-Envelope Phase Measurement With
Linear Optical Sampling
Volume 7, Number 3, June 2015

Feitao Li
Hui Hu
Wei Zhao
Yuanshan Liu

DOI: 10.1109/JPHOT.2015.2420688
1943-0655 Ó 2015 IEEE



Carrier-Envelope Phase Measurement With
Linear Optical Sampling

Feitao Li,1,2 Hui Hu,1,2,3 Wei Zhao,1,2 and Yuanshan Liu1,2

1State Key Laboratory of Transient Optics and Photonics, Xi'an Institute of Optics and Precision
Mechanics, Chinese Academy of Sciences, Xi'an 710119, China

2Graduate School of Chinese Academy of Sciences, Beijing 100049, China
3School of Science, Xi'an Jiaotong University, Xi'an 710049, China

DOI: 10.1109/JPHOT.2015.2420688
1943-0655 Ó 2015 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Manuscript received March 18, 2015; revised April 2, 2015; accepted April 2, 2015. Date of publica-
tion April 7, 2015; date of current version April 24, 2015. This work was supported in part by the Na-
tional Natural Science Foundation of China under Grant 61275164, by the Chinese Academy of
Sciences through a project of the Vital Instrument Research Program under Grant YZ200759, and by
the CAS/SAFEA International Partnership Program for Creative Research Teams. Corresponding
author: Y. Liu (e-mail: yuanshanliu@yahoo.com).

Abstract: In the few-cycle pulses, the temporal evolution of the electric field sensitively
depends on the carrier-envelope phase (CEP). The ability to measure and stabilize the
CEP therefore becomes a crucial issue for all applications. However, few studies are fo-
cused on the measurement of CEP with coherent linear optical sampling. We propose
an efficient method to measure the CEP of the frequency comb pulses by employing a
high-resolution linear optical sampling technique. It is shown that constant chirp and pul-
sewidth of frequency comb pulses have negligible effect on the CEP measurement.

Index Terms: Carrier-envelop phase measurement, optical sampling, Fourier optics and
signal processing.

1. Introduction
Progress in femtosecond pulse generation has made it possible to generate optical pulses that
are only a few cycles in duration (typically 5 fs for the Ti:sapphire laser) [1], [2], which ensure
that optical frequency combs have the potential to revolutionize terabit communication [3]. How-
ever, the overall phase of the oscillating electric field does not affect the final measurement in
optics, which is always of intensity [4]. To fully characterize such few-cycle pulses, the methods
for charactering a multi-cycle pulse turn out to be not sufficient. The relative phase between the
carrier waveform and the pulse envelope, i.e., carrier envelop phase (CEP), has to be intro-
duced as a new quality [5]. The decisive influence of CEP in a few-cycle light-matter interaction
which are relevant to the electric field of laser pulse rather than the intensity profile can be pre-
cisely controlled with the phase-stabilized few-cycle pulse. Therefore, the ability to measure and
stabilize the CEP becomes a crucial issue for all applications.

With the development of the optical fiber communication, phase-shift keying (PSK) modulation
have gain renewed attention to improve the spectral efficiency [6] and meeting the never-ending
increasing demand for bandwidth in optical transmission systems [7]. Therefore, for these PSK
signals, a temporal diagnostic capable of measuring samples of optical phase would be useful.
Linear optical sampling [8] can offer the capability of measuring not only the intensity but the
phase of electric field of an optical waveform using its interference with a train of sampling
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pulses as well. It is nature to think that it is possible to measure the carrier-envelop phase of the
frequency comb pulses by using the coherent linear optical sampling.

Furthermore, the CEP will become significant on the laser matter interaction for few cycle
pulses. It is obviously that CEP plays an important role in physical processes, especially in atto-
second pulse generation, such as interaction between inert gases and the few-cycle intense
pulses [17], [18], therefore, precisely measuring the CEP is very necessary. Many methods have
been proposed for CEP measurement based on the photoionization [9], [10], ultraviolet (UV) and
terahertz emissions [11], [12]. Linear optical sampling technique has been used for characteriz-
ing various phase-related parameters, such as laser phase noise [13], [14], Polarization-Mode
dispersion [15], Phase-shift keying signal constellation diagram [3], [6], high signal-to-noise ratio
measurements of the transmitted optical electric fields [16]. However, in most of optical linear
sampling, the carrier-envelop phase of frequency comb pulses is usually removed by digital sig-
nal processing in order to precisely retrieve the constellation diagram of phase-shifting keying
signals. In this paper, differential quadrature phase-shift keying (QPSK) is used to realize coher-
ent demodulation, and then measures the carrier-envelope phase of the frequency comb pulses
in the linear optical sampling process. By exploiting the high resolution of linear optical sampling
with different digital signal processing, we precisely test the carrier-envelope phase of optical
sampling frequency combs pulses.

2. Carrier-Envelope Phase Measurement With Linear Optical Sampling
The schematic diagram of linear optical sampling is shown in Fig. 1(a). The phase and intensity
of QPSK pulses, EQðtÞ, can be measured by observing its interference with two orthogonal
quadratures of optical sampling frequency comb pulses EFðtÞ. The corresponding constellation
diagram of QPSK signal is displayed in the Fig. 1(b). In the upper branch, the balanced detec-
tors is used to measure the interference of the QPSK signal and optical sampling frequency
comb pulses Re½EQðtÞ � E�

FðtÞ�. The optical frequency comb pulses are delayed in phase by �=2
before interfering with the QPSK signal in the lower branch. Therefore, the balanced detectors
in the lower branch test the interference signal Im½EQðtÞ � E�

FðtÞ�. Furthermore, the quadrature in-
terference signals in the two branches together determine the complex quantity EQðtÞ � E�

FðtÞ
completely. High temporal resolution can be implemented even with low speed detectors by
using a short sampling pulse, which functions essentially as a sampling gate in linear sampling.
The complex filed of QPSK signal can be represented by

EQðtÞ ¼ eQðtÞ � exp i!Qt þ i’QðtÞ½ � (1)

where eQ, !Q, ’Q is the amplitude, the carrier frequency, and modulation phase of QPSK signal,
respectively, and ’QðtÞ ¼ ð0; �=2; �; �3=2Þ. The electric field of the optical frequency comb

Fig. 1. (a) Schematic diagram of the linear optical sampling. QPSK signal and optical sampling fre-
quency comb pulses have the same polarization. (b) Constellation diagram of QPSK signal.
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pulses for sampling source EFðtÞ can be expressed as

EF ðtÞ ¼
X
N

eF ðt � NTF Þ � exp i!F ðt � NTF Þ þ iN�’cep þ i’F0
� �

(2)

where eF is the analytic signal of each sampling pulse, TF is the period of the optical sampling
frequency comb pulses source, !F is the carrier frequency of the sampling source, and
N�’ceo þ ’F0 describes the relative phase between the analytic signal (its slowly varying com-
ponent) and the carrier for pulse N (its quickly varying components, with a period around the op-
tical cycle of the source). The variations in the phase arise for example due to the difference
between the group and phase velocities in the laser cavity of the mode-locked laser. In general,
for a steady state system, the relative phase between successive pulses is an unknown con-
stant [1]. Since QPSK signal is generated by using the modulator, therefore, the output electrical
field of the QPSK signal has not carrier-envelope phase offset. Linear optical sampling oper-
ates by splitting QPSK signal and the optical frequency comb pulses and recombining them
into two pairs of fields on which balanced detection is performed. Assuming that the bandwidth
of photodetectors is much larger than the repetition rate of the sampling comb and much
smaller than that of the carrier fields, the two balanced detectors yield separate sampling
events and enable us to monitor, simultaneously, the intensity and phase (frequency) modula-
tion of the QPSK signal

SA;N ¼real exp i ð!Q � !F Þt þ !FNTF�N�’cep þ ’A þ ’QðtÞ �’Q0
� �� � � Zþ1

�1
eQðtÞ � e�

F ðt �NTSÞdt
24 35

(3)

SB;N ¼imag exp i ð!Q�!F Þtþ!FNTF�N�’cepþ’Aþ’QðtÞ�’Q0
� �� � � Zþ1

�1
eQðtÞ�e�

F ðt � NTSÞdt
24 35

(4)

where the constant phase ’A describes a relative phase between the two fields, depending on
the optical path differences between the splitters and combiners. These samples can be com-
bined to give

SN ¼exp i ð!Q � !F Þt þ !FNTF � N�’cep þ ’A þ ’QðtÞ � ’Q0
� �� � � Zþ1

�1
eQðtÞ � e�

F ðt � NTSÞdt : (5)

Therefore, a sampling event achieves a complex sample proportional to the correlation of the
field of QPSK signal with field of the corresponding optical sampling frequency comb pulsesRþ1
�1 eQðtÞ � e�

F ðt � NTSÞdt . The quantity
Rþ1
�1 eQðtÞ � e�

F ðt � NTSÞdt can be written using the fre-
quency representation eeQ and eeF of the fields eQ and eF

Zþ1

�1
eQðtÞ � e�

F ðt � NTSÞdt ¼
Zþ1

�1

eeQð!Þ � ee�
F ð!Þ � expðiN!T Þd!: (6)

It is assumed in this paper that the optical sampling frequency comb is chosen to provide high
temporal resolution. For optical sampling frequency comb pulses with constant spectral density
and phase over the spectral support of QPSK signal (i.e., the range of optical frequencies
where QPSK signal has significant spectral density). In practice, this is done by using a local
oscillator a few times shorter than the inverse of the bandwidth of the QPSK signal source.
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That is why the optical frequency comb pulses are suitable for optical sampling source. Equa-
tion (6) can be rewritten as

SN ¼ exp i ð!Q � !F Þt þ !FNTF � N�’cep þ ’A þ ’QðtÞ � ’F0
� �� � �eeQðNTSÞee�

F ð0Þ: (7)

Equation (7) is the main results of the analysis of linear optical sampling process. There are
several important conclusions that can be derived from (7). Firstly, Linear optical sampling
can provide the temporal filed of the waveform under test (QPSK signal) eQðNTsÞ at the times
with infinite time resolution for signals with limited spectral support. This can be achieved by
having a flat spectral density and phase over the spectral support of the optical sampling fre-
quency comb pulses. Secondly, the CEP does not play any role in the measurement of the
complex envelope of the QPSK signal. This is because linear optical sampling is proportional
to the amplitude of the electric field of the QPSK signal at the times NTS. Finally, following (7),
the measured samples are also sensitive to the carrier-envelop phase of the optical sampling
comb pulses. However, additional phase terms in (7) must be taken into account. ’A is a geo-
metrical constant phase that is uniform for all the samples if optical paths in the linear sam-
pling are stable over the measurement time. Consider the special case when the QPSK signal
are uniform and the optical sampling frequency comb pulses period is an integer multiple of
the period of the QPSK pulses. When the carrier frequency offset is zero, �! ¼ !Q � !F ¼ 0,
the measurement will yield an identical results for every sampling pulse as it is shown in
Fig. 2(a). However, when �! 6¼ 0, the measurement will yield a different result for every sam-
pling pulse which is rotated by phase angle of �!TS between successive sampling pulses, as
it is shown in Fig. 2(b). The constellation diagram can be obtained without this deterministic
rotation of phase by locking one of the modes of the optical frequency comb pulses to the op-
tical carrier of the QPSK signal. This rotation of the measured phase can potentially be cor-
rected using a proper software correction scheme [19]. The constant phase terms correspond
to a global rotation of the measured samples in the complex plane. It is usually not important
for carrier-envelop phase measurement, and its effect can be removed simple by discriminat-
ing the phase between successive sampling pulses, that is ’ ¼ argðSNÞ � argðSN�1Þ ¼
!FTF ��’cep þ ’QðtÞ. In order to cancel the effect of the differential quadrature phase-shift
keying signal, the phase samples ’QðtÞ need be done by the Viterbi–Viterbi algorithm [20].
Furthermore, as in the optimal case, the angular frequency of the signal laser under test
(QPSK signal) and the repetition frequency of the sampling frequency comb are constant.
Therefore, �’cep ¼ !FTF � ’.

3. Results and Discussion
In this section, we describe the effects of the finite pulse-width and linear chirp of the sampling
comb on the measurement of carrier-envelop by retaining perturbation terms up to ð�t=�tSÞ2,

Fig. 2. Constellation diagram when the data phase is constant. (a) �! ¼ 0 and (b) �! 6¼ 0.
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which were ignored in (7). As an example, we consider the case of Gaussian pulses for optical
sampling frequency comb pulses. The slowly varying envelop of Gaussian sampling pulse is

eF ðtÞ ¼ eF0
e
�ð1þiCÞ 2In2t2

�t2
S

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
�

p
�tS

2
ffiffiffiffiffi
In2

p
q (8)

where C is the chirp parameter of the sampling pulse, and the energy of a pulse is jeF0j2. The
corresponding Fourier transform of the sampling comb envelop is

eeF ð!Þ ¼ eF0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�

p
�tFffiffiffiffiffiffiffi

In2
p ð1þ iCÞ

s
e� !2�t2

F
8In2ð1þiCÞ: (9)

Let us assume that one of the modes of the optical sampling frequency comb is locked to the
optical carrier of the data signal under test (QPSK signal) so that �! ¼ !Q � !F ¼ 0. Then, (7)
becomes

SN ¼ exp i !FNTF � N�’cep þ ’A þ ’QðtÞ
� �� � � eeQðNTSÞeeF0ð0Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�

p
�tSffiffiffiffiffiffiffi

In2
p ð1þ iCÞ

s
: (10)

Numerical simulation was performed to confirm the analytic results presented above. The pulse-
width of the optical sampling frequency comb pulses was set to be 70 fs [21]. The central wave-
length of the optical sampling frequency comb pulses and the differential quadrature phase-shift
keying signal are at 1550 nm. The repetition frequency of sampling comb is 50 MHz. The ampli-
tudes of the samples were normalized to unit value to measure the phase. The optical sampling
frequency comb pulses does not have any chirp and the carrier-envelop phase was constant (in
this example, �’cep ¼ �=4). Fig. 3 is the corresponding numerical simulation diagram. The test
result ’ is 6.07629E+22. The corresponding carrier-envelope phase is �=4. We can investigate
the effects of chirp and finite pulse-width of the sampling comb on the carrier-envelop phase

Fig. 3. (a) Time domain representation of a train of with �’cep ¼ �=4 and the corresponding open
area. (b) Fourier transform of the optical sampling frequency comb pulses. (c) Fourier transform of
QPSK signal.
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measurement using (10) and the corresponding simulation results are displayed in Fig. 4 when
the chirp parameter is set to 1.5. It is found that the carrier frequency (black line) of the sampling
comb due to the chirp in Fig. 4(a) is changed by comparing with Fig. 3(a). Although the phase
of samples is affected by the chirp of the sampling comb, which result into the spectral relative
movement of the sampling comb, the corresponding results can be obtained by comparing
Fig. 3(b) with Fig. 4(b), the phase difference (that is ’ ¼ argðSNÞ � argðSN�1Þ ¼ !STS ��’ceoÞ
between successive samples are not affected when the chirp is constant. The chirp of the sam-
pling comb only affects the amplitude of the samples. Pulse-width of the sampling comb does
not affect the measurement of carrier-envelop of sampling comb if the sampling pulse-width
is much smaller than that of the data signal under test. The obtained results are consistent
with those in [8].

4. Conclusion
In conclusion, we have analyzed how to achieve the carrier-envelope phase measurement of
the optical frequency comb by employing the coherent linear optical sampling process. It is
found that the measured intensity is proportional to the spectral power density of the sampling
pulse at the carrier frequency of the data signal and the pulse-width of the sampling comb.
From the analytical and simulation results, it is found that the constant chirp, pulse-width of the
sampling comb pulses can affect the carrier phase and amplitude of the samples, respectively.
However, they cannot affect the carrier-envelope phase final measurement.
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