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a b s t r a c t

A laser linewidth measurement method which uses a Mach–Zehnder electro-optic modulator (MZM) is
proposed in a loss-compensated recirculating delayed self-heterodyne interferometer (LC-RDSHI).
Compared with the traditional acousto-optic modulator (AOM), the electro-optic modulator has the
merits of broader bandwidth, lower insertion loss, higher extinction ratio and thus, a wider application.
A theoretical analysis shows that the power spectrum curve of the novel measurement system is a
Lorentzian line, which fits well with experiment. The linewidth is measured to be 137 ± 7 kHz at a
frequency shift of 4 GHz. Measurement of a distributed feedback Bragg (DFB) laser has manifested that
the linewidth broadens from 98.5 kHz to 137.4 kHz as the operating temperature changes by 16 �C.
This work will allow investigation of narrow linewidth semiconductor and fiber laser stability.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Narrow linewidth lasers have been extensively used in coherent
optical communications, optical sensors and biophotonics [1–3].
Accurate laser linewidth measurement is essential for all these
applications. Delayed self-heterodyne interferometry (DSHI)
[4–7] is now a conventional method for laser linewidth measure-
ment, first introduced by Okoshi [4] in 1980. In this method, inci-
dent light splits into two interferometer arms and light through an
arm is delayed by passage through a single-mode fiber. Theoretical
simulations and experimental results indicate the key prerequisite
for accurate linewidth measurement [5] is that the time delay
required is much longer than the coherence time of the laser and
the delayed fiber length limits the accuracy of the DSHI technology.

Tesuchida [8] proposed an improvement to DSHI, which used a
fiber ring to circulate the light in the around a loop and reduced the
total fiber length in high precision linewidth measurements. How-
ever, the large transmission loss of the recirculating loop limits the
maximal order of the detectable beat signal. In 1992, Dawson [9]
reported an implementation of a loss-compensated recirculating
delayed self-heterodyne interferometer (LC-RDSHI) which com-
pensated the large loop loss by an erbium-doped fiber amplifier
(EDFA) and led to a resolution below 1 kHz. Ming Han [10] proved
that for direct linewidth measurement, the criteria was that the

overall effective gain of the fiber loop must equal the square of
coupling ratio. In 2012, Tsuchida [11] reported a method with
optical filtering effectively suppresses spectrum distortion caused
by high-order frequency shifting and showed the maximum num-
ber of loop passages is limited to about 9 (180 km delay) with the
optical filtering technique.

An acousto-optic modulator (AOM), which introduces a specific
frequency shift through single sideband modulation as in
references [5,8–10,12], has a relatively narrow frequency shift
range, in the region of several tens of MHz, high cost and less
application for laboratory and industry. We propose a simple mod-
ified LC-RDSHI measurement system, which uses a Mach–Zehnder
electro-optic modulator (MZM) operating at the carrier-suppressed
double sideband modulation point instead of the AOM. Compared
with AOM, the MZM has a much broader frequency shift range
reaching Giga Hertz, lower driven power and insertion loss,
broader bandwidth and higher extinction ratio. This measurement
system can achieve a higher accuracy over a wider measurement
range using the GHz spectral interval. As far as we know, few
papers report a LC-RDSHI measurement system with an electro-
optical modulator [13]. We start with a theoretical linewidth
model, which is derived from the modulation function of the
MZM, as well as the simulation results in Section 2. The experi-
mental results in Section 3 demonstrate both experimental and
theoretical curves are Lorentzian profile. We also discuss the
dynamic linewidth of the distributed feedback Bragg (DFB) laser
during a temperature tuning process and draw a conclusion on
the relation of the laser linewidth and the working temperature.
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2. Principles of the modified LC-RDSHI method

We use a MZM instead of an AOM in the new measurement
schema as the frequencymodulator, which introduces an appropri-
ate frequency shift into LC-DSHI system. By properly setting the DC
bias, the MZM operates at the carrier-suppressed double sideband
modulation point. Assume the incident continuous wave has an
expression

EðtÞ ¼ E0 expfj½xct þ /ðtÞ�g ð1Þ
where E0, xc and /ðtÞ are the amplitude, angular frequency and
phase fluctuation of the optical field, respectively. The output
optical field of the single polarity MZM has the form as

EmodðtÞ ¼ E0 expfj½xct þ /ðtÞ�g �
Xþ1

n¼�1
JnðbÞ

� exp jn xRFt þ p
2
þ /0

� �h i
� cos p � Vbias

2Vp
þ n � p

2

� �
ð2Þ

where xRF and /0 are the angular frequency and the initial phase of
the RF driven signal, Vbias and Vp are the DC bias voltage and switch-
ing voltage of the MZM, b = pVm/2Vp is the modulation index, Jn(�) is
the nth-order Bessel function of the first kind. The RF signal changes
the refractive index of LiNbO3 crystal, which creates an inequality in
the push–pull phase shift between the two arms of the Mach–Zehn-
der interferometer. In this process, the influence of the line width
shapes of the RF can be neglected because the single side-band
(SSB) phase noise of the RF signal generator is �128 dBc/Hz
(1 GHz, 20 kHz offset). The MZM operates at the optical carrier sup-
pressed point under the condition of b� 1 and Vbias = Vp, the high
order RF components (n > 1) corresponding to the nth-order Bessel
function can be suppressed by choosing b� 1 and Vbias = Vp. Eq. (2)
can be simplified as

EmodðtÞ ¼ E0 exp j xct þ p
2
þ /ðtÞ

h in o
� J1ðbÞ � ðejxRF t � e�jxRF tÞ

¼ 2jE0 exp j xct þ p
2
þ /ðtÞ

h in o
� J1ðbÞ � sinðxRFtÞ

ð3Þ

Thus,xRF is defined as the angular frequency deviation from the
xc.

In a conventional DSHI system, the power spectral function can
be written as [10,14–16]

Sðx; sd;xRFÞ

¼ a2

2
I20

2=sc
ð2=scÞ2 þ ðx�xRFÞ2
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þ p
2
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where, sd is the fiber delayed time and sc is the laser coherence
time. If sd � sc, the power spectrum function Eq. (4) can be simpli-
fied as [10,15]

Sðx;xRFÞ ¼ a2

2
I20

2=sc
ð2=scÞ2 þ ðx�xRFÞ2

ð5Þ

where, a is the coupling ratio of the coupler 1 (in Fig. 1), and I0 is the
incident light intensity. The power spectrum curve is Lorentzian in
form and the full width at half maximum (FWHM) of the spectrum
is calculated by Dfs = 2/psc.

When light circulates inside the fiber loop, the LC-RDSHI system
faces the influence of multiple interference. The spectral function
of the mth order beat-note has an expression given as [10,12]

SðxÞ ¼ cm

ð1� aÞ2
PðxÞS0ðx;ms0;mxRFÞ ð6Þ

PðxÞ ¼ aþ ð1� aÞðc2 � aÞ
1þ c2 � 2ccos½ðxþmxRFÞs0�

where c is the overall effective gain of the fiber loop, P(x) is the
modulation function and S0(x,ms0,mxRF) is the power spectrum
density function of the conventional DSHI method with the delayed
time of ms0 and angular frequency shift of mxRF. Simulation results
shown in Fig. 2 prove a power spectral curve of order m = 2 and
xRF = 2 GHz. The shape of the power spectral curve is Lorentzian
in form.

3. Experiment results and discussion

3.1. Experimental details of the LC-RDSHI

An improved LC-RDSHI measurement using a MZM operating at
a carrier-suppressed modulation point is shown in Fig. 1. We

Fig. 1. Experiment setup of the proposed linewidth measurement method.
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