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The method of dispersion cancellation based on the forward and reverse
tuning of a laser frequency-modulated continuous wave system
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Abstract: To reduce the dispersion mismatch effect on FMCW measurements, a method of eliminating dispersion
mismatch by the forward and reverse tuning of an external cavity tunable laser is proposed. When the external cav-
ity tunable laser is combined with an optical fiber path, the system produces a dispersion mismatch effect, which
is manifested as peak broadening and shifting of the target signal. The ranging value changes with the increase in
the tuning bandwidth, resulting in measurement instability. To solve this problem, the paper studies the system
dispersion mismatch characteristics of the external cavity tunable laser in forward and reverse tuning. The results
show that the dispersion trend is a symmetrical distribution of the forward and reverse tuning. The paper establish-
es the dispersion mismatch model of the forward and reverse tuning system. On this basis, dispersion cancellation
is realized by forward and reverse tuning of the external cavity laser. This method does not require calibration of
the dispersion coefficient of the system in advance nor cyclic iterative compensation. A single measurement can
complete the dispersion compensation for the system, which provides a way to improve the efficiency of disper-
sion compensation.

Key words: optics, laser frequency modulated continuous wave (FMCW) , laser ranging, dispersion
compensation, external cavity tunable laser
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Introduction advantages, such as no blind area and low SNR detec-
¢/ Compared with the current injection semiconduc-

The method of laser FMCW' measurement has many tor laser frequency modulation technology, the frequency
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modulation bandwidth of the external cavity laser is
large; thus, it can achieve high-resolution measurement
in theoryﬁ'm] However, to ensure the stability and de-
bugging convenience of the system, the optical system
usually adopts the optical fiber structure. When com-
bined with a broadband tuning light source, the disper-
sion mismatch effect will occur, which results in distor-
tion of the peak profile of the target spectrum and shift of
the peak position.

To eliminate the dispersion mismatch effect of the
system, Zeb W. Barber analyzed the influence of optical
fiber dispersion of the reference interferometer on ranging
in the active chirp linearization method. The dispersion
causes the beat frequency of the reference interferometer
to change with the frequency modulation bandwidth,
which leads to a change in the frequency modulation
slope, widens the target spectrum peak and limits further
improvement in the extent of the range. To solve the dis-
persion problem, Barber proposed introducing the chirp
frequency into the beat frequency of the reference inter-
ferometer to counteract the dispersion effect "', Gan
Yu et al. studied the phenomenon of dispersion mis-
match in broadband laser frequency sweep interferometry
in detail. They constructed a theoretical model of disper-
sion mismatch and further proposed adaptive dispersion
phase compensation and chirp decomposition dispersion
correction methods, the full-width at half-maximum
(FWHM) of the compensated target spectrum being
close to the theoretical resolution'*". Dispersion mis-
match also exists in swept OCT". Lippok N et al. pro-
posed that the group velocity dispersion coefficient of ma-
terials be measured by the fractional Fourier transform
(FrFT)"". The group velocity dispersion coefficient and
symbols are obtained by optimizing the fractional Fourier
order, and then the dispersion compensation is complet-
ed. When estimating the fractional order of the FrFT,
the relationship between the iteration times of the algo-
rithm and the optimal compensation coefficient must be
balanced.

The above method requires calibration of the disper-
sion coefficient or iterative compensation in advance. In
this paper, by studying the dispersion law of the measure-
ment system, the method of dispersion cancellation by
forward and reverse tuning is proposed. It can avoid esti-
mation of the dispersion coefficient of the system in ad-
vance or the iterative compensation process, which can
improve the compensation efficiency.

1 Principles

1.1 Optical path structure of wideband tuning la-
ser FMCW measurement

Ideally, the laser frequency performs linear tuning,
and the target distance is calculated by detecting the beat
frequency signal generated by the local and transmitted
path light. In practice, it is difficult for lasers to achieve
perfect linear tuning, which leads to broadening of the tar-
get spectrum. To eliminate this effect, an auxiliary interfer-
ometer is constructed for tuning the nonlinear correction. A
structure diagram of the optical path is shown in Fig. 1.
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The external cavity laser is tuned linearly. The out-
put light is divided into two channels after passing
through the optical isolator and coupler 1. Part of the
light passes through coupler 2. Tt then returns to form the
beat signal with the local path light at balanced detector
A. The rest of the light passes through coupler 3. It then
passes through the fiber-optic Mach-Zehnder interferome-
ter with an unequal arm length to form the auxiliary inter-
ferometer beat signal on balanced detector B. The mea-
sured beat signal is synchronously sampled by the zero-
amplitude crossing point of the auxiliary interferometer
signal. Then, the sampled signal is changed to a sine sig-
nal, and the frequency of the sampled signal can be cal-
culated by a Fourier transform. The target distance is cal-
culated by combining the optical path length of the auxil-
lary interferometer.

The sampled signal ™' can be expressed as :

T““'k),kzo,l,---,zv—l , (D

I, o< exp (jZ’IT
where 7, and 7 are the time delays of the measurement
and auxiliary interferometers, respectively. When the
time delay of the auxiliary interferometer is known by cal-
ibration, the optical path of the target can be obtained by
FFT of the sampled signal.
1.2 Study on the method of dispersion cancellation
of the laser FMCW system

In practice, due to the use of a broadband tuning
light source, it is necessary to consider the influence of
optical fiber dispersion'™ of the auxiliary interferometer
on the measurement. Then, the beat frequency formed
by the auxiliary interferometer is as follows' "' :

o, =puB R, — o, =u'B,R,, 1+,u,gzt , (2)
1
where
o= R+ (R, (3
1 + /_leRa“‘ aux aux 2

where R, denotes the fiber length of the auxiliary inter-
ferometer and u is the slope of the linear tuning. B, =
1/v,, and v, denotes the group velocity. The dispersion
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coefficient is 8, = dB, / dw. O(Z)H refers to an error of or-
der Z".

After the measurement signal is resampled by the
signal clock of the auxiliary interferometer, the measure-
ment beat frequency is derived as follows.

The measurement optical path is primarily in air,
and the dispersion coefficient of air can be ignored.
Therefore, the ratio of the time delay by the measurement
and auxiliary interferometer can be expressed as Eq. 4:

t. Tuir
ratio = —————
T T AT,
_ Tah’ 1
T, Az,
aux 1 + aux . (4)
T aux
n
_ Tair 1 ATaux + 0 ATaux
T aux T aux T aux

Because Az, /7, << 1, the higher-order terms in

Eq. 4 can be ignored with a negligible loss in accuracy.

The higher-order terms of Eq. 4 are denoted by 0({)”.

Here,
Az, 2t
P2 Py, . (5)
T B B
where Az, denotes the time delayed variation on the aux-

iliary interferometer caused by the fiber dispersion ef-
fect. After deducing the above process, the sampled sig-
nal is as follows' "'

If w<o,

T air Tair
I, =(P,P,n,)"” cos Zﬂ(‘k - 2 p. kz) ,(6)
T aux 27 B

If w>0,

Tair Tair
I, =(P,P,m,)"” cos 21T( “k+ 2T & kz) (7)

T aux Taux B,

where, P,, P, and m, represent the transmitted light, lo-
cal light power and heterodyne interference efficiency,
respectively.

To reduce the dispersion effect, we proposed a
method of dispersion cancellation by forward and reverse
tuning. The principle is as follows.

The Hilbert transform'®’ is used to extract the phase
of the measured signal under forward and reverse tuning,
and phase unwrapping is carried out. Furthermore, the
phase of the signal for dispersion elimination can be aver-
aged by summing the phases of the two signals. The for-
mula is as follows :

Cu T Piown

2

j(21‘r Do g - 11'6(“51]:2) + j(21‘r S msm,/ﬁ)
Taux Taux ,(8)

2

QD aver =

Ty
=j (271' — k)
Tﬂll)(

B.

.
where 8, = —"21
B

disp

Use Eq. (8) to reconstruct

aux

the measured signal :

: T oir
[,}1 = (PTPLTIU)Z expiij(?.ﬁ T k)j| . (9)

aux

Then, Eq. (9) is the measured signal after elimi-
nating the influence of dispersion, and the target dis-
tance can be obtained by further ChirpZ ™" transformation
of the signal. The ChirpZ transform can be used to subdi-
vide the frequency spectrum. Its effect is equivalent to
the zero filling Fourier transform, but the algorithm is
more efficient.

2 Experiment and results

The external cavity laser was set to triangle wave
tuning mode. It tuned from 1552 nm to 1542 nm (corre-
sponding to forward tuning) and from 1552 nm to 1562
nm (corresponding to reverse tuning). The output power
and tuning speed of the laser were 1. 5 mW and 100 nm/
s, respectively. The optical path of the auxiliary interfer-
ometer was 220 m. The target was placed on an air flota-
tion optical platform. The acquired time domain mea-
sured signal diagram is shown in Fig. 2. The spectrum of
the measured signal after application of the Fourier trans-
form is shown in Fig. 3. The optical path of the fiber end
face was 4.524271 m, and part of the target in air is
shown in the diagram.
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Fig. 2 Time domain of the measured signal
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To study the dispersion effect of the measurement
system, the measured signal formed by forward and re-
verse tuning of the laser was divided into five sections.
Then, the ChirpZ transformation was carried out for each
section of the signal, and the corresponding distance was
calculated. The results are shown in Fig. 4. In the case
of forward tuning, the ranging value of the target in-
creased linearly with increasing tuning range. In the case
of reverse tuning, the ranging value decreased linearly
with increasing tuning range. The above phenomena
were caused by dispersion mismatch, which resulted in
the spectral peak of the target shifting with increasing
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A Hilbert transform was used to extract the phase of
the measured signal under the conditions of forward and
reverse tuning. Then, the phase was unwrapped and fit-
ted linearly. Figure 5 shows that the residual phase was a
curved line that opened upward in the case of forward tun-
ing, indicating that the beat frequency was not a constant
value and changed with the tuning range. The residual
phase after linear fitting of the measured signal phase in
the case of reverse tuning is shown in Fig. 6. As shown,
the residual phase appeared as a downward curved line.
The phase of dispersion cancellation by forward and re-
verse tuning is shown in Fig. 7. The residual phase fluc-
tuated around the value of zero, indicating that the dis-
persion effect of the measurement system was eliminated.

The measured signal was reconstructed by the phase
of dispersion cancellation and divided into five sections.
Then, the target distance of each section was extracted
by the ChirpZ transform. The results are shown in Fig.
8. Clearly, the ranging value (green star symbol in the
figure) remained basically horizontal with increasing tun-
ing range, indicating that the system dispersion was elim-
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Fig. 5 Residual phase by forward tuning
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inated.

The whole measured signal after dispersion cancella-
tion was extracted by the ChirpZ transform. The distance
profile of the target peak before and after dispersion can-
cellation is shown in Fig. 9. The target peak of the for-
ward and reverse tuning had some degree of distortion,
which was caused by system dispersion. The distortion of
the target peak (green solid line) after dispersion cancel-
lation was little.

3 Conclusions

In this paper, an external cavity tunable laser FM-
CW system is constructed. The theoretical model of dis-
persion mismatch is established. The theoretical and ex-
perimental results show that the beat frequency of the
measured signal changes with time due to dispersion,
which leads to the distortion of the target spectrum peak
profile and measurement instability. To reduce the influ-
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6L established. It is found that the dispersion has symmetry
7:?;2; . under forward and reverse tuning. According to this char-
g 4t acteristic, dispersion cancellation is realized by summing
5 and averaging the phases of the forward and reverse tuned
£ 5l signals. The advantage of this method is that it does not
require estimation of the dispersion coefficient nor the
0 ‘ carrying out of iterative compensation. The measurement
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Fig. 7 Residual phase of dispersion cancellation by forward and
reverse tuning
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Fig. 8 Ranging value under the condition of forward and re-
verse tuning and after dispersion cancellation
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Fig. 9 The distance profile of the target peak before and after
dispersion cancellation
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ence of dispersion, a dispersion mismatch model of the
forward and reverse tuning of the external cavity laser is

is completed by a single compensation, which can im-
prove the efficiency of the dispersion compensation.
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