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Frequency-swept interferometry (FSI) is a well-known ranging technique, but it suffers from three problems, namely,
the Doppler effect, the frequency-sweep nonlinearity, as well as the slow frequency-sweep rate. The first two problems
hinder the measurement accuracy, while the third problem limits the measurement rate. In this paper, we present a dy-
namic FSI (DFSI) that solves these three fundamental problems simultaneously. The DFSI consists of two auxiliary
interferometers (AU1 and AU2) and two measurement interferometers (FSI and frequency-fixed interferometry (FFI)).
We use FSI to obtain the Doppler and nonlinearity affected ranging signal, AUl to monitor the frequency-tuning
nonlinearity in the frequency-swept laser (FSL), and FFI and AU2 to constitute a laser vibrometer for monitoring the
target motion-induced Doppler effect. Then, a novel signal fusion processing technique is applied to reconstruct the
real dynamic distance from the above-measured signals. The dynamic ranging error caused by the Doppler effect and
frequency-sweep nonlinearity in FSI can be eliminated and the dynamic distance at each sampling point can be ob-
tained. The validity of this method is demonstrated by numerical experiments.
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The basic frequency-swept interferometry (FSI) is
merely suitable for static ranging. Once used for dynamic
ranging, it becomes invalid. This is because on one hand,
the basic FSI gives only one ranging value per sweep
thus unable to adapt to high speed dynamic targets, and
on the other hand, the ranging accuracy of basic FSI is
severely deteriorated by the following two inevitable
problems. One is the target-motion-induced Doppler ef-
fect. For FSI, if the target moves, the optical path differ-
ence (OPD) will vary during the frequency sweep period,
and the Doppler error equals ALf,,/B, where f,,, and B
are the average frequency and bandwidth of the fre-
quency-swept laser (FSL), and AL is the distance change
in a sweep cycle. f,,/B usually ranges from hundreds to
thousands, which means the Doppler error will be hun-
dreds, even thousands, of times larger than the actual
OPD variation"?!. To remove this error, a variety of
methods have been reported! . These methods can ef-
fectively eliminate the Doppler error, while lacking the

immunity to the other problem, i.e., the frequency sweep
nonlinearity. Specifically, due to the creep and hysteresis
of the piezoelectric transducer inside the external cavity
diode laser, the output laser frequency exhibits nonlin-
earity'®”). This nonlinearity would create a deviation in
beat frequency of the FSI signal, and thus result in severe
degradation of dynamic ranging accuracy. There exists
several methods to remove the impact of fre-
quency-swept nonlinearity!®'%, while they are aimed at
enhancing the static positioning resolution and are not
suitable for dynamic targets. In other words, these meth-
ods lack the immunity to the Doppler effect.

To simultaneously address the two problems in dy-
namic ranging, real-time models using the Kalman fil-
ter!"'"*! were proposed. These models only adopt one
triangular-modulated FSL, but they reach the best per-
formance only when the dynamic OPD satisfies the state
transition matrix. The main reason is because they as-
sume the OPD varies in constant velocity''!, or constant
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acceleration!'>'”! between two consecutive sampling
points. Another approach is using the output signal of an
auxiliary Mach-Zehnder interferometer (MZI) as a sam-
pling clock to trigger the data acquisition system!'*, by
which the frequency sweep nonlinearity can be cor-
rected. However, this approach would lead to an uneven
sampling clock, which requires a sophisticated
phase-locked loop (PLL) to correct the signal distortion
of the laser Doppler velocimeter (LDV). Similarly, using
equispaced-phase-resampled, nonlinearity-corrected, and
triangular-modulated dual-path FSI' can remove the
Doppler effect, while this method requires constant target
velocity during a sweep period, and only gives a single
distance value per sweep.

In Ref.[16], we reported a dynamic FSI (DFSI) which
achieves a measurement rate of 5 MHz under 2 kHz fre-
quency sweep rate, and this DFSI enables the elimination
of Doppler error by using one frequency-fixed interfer-
ometry (FFI). However, this DFSI is incapable of re-
moving the frequency-sweep nonlinearity. Here, we
propose a new DFSI ranging model, which consists of
two measurement interferometers (FSI and FFI) and two
auxiliary interferometers (AUl and AU2). The AU,
with fixed OPD, can provide the information of the
nonlinearity of FSL, and the FFI and AU2 with the as-
sistance of acoustic-optical modulators (AOMs) can give
the information of the Doppler effect. Based on the
above information, we propose a new fusion signal
processing method to remove the two kinds of ranging
errors in FSI and recover the dynamic distance at each
sampling point.

Fig.1 shows a basic FSI in MZI. For a static target at
fixed-distance L, and an ideal FSL without fre-
quency-sweep nonlinearity, the beat frequency fg of the
FSI signal is!"”

do(?) 2nL
Jo 2ndt k c’ M
where ¢(?) is the phase of FSI signal, k is the sweep rate
of FSL, n is the refractive index of air, and c is the speed
of light in vacuum. By measuring f3, L can be obtained
as fp(c/2nk). However, when target moves and fre-
quency-sweep nonlinearity exists, fz in Eq.(l1) be-

comes!"!

LO=2O0 2o Loro) @
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where L'(¢) and f(¢) are the first-order time derivative of
the dynamic distance L(f) and the output light frequency
f(© of FSL (f(¢) = fini t kt + e(f), where fiy; is the initial
frequency and e(?) is the frequency-sweep nonlinearity).
Thus, using fz(¢), the measured dynamic distance Ly(?)
can be expressed as

Awm:jigw=

L+ N/: K e+ [e(t)/f(t)] , 3)

Doppler Nonlinearity
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where the second term is the Doppler error''® sensitive to

target velocity L'(¢), and the third term is the nonlinearity
error induced by nonlinearity e(f). Both terms severely
restrict the dynamic ranging accuracy and need to be
eliminated.

DAQ

FSL: frequency-swept laser; C: coupler; SMF: single-mode fiber; OC:
optical circulator; PD: photodetector; DAQ: data acquisition system

Fig.1 Schematic of basic FSI

To solve the above problems, a DFSI is proposed as
shown in Fig.2. The laser source of AU1 and FSI is FSL,
with their signals detected by photodetector 1 (PD1) and
PD2, respectively. Similarly, the laser source of AU2 and
FFI is FFL, with their signals respectively detected by
PD3 and PD4. The wavelength division multiplexer
(WDM) is used to separate the signals of FSI and FFI in
the wavelength domain. The acoustic-optic modulators
(AOM1 and AOM2) with a slight frequency difference
are used to construct the heterodyne structures of AU2
and FFI. The combination of AU2 and FFI works as an
LDV, used for monitoring the target displacement. Note
that the dual-AOM configuration is also used to reduce
the sampling rate of the data acquisition system (DAQ).

L ()
f——>
Probe W

Target

FSL: frequency-swept laser; FFL: frequency-fixed laser; C: coupler;
SMF: single-mode fiber; OC: optical circulator; AOM: acoustic-optic
modulator; WDM: wavelength division multiplexer; PD: photodetector;
DAQ: data acquisition system

Fig.2 Schematic of the proposed DFSI

According to Eq.(2), the signal of the FSI is
t
Sgg (1) = COS @, (1) = cOS [211‘[0 Is (t)dt} =

cos {ﬂ[kjt L(t)dt + jl (foa KL (2)dt +
c 0 0

e(t)L(t)+ fINIL(O)]} =
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where the last term fi\;L(0)(47nn/c) is a constant phase of
spsi(f). After phase unwrapping, the incremental phase
Agpgsi(f) of spsi(f) can be obtained as

A (1) = 4%[L(O) [ r@ade+ [) f@def L(eyde+
foaJy Eerde] 5)

Meanwhile, the signal of the AU1 can be expressed as
S (&) =cos@,, (1) =

cos{4nnF [LF [ r@de+ fNLF}}, (6)

Cc

where np is the refractive index of single-mode fiber
(SMF), and Ly is the fixed path-difference between two
arms of AUl. Using phase unwrapping, the following
equation can be obtained

Cc

o/ 0t =———29,,®, (7)

nFF

where Aggg(?) is the incremental phase of say(?).
Similarly, the signals of FFI of AU2 respectively are

Sepr (£) = €OS Qg (£)=

cos {275-[ l { 2n(fo + o) L'®)
0 c

+MAOM}dI}7 3
and

Sppe () = cos@,, (¢) = cos |:27[j(: A yom dt:l > ©)

where f; is the light frequency of FFL, fyom is the fre-
quency shift of AOMI1, and Afayoum is the frequency dif-
ference between AOMI1 and AOM2. Using the incre-
mental phases of spp(f) and saus(f), i.e., Appp(f) and
Apaua(t), the distance variation can be obtained as

¢ [A(pFFI (1) =A@y, (t)]
47'[” (.f() + fAOMl )
Then, substituting Eq.(7) and Eq.(10) into Eq.(5), we
can construct a function L.(f;) as follows
! ’ ! ’
APy (1) —[ S+ s (t)dt}4nnJ‘0L (1)dr
4mn jo F()de

where f; is the constructed variable. Mathematically, the
DFSI can be regarded as an underdetermined system
with constraints, and when the variable f;=fin;, the L(f.)
becomes constant and equals L(0). Such a condition can
be found by the following function

Sobest = argmin {K =var[L (f, )]} . (12)
fe

When the f; s satisfying Eq.(12) is found, together

(10)

j;L’(t)dt -

L(f)= > (11)
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with Eq.(10), the dynamic distance can be obtained as

AAPe () — Ap,, ()]
4mn (fo + fromi ) .

It is worth noting that this method is not affected by
the value of fiy;, in other words, besides the immunity to
the Doppler effect and frequency-sweep nonlinearity,
this method also has the immunity to the drift of fi;.

Note that the measurable distance changing velocity is
restrained by the following condition:

) <[k(.|:v(t)dt)+( I3 +kz)v(r)}<ﬁ [k, (14)

L) =L (f o)+ (13)

Numerical simulations were performed to verify the
proposed DFSI. We assume the C-band FSL is with fiy; =
193 414 GHz (1 550 nm), 4=3 000 GHz/s (bandwidth
300 GHz, sweep cycle 100 ms), and quadratic-form
nonlinearity e(f)=[8x10°x(+—0.05)>-20] GHz, and the
O-band FFL is with f,=228 849 GHz (1 310 nm), as
shown in Fig.3(a). The target is set to vibrate with L(¢)=
[9.999 9+1x10 *cos(100n)] m, as shown in Fig.3(b).
The frequency shifts of AOM1 and AOM2 are assumed
to be 42 MHz and 40 MHz, respectively, and we set ¢=
2.997 9x10® m/s, n=1.000 27, npLr=10 m, and sampling
frequency of DAQ equals 10 MHz.
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Fig.3 (a) Laser frequency f{(t) of FSL and f; of FFL; (b)
Dynamic distance

To simulate the multiplicative and additive fluctua-
tions caused by the variation of laser intensity!'” and the
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random noise in practice, we contaminated the four in-
terference signals by the form of sx()M(£)+A(H)+W(¢),
where sx(f) represents sgsi(?), Spri(f), saui(?), or saya(?),
M(t) and A(¢) are the signal fluctuations, and W(¢) is the
Gaussian noise. For the contaminated signals in Fig.3(a),
the specific forms of M(¢), A(¢), and W(¢) of sx(f) are
shown in Tab.1.

Tab.1 Specific forms of M(t), A(t) and W(t)

Signal Form of . i of A() W)
1gna. orm o

§ M)

srsi(?) 0.5+2¢ sin(5m7)

seri(?) 0.5+2¢ 0.6sin(5mz) White noise
saui(?) 0.6+4t 0.4sin(5nz) (20 dB)
sava(0) 0.9+21 sin(8mf)

Before signal demodulation, the zero-phase band-pass
filter is applied to each contaminated signal in Fig.4(a),
and the filtered and normalized signals are shown in
Fig.4(b). Then, the Hilbert transform (HT) method"” is
used to extract the corresponding incremental phase of
each normalized signal. The incremental phases of FSI
and AUl are shown in Fig.4(c) and Fig.4(d), respec-
tively. The incremental phase difference between the FFI
and AU2 is shown in Fig.4(e). Fig.4(f) is the optimiza-
tion space of f;, and the optimized f; . is determined by
positioning the minimum K, K.,;,. The theoretical opti-
mization range of f; is (0, o), while it can be reduced by
a priori knowledge of the output frequency of the FSL.
Finally, according to the Kn(fibest), the dynamic dis-
tance at each sampling point can be recovered, as shown
in Fig.4(g). The maximum error between the recovered
Liecover(?) and the set L(#) is about 0.350 um.

To clearly show the feasibility of the proposed DFSI,
for the same dynamic target, performance comparisons
under two cases, (I) only the Doppler error existing and
(IT) both the Doppler error and nonlinearity error exist-
ing, are shown in Fig.5(a) and Fig.5(b), respectively. It
can be seen that when the output laser frequency of FSL
is linear (e(£)=0), for the dynamic target in Fig.3(b), the
Doppler error contaminated distance Ly(f) calculated by
Eq.(3) and the distance Lrecove(f) oObtained by the pro-
posed DFSI are plotted in Fig.5(a). It can be seen that the
Ly(t) contains the Doppler error which has a
peak-to-peak amplitude of 9 477 955.8 um as predicted
by the theory, while the Lrecover(f) given by DFSI elimi-
nates the Doppler error and matches the L(¢) accurately,
with the maximum error less than 0.363 pm. This indi-
cates the proposed method works for removing the Dop-
pler error. Then, for case (II) the same signal processing
steps are applied, and the corresponding Ly (f) and Lge
cover(?) are also plotted in Fig.5(b). It can be found that in
this case, the Ly(¢) contains both the Doppler error (fini+
kf)L'(f)/k and nonlinearity error [e(f)L(f)] 7k, however, the
LRecover(?) remains the accuracy as that in Fig.5(a). This
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further demonstrates that the proposed DFSI has immu-
nity to both the Doppler error and nonlinearity error.
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Fig.4 (a) Contaminated signals of sesi(f), seri(f), Sau1(?),
and sayz(f); (b) Filtered and normalized srsi(f), Skri(f),
saui(t), and sauz(f); (c) Incremental phase of sgs(t); (d)
Incremental phase of saul(t); (e) Incremental phase
difference between sgri(f) and sauz(f); (f) Optimization
space of fc; (g) Recovered dynamic distance Lgecover(f)
by the proposed method and the theoretical L(t)

This paper presents a novel DFSI that contains four
interferometers, FSI, FFI, AU1, and AU2. By using their
incremental phases, we construct a function to find the
initial distance hidden in DFSI, and then eliminate the
Doppler and nonlinearity errors, with the dynamic dis-
tance at each sampling point recovered. During meas-
urement, the DFSI does not require prior information of

Optoelectron. Lett. Vol.18 No.11
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Fig.5 (a) Dynamic distance Ly(f) recovered by Eq.(3)
and Lgecover(f) recovered by the proposed method in
the case of FSL without frequency-sweep nonlinearity
e(t); (b) Dynamic distance Lu(f) recovered by Eq.(3)
and Lgecover(f) recovered by the proposed method in
the case of FSL with frequency-sweep nonlinearity
e(t). (DE(e): With Doppler error; DE(c): Without Dop-
pler error; NE(e): With nonlinearity error; NE(o):
Without nonlinearity error)

the FSL, and is not affected by the drift of the initial fre-
quency of FSL. Moreover, the DFSI avoids the resam-
pling process as reported in the previous works, and
breaks the requirement of constant target velocity.
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