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Abstract

A scheme of frequency sweep linearization of semiconductor lasers using a
feed-back loop based on amplitude-frequency response is demonstrated in
this paper. The beat frequency signal is obtained by self-heterodyne detection.
The frequency changes are converted to the envelope of beat frequency signal
after amplitude-frequency response. The active frequency sweep linearization
is realized by feeding envelope deviations back to the drive currents of the
lasers by a feedback loop. A simulation model is built to verify this scheme by
Simulink. This scheme does not need high-performance, expensive lasers,
complex linearization or tedious post-processing processes, which are of great
significance for related applications.
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1. Introduction

Light detection and ranging (LiDAR) is a kind of radar working in optical band.
According to the working waveform, LiDAR can be divided into pulse LIDAR
and frequency-modulated-continuous-wave (FMCW) LiDAR. Compared with
pulse LiDAR, FMCW LiDAR has many advantages, such as lower power, high
resolution, high sensitivity and immune background light. A light source with a
linear change in frequency is needed for an FMCW LiDAR. In detection, the re-
flected light with different flight time is combined with the local reference light
on a photodetector to produce beat frequency signal. The beat frequency can be

extracted using a Fourier Transform (FT) [1] [2]. Because the beat frequency is
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related to the flight time (or the ranging), so the flight time (or the ranging) is
obtained from beat signals. The linearity and bandwidth of frequency sweep for
light sources are key parameters for high-precision ranging. However, how to
get a low-cost high frequency sweep linearity laser source is still a problem to be
solved. To realize frequency sweep in semiconductor laser has flexible tuning
characteristic and can be directly tuned by injecting current. Besides, the scheme
has the advantages of simple structure, low price, and easily realized. Therefore,
the technology of laser frequency sweep linearization of current tuning in semi-
conductor lasers has attracted much attention. Researchers have proposed to
characterize the nonlinearity of frequency modulation with self-heterodyne de-
tection and realize the linearization of slow frequency modulation by an optoe-
lectronic feedback loop [3]. Based on this scheme, an optoelectronic phase-locked
loop (PLL) was also added to optoelectronic feedback loop to realize frequency
stabilization [4]. Wideband linear frequency sweep based on optoelectronic PLL
was also realized and the seep speed can be achieved to 100 GHz/ms [5]. The
frequency sweep linearization based on the phase-locked loop technology men-
tioned above has high precision, but it also has high requirement for laser line
width and complex circuit. Moreover, a frequency discriminating photoelec-
tronic negative feedback system for active control of frequency modulation is
also put forward [6]. Although the structure of frequency discrimination pho-
toelectric negative feedback technique is simple, the frequency excursion and
modulation period are limited by the relevant devices in the frequency discrimi-
nation circuit.

In this paper, we propose a new frequency discrimination scheme, the fre-
quency variation of beat frequency signal is converted into amplitude variation,
and the envelope signal is used to represent the frequency modulation nonli-
nearity. The deviation signal is regarded as a voltage signal (error signal) to
change the drive current. Simulation results show that the frequency modulation

linearization is carried out effectively in this scheme.

2. Influences of Frequency Sweep Linearization in FMCW
LiDAR

A schematic diagram of a triangular FMCW LiDAR is shown in Figure 1. Probe
light from the target interferes with the reference and the beat signal is recorded
by a detector [7].
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Figure 1. Schematic diagram of FMCW LiDAR.
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Since the laser frequency sweep is linear, the beat signal frequency f, is
proportional to the target distance D, is given by
D=cxz/2=cxf,/(2y), (1)

where c is the speed of light, y is the laser frequency sweep rate and 7 is the
relative delay time between the transmitter and receiver, 7=2D/c=cx f,/y .
The distance detection resolution AD is given by

AD =cxAf, /(2y), (2)

where Af, is the spectral width of the beat signal.

Figure 2 is the ranging principle of triangular FMCW LiDAR. In the case of
ideal triangular wave linear frequency sweep, the bandwidth of the beat signal is
narrow, as shown in Figure 2(a). While the nonlinearity of frequency sweep
leads to the broadening of spectral width which is shown in Figure 2(b) [8].

In the ideal case, the output frequency of distributed feedback (DFB) laser in
the half ramp of up frequency sweep can be expressed as follows

f(t)=f,+2Bt/T,0<t<T/2, (3)

where B is the frequency excursion, T is the modulation period, f, is the initial
frequency of laser. However, in practice, considering the nonlinear characteris-
tics of the laser itself, the nonlinear term f_(t) introduced into the output fre-

quency of the laser can be expressed as

frequency (a)
fo+B ref. probe fo
/
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Figure 2. The detection and ranging of a triangular FMCW LiDAR with (a) ideal FMCW
and (b) nonlinear FMCW.
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f(t)=f,+2Bt/T+f (t),0<t<T/2. (4)
The output phase of the beat frequency signal can be expressed as follows
0, () =27 Ty xr+27Bx (2 —7*)/T+[ 277, ()dL0<t<T/2.  (5)
Because the delay time 7 is very small, the variation of f_(t) is very small,
asin

[ fmdt=f,0-(-0)=f.0)xz. (6)

The Taylor expansion of Equation (4) is carried out according to 2t/T, ig-
noring the high-order nonlinearity and retaining only the quadratic nonlineari-

ty, asin
32 a(2t/T) )
2

i:lai

f(t)y="f,+ B, )
where a,’ =a, / Ziilai is the frequency modulation coefficient of Equation (7).
The beat frequency can be expressed as

f, (1) =2B7/T+(4a, t/T)x2B7/T. (8)

The first term on the right side of Equation (8) is the ideal beat frequency, and
the second term is caused by the quadratic nonlinearity [9]. Therefore, the fre-
quency variation of beat frequency is caused by the nonlinear term. The ranging
principle of FMCW LiDAR is based on the continuous linear frequency sweep of
laser, and a small nonlinearity will affect the ranging accuracy and distance res-
olution of FMCW LiDAR.

3. Model of Frequency Sweep Linearization
3.1. Model of Frequency Tuning of DFB Laser

Under the linear injection current, the output wavelength of an ideal semicon-
ductor laser is continuous linear sweep. But, under the influence of the thermal
effect of the injection current and the response hysteresis effect of the laser, the
frequency sweep nonlinearity will be very large. According to the relevant re-
search [10], the analytical model of current tuning characteristics of DFB laser

should be expressed as follows

A(L,T) = (KxT +K,)x 1?2+ (Kox T +K,) x T +Kgx T + 4y, 9)
where T'is the temperature and the undetermined constants k;, k,, K;, k,,
k; and the initial wavelength A;. From the analysis of Equation (4), (7), (9), it
can be concluded that the relationship between the injection current I(t) and

the output frequency f(I(t),T) is a quadratic function. When I(t)=I,+at,

the output laser frequency is given by
(1), T) = fo +ax 1(t) +bx 1%(t) = f, +axat+bxa’t’, (10)

where the temperature T is assumed to be stable, temperature tuning is included

in the initial frequency f;. The initial current |; isassumedtobeOand « is
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the increasing rate of current, the undetermined coefficients a and b are related
to the frequency modulation coefficients a, . In the next simulation scheme, we

will assume the relevant parameters and coefficients (Table 1).

3.2. Scheme of Frequency Sweep Linearization

Figure 3 shows the schematic diagram for scheme of frequency sweep lineariza-
tion. The waveform generator generates a standard triangular drive current
I(t) to directly modulate the laser. The output beam is sent to a Mach-Zehnder
interferometer (MZI) with an arm of relative time delay 7 to the reference one.
Then the balanced photodetector records the beat signal from the MZI. The beat
signal is fed into a high-pass filter operating in the transition band. The ampli-
tude gain K(f,(t)) of amplitude-frequency response varies with the beat fre-
quency of the beat signal. The high pass filter with better linearity of ampli-
tude-frequency response in the range of beat frequency variation directly deter-
mines the inherent residual nonlinearity of the frequency sweep.

On the extraction scheme of envelope, as the beat signal contains low fre-
quency components, the synchronous envelope detection is not feasible. So we
design to extract envelope signal by a field programmable gate array (FPGA),
and in the following simulation, we use MATLAB program of envelope extrac-
tion to extract the envelope signal.

The envelope signal K(f,(t))A(t) is extracted and directly converted into a
voltage signal. If the original amplitude A(t) of beat signal is not standard, the
envelope signal needs to be normalized. The voltage is compared with an ideal
standard voltage. The deviation U = (K(f,(t))A(t)/A(t) —1)Ay is fed back to
the laser driving current after integration and gain amplification, so as to realize

active frequency sweep linearization.

(@)
photodetector

MZI

T JfE-D fu®)

 High-pass filter ]

envelope Working in the transition
\ band

K(fp(£))A(t)cos(2mfy (0)1)

Aoffset

Figure 3. Schematic diagram of frequency sweep linearization.

Table 1. Parameters and values in the model.

parameters B T T f,
values 1 GHz 1 ms 2.86 us 10 GHz

parameters a b I, a
values 0.8 GHz/mA 0.2 GHz/mA? OmA 2 x 10° mA/s
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According to the proposed scheme, we build a simulation feedback system
based on tuning characteristics of the semiconductor laser, as shown in Figure 4.
The system consists of FMCW electronic signal generation module, delay mod-
ule, receiving module, feedback module.

Among them, the module of FMCW signal generation is used to generate the
standard triangular drive current by waveform generator to modulate laser (FM
modulator passband module with the frequency drift coefficient of 1 GHz/mA
with current variation). The delay module is used to simulate the time delay t
caused by the transmission distance D. The receiving module is used to mix the
reflected light (delay signal) with the local reference to produce beat signal. Then
the beat signal is fed into a high-pass filter to produce amplitude variation of
beatl signal by amplitude-frequency response. The envelope of beatl signal is
extracted by the feedback module and compared with a standard envelope of
beat2 signal to get the deviation of frequency (MATLAB program of envelope
extraction runs in the background). After integration and amplification, the
deviation signal U'is finally fed back to the circuit of standard triangular drive
current.

As shown in Figure 4, there are two ranging systems including a nonlinear
system with the quadratic modulation coefficient and an ideal system without
the quadratic modulation coefficient as a reference. Except for the linear mod-
ulation coefficient and the quadratic modulation coefficient, the parameters of
the corresponding device modules in the two FMCW ranging systems are the

same.

- AN
nA A » J-LL > M ﬂ butter cheby2
N o )e— () = > [butter .
I ‘v" / H \/ ™~ \ /
Waveform Linear coefficient Zero-Order S
Generator ! c Hold FM Transport Product :
Modulator Delay Logpass Highpass
Quadratic Passband ter Fiter
Coefficient
oy Lb beat1
Quadratic term ! ' To Workspace
i i
| ' g
1 U | : <
5 | MATLAB program 1 Scope
Gain Integrator From :\ ruzs in the background. u: beat?
Workspace e s ea
To Workspace1
. LTINS
L » " butter cheby2 |
J_LL FM R _/‘\ "« =\ P L
Linear coefficient2 Zero-Order \./
Hold1 FM Product1 L
Modulator Transport g‘f:’tpafs Highpass
Passband1 Delay1 er Filter1

Figure 4. Simulation system of frequency sweep linearization using Simulink.
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Based on the parameters a and b, the linear coefficient a is equal to 0.8 and the
quadratic coefficient b is equal to 0.2, the nonlinear beat frequency is
4.576 MHz < Af, <6.864 MHz . For the ideal FMCW ranging, the linear mod-
ulation coefficient is equal to 1 and the quadratic modulation coefficient is equal
to 0, the beat frequency is 5.72 MHz, which is constant. The high-pass filter is
selected based on the linearity of amplitude-frequency response and the range of
Af,, Af, should be close the center of the transition band, and its range relative
to the transition band is small. The parameters of the designed high-pass filter

are shown in Table 2.

4. Simulation Results and Analysis

The beatl and beat2 signals correspond to nonlinear beat signal and ideal beat
signal after the frequency-amplitude response by the high pass filter.

Figure 5 shows the time and frequency domain diagram of beatl signal and
beat2 signal. It can be seen that the spectrum of beatl signal is broadened. And it
can be easily compared that the amplitude of ideal beat2 signal is invariable,
while of beatl signal is similar to triangle change due to the frequency changes.

The corresponding normalized envelopes are shown in Figure 6.

05 0.6 0.7 0.8 |
Time(s) o I

Figure 5. The time (left) and frequency (right) domain diagram of beatl signal (red line)
and beat2 signal (blue line).
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Figure 6. Schematic diagram of envelope deviation (yellow line) and envelope signals of
beat2 signal (red line) and beat1 signal (blue line).
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Figure 6 shows the envelopes of the two signals (beatl and beat2), and the
envelope deviation. We can find that the envelope is distorted at the inflection
point of frequency sweep. In order to avoid the influence of the inflection point
of frequency sweep, a small segment of envelope at the inflection point can be
considered as ideal due to the small delay time, and the deviation signal at the
inflection point can be expressed as 0, as shown by the blue line in Figure 7.

In Figure 7, the signal (red line) is obtained by integrating the deviation signal
(blue line), the feedback signal (yellow line) is 10,000 times the signal (red line).

Figure 8 shows the time domain diagram of beatl signal (red line) and beatl
signal with feedback gain (blue line). It can be easily compared that the ampli-
tude of beatl signal with feedback gain tends to be stable and similar to that of
the beat2 signal due to the frequency sweep linearization.

The spectrum distributions of the nonlinear beat signals with different feed-
back gains are also investigated, as shown in Figure 9. The spectrum distribu-
tions of the nonlinear beat signals without linearization are depicted in red lines.
The blue lines represent the spectrum distributions of beat signals with ideal and
different feedback gains. Comparing these five spectrum distributions, the fre-
quency sweep linearization method can make the spectrum distribution more
concentrated and tend to the ideal state.

The nonlinear frequency modulation curve after frequency sweep lineariza-
tion with gain of 10,000 is shown by the yellow line in Figure 10. The red line in
Figure 10 represents the nonlinear frequency modulation curve without lineari-
zation and the blue line represents the ideal frequency modulation curve which
is a standard triangle. The linearity (nonlinear error ¢ ) is obtained by the

maximum deviation Af_, between a nonlinear frequency modulation curve

max

and the ideal frequency modulation curve. It can be expressed as

0.04

0.03 —deviation
—integral

0.02 gain=10000
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o
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o

-0.04 ‘ ‘ w
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Figure 7. Schematic diagram of deviation signal processing.

Table 2. Parameters of the high-pass filter.

Parameters ~ Design method Order  Stopband edge frequency  Stopband attenuation

values Chebyshev II 1 1.6 MHz 20 dB
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Figure 8. The time domain diagram of beatl signal and beat1 signal with feedback gain.
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Figure 9. the spectrum distributions of beat signals with different feedback gains ((a)
ideal; (b) 5000; (c) 10,0005 (d) 15,000; (e) 25,000).
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Figure 10. Comparison of three frequency modulation curves.
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5= Af, /Bx100%, (11)

where B=1GHz. Then the linearity of the nonlinear frequency modulation
curve without linearization is around 5.00%. For the first feedback, the linearity
with gain of 10,000 is around 1.69%, the linearity with gain of 15,000 is 0.60%. If
iterative feedback is considered, Linearity will be better. The linearity with gain
of 20,000 is —2.07%, this means that the gain is too large and the feedback signal
is too strong.

5. Conclusion

A frequency sweep linearization scheme without post-processing processes is
proposed in this paper. This scheme uses the frequency-amplitude response of
high-pass filter and does not need expensive linear laser, complex circuit of
photoelectronic PLL or reprocessing processes, thus can reduce the complexity
of feedback system. Simulation results show that the linearity of nonlinear fre-
quency modulation curve after frequency sweep linearization can reach around
0.60%.
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