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Abstract 

Conventional lasers rely on multiple passes through a gain medium to reinforce a 

preselected frequency, thereby obtaining near-monochromatic output. For many purposes, 

such as optical arbitray waveform generation, it is desirable to have light spread over a 

broader range of frequencies. One means of fulfilling that objective is to introduce a 

frequency shifting element into the laser feedback loop such that successive passes of a 

wavepacket take place with different carrier frequencies. The operation of such a frequency 

shifting feedback (FSF) laser has been investigated by several research groups [1–46] and it 

has been used for a number of practical applications, including the ultrahigh repetition rates 

pulse, optical real-time Fourier transformation, RF-chirped waveform generation. In the 

early 1970’s, the concept of frequency shifted feedback loop incorporating an active 

medium was introduced for pulsed lasers as a possibility for electronic frequency control. 

The prediction was that cavity modes were chirped because of the frequency shift 

introduced during each transit through the cavity. By satisfying a resonant condition 

between the applied frequency shift and the loop fundamental frequency, it was possible to 

generate a pulsed output with a repetition rate equal to the modulator frequency. And a 

theoretical work has shown the possibility of further increasing the repetition rate by 

adjusting the frequency shift and the loop fundamental frequency as the ratio of two 

coprimes. Then some scholars provided an experimental demonstration of the idea by 

injecting a dye FSF cavity with a dye single-mode seed laser: the generation of 6-ps 

Fourier-transform-limited pulses was demonstrated with repetition rates tunable by steps of 

80 MHz between 0.24 GHz and 36.6 GHz, this is, over two orders of magnitude. Finally, 

franch scholar H.Guillet de Chatellus explains this result in depth by providing an extensive 

description of the fractional Talbot effect in cw-seeded FSF lasers. Then we called the 

resonant condition as the integer Talbot condition and the fractional resonant condition as 

the fractional Talbot condition. When the modulating frequency is slightly detuned away 

from the integer Talbot case, the FSF loop seeded by a single CW laser is demonstrated to 

generate the RF chirp wavform. Based on these unique properties of the FSF laser, I 

propose some new methods to enhance the accuracy of the velocity and distance 

measurement by using the frequency shifting loop. Besides, I also do some researches on 
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the dual-sidebands frequency-shifting loop (FSL) and find some originally results, such as 

pulse doublets, optical real-time Fourier transformation and temporal fractional Talbot 

effect. In the following, I will present these academic researches systematically.  

(1) The investigation of the coherent dual-frequency lidar-radar system. We construct 

a frequency-shift Mach-Zehnder Interferometer (MZI) to generate a fibered dual-frequency 

laser source and apply it to range measurement. Different from the traditional 

Mach-Zehnder interferometer in the case of long delay time, we theoretically investigates 

the beat phase noise under the case that delay length is far shorter than the laser coherent 

length. The effect of laser phase noise and acousto-optic frequency shifter (AOFS) noise in 

the beat note phase noise of the dual-frequency laser is theoretically investigated. General 

expressions are presented for the power spectral density and phase spectral density of the 

beat note. From the simulations, we find that high AOFS noise introduces a much greater 

phase jitter into the beat note noise conversion. Based on the theoretical results, an outdoor 

experiment is conducted to demonstrate the ability of the phase-shift method in the absolute 

distance measurement and beat note Doppler frequency-shift method in the velocity 

measurement. By conducting the experiment in the outdoor environment, we finally obtain 

8 mm range resolution at a distance of 1.5 km and the velocity resolution is better than 0.5 

m/s. 

(2) The investigation on the RF up-conversion and waveform generation using a 

frequency-shifting amplifying fiber loop, application to Doppler velocimetry.  

RF-modulated laser based on the frequency-shifting amplifying loop has the ability of 

generating high-order harmonics. Here we focus on a direct application of this source: a 

velocity measurement with different order harmonics. The emitted wave from the 

frequency-shifting amplifying loop is directed through a fiber coupler with a splitting ratio 

of 1:99. The 99% output is connected to a fiber circulator, and the other one (1%) is 

directly detected by photodetector PD2 (3.5 GHz bandwidth) and used as a monitor signal. 

The light beam emitted by the circulator is collimated by a 10-cm-diameter lens and 

transmitted to the moving target. The target moves toward and away from the laser in one 

cycle at a speed ν adjustable from 0.1 m/s to 0.8 m/s. We find (i) a good linear 

dependency of the frequency shift versus motor velocity, and (ii) the expected n-fold 
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enhancement of the slopes. This measurement confirms that RF up-conversion permits to 

significantly improve the experimental accuracy at low velocities. 

(3) The investigation on a novel hybrid TOF/phase-shift method for absolute distance 

measurement using a falling-edge RF-modulated pulsed laser. Traditional range-finding 

techniques often take advantage of two methods: pulsed TOF laser ranging and phase-shift 

laser ranging. The pulsed TOF laser ranging technique is appropriate for long-distance 

measurement because of the long unambiguous distance and high peak power. The range 

resolution, which is determined by the pulse width, is typically on the order of meters. In 

comparison, phase-shift laser ranging offers good precision but exhibits 2π  phase 

ambiguity, making it suitable for measurements of incremental displacement. To address 

the limited ambiguous distance, two or more measurement rulers are usually used in the 

phase-shift rangefinder. Therefore, the TOF method has the characteristic of a long 

unambiguous distance, and the phase-shift method has the characteristic of a high precision. 

They are thus complementary in terms of the unambiguous distance and accuracy. 

Combining the characteristics of the long, unambiguous distance of the pulsed TOF method 

and the accuracy of the phase-shift measurement, a hybrid TOF/phase-shift method may 

achieve long-distance and high-accuracy absolute distance measurement. Then we 

investigate a falling-edge RF-modulated pulsed laser by using a frequency-shifted 

amplifying loop. A single-frequency fiber laser (seed laser) is coupled into a fiber link 

through coupler 1. The output port of coupler 1 is sent through an amplifier, followed by an 

acousto-optic (AO) switch back to the input of coupler 2. The second coupler allows us to 

extract a fraction of the optical field in the pulsed frequency-shifted amplifying loop. The 

AO switch is used as a frequency shifter and beam chopper. A Yb3+-doped fiber amplifier 

is inserted to compensate for the loss in the loop. The RF modulation within the pulse 

results from the interference of the frequency-shifted pulse with the seed laser. Then we 

directly use the falling-edge RF-modulated pulsed laser to measure the object distance. To 

verify the capability for long-range absolute distance measurement, we make a distance 

measurement inside the fiber by inserting a 2-km fiber in the receiving port. The 

experimental results show that the TOF/phase-shift method can compensate for the timing 

error caused by the TOF method and significantly improve the distance precision. Finally, 
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we show experimentally that the hybrid TOF/phase-shift method is a promising technique 

that achieves 3 mm precision in the 1.5 km measurement range (in fiber), corresponding to 

a relative precision of 2×10-6.  

(4) The investigation on the temporal and spectral properties of frequency-shifting 

loop. Frequency-shifting loops usually rely on the use of an acousto-optic frequency-shifter. 

While it features high frequency conversion efficiency in the sub-100 MHz range, AOFS 

have limited efficiency in the GHz range, and offer limited tunability. In this respect, EOM 

offer much higher modulation frequency and bandwidth. Besides, EOM are compact and 

easy to integrate with other fibered devices. Thus we propose to investigate an all-fibered 

frequency-shifted feedback loop when a widely tunable common electro-optic amplitude or 

phase modulator (EOAM or EOPM) is employed. Instead of the single side-band AO 

frequency-shift, the EO loop will produce at each round-trip two side-bands with opposite 

frequency-shifts. The carrier will also circulate together with the multiple frequency-shifted 

sidebands. In order to predict the time response of the FSL, a general time-delayed 

interference model is deduced under the cases of the integer Talbot condition and fractional 

Talbot condition. When the integer Talbot condition is satisfied (𝑓𝑓 𝑓𝑓 = 𝑝𝑝), the output 

traces show a periodic pulse. However, different modulators also show some differences. 

The phase-modulating FSL is demonstrated to achieve the optical real-time Fourier 

transformation. And the amplitude-modulating FSF loop features double-pulse regime 

which the interval between the two pulses can be continuously adjusted by changing the 

static phase retardance and the modulation depth. Besides, when the fractional Talbot 

condition is satisfied (𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑞𝑞), the time response of the amplitude-modulating FSF 

loop could observe the temporal fractional Talbot effect, that is a periodic pulse with the 

repetition rate 𝑞𝑞𝑓𝑓 = 𝑝𝑝𝑓𝑓 . Phase-modulating FSF loop features the arbitrary waveform 

generation due to the destructive interference of higher-order harmonics. Experiments 

involving the temporal and spectral properties of the amplitude-modulating FSL and the 

phase-modulating FSL are conducted to demonstrate the above results.  

 

Key Words: Frequency-shifted feedback loop; Talbot laser; Frequency-to-time mapping; 

Dual-frequency laser; lidar-radar detection 
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δP 𝑡𝑡 P 𝑡𝑡  

RIN =                       2.1  

RIN dB/Hz NKT 

Photonics Y10 RIN -140 dB/Hz

 

2.1

1×2 1×2 Coupler

2×1

ΔL τ=nΔL/c n c

 

2.2.2.1  

 

( ) [ ]0 0 exp ( ( ))oE t E j t tω θ= +                   (2.2) 

0E ω ( )o tθ 1×2
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( ) [ ]1 0 exp ( ( ))ρ ω θ= + oE t E j t t
 

( ) ( ) [ ]2 01 exp (( ) ( ) ( ))o eE t E j t t tη ρ ω ω θ θ= − +Δ + +     (2.3) 

Δω ρ 1×2 η

( )e tθ

 

( ) ( ) ( )1 2outE t E t E tτ= + +                 (2.4) 

( )outE t 𝜏𝜏

𝐼𝐼 𝑡𝑡  

( ) ( ) ( ) ( ) ( )* 2
0( ) Re * 2 1 cos( , )out out out o eI t E t E t E t t tηρ ρ ω ω τ θ τ θ⎡ ⎤= = − Δ ⋅ − ⋅ +Δ +⎣ ⎦    

(2.5) 

( ),θ τΔ o t 𝜏𝜏

 

( ) ( ) ( )
( ) ( )

*

2
0

( ) ( ) ( )

4 1 cos ,

cos ( ) ,

out out

o e

o e

R t I t I t t

I t t t

t t t t t t

ηρ ρ ω ω τ θ τ θ

ω ω τ θ τ θ

′ ′= ⋅ + =

′ ′ ′− Δ ⋅ − ⋅ + Δ +⎡ ⎤⎣ ⎦
′ ′ ′⋅ Δ ⋅ + − ⋅ + Δ + + +⎡ ⎤⎣ ⎦

   (2.6) 

, 0 𝜏𝜏 2.7

2.8 𝜏𝜏 𝜏𝜏 𝜏𝜏

 

[ ]22 2( ) ( ) τσ θ θ τ
τ

= − − =o o o
c

t t        (2.7) 

[ ]22 2( ) ( )e e e
e

t t τσ θ θ τ
τ

= − − =         (2.8) 

𝜏𝜏 𝜏𝜏 1 ( )τ π= Δc ov , 1 ( )τ π= Δe ev Δ ov Δ ev

2.7 2.8 2.6  
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( )

( )

( )

( )

2
0

2
0

2
0

2
0

2 1 cos( )exp( 2 )exp( ),

2 1 cos( )exp(2 )exp( ), 0
( )

2 1 cos( )exp( 2 )exp( ), 0

2 1 cos( )exp( 2 )exp( ),

c e

c e

c e

c e

tI t t

t tI t t
R t

t tI t t

tI t t

τρ ρ ω τ
τ τ

ηρ ρ ω τ
τ τ

ηρ ρ ω τ
τ τ
τηρ ρ ω τ
τ τ

⎧ − Δ ⋅ − < −⎪
⎪
⎪

− Δ ⋅ − < <⎪
⎪= ⎨
⎪ − Δ ⋅ − − < <
⎪
⎪
⎪ − Δ ⋅ − − >⎪⎩

   (2.9) 

-  

{ }, ( , ) ( , , )I out c eS f R tτ τ τ=F       (2.10) 

 

( ) ( )
( )

( ) ( )

2
2

, 0 22

2
0 2

2 2

cos ( ) ( )sin( )
( , ) 2 1 exp( 2 )exp( )

1

2 1 cos( )
sin( )

2 1 exp( 2 )exp( )
2 1 2 1( ) ( )

e e
I out

c e e

c e

c e

c e c e

S f I

I

τ ω ω τ τ ω ω ω ω ττ ττ ηρ ρ
τ τ τ ω ω

ω ω τ
τ τ ω ω ω ω ττ τηρ ρ

τ τ
ω ω ω ω

τ τ τ τ

⎡ ⎤− Δ − −Δ −Δ
= − − − ⎢ ⎥

− Δ +⎢ ⎥⎣ ⎦

⎛ ⎞
+ −Δ⎜ ⎟ − Δ −Δ⎝ ⎠− − − − −

⎛ ⎞ ⎛ ⎞
− Δ + + −Δ + +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

( ) 2
02 2

2

2 1

2 1
2 1( )

c e

c e

I
τ τ

ηρ ρ
ω ω

τ τ

⎡ ⎤ ⎛ ⎞
⎢ ⎥ +⎜ ⎟
⎢ ⎥ ⎝ ⎠+ −⎢ ⎥ ⎛ ⎞⎢ ⎥ − Δ + +⎜ ⎟⎢ ⎥ ⎝ ⎠⎣ ⎦

 (2.11) 
2.11

 

2.2.2.2  

 

( ) ( )0 0( ) cos(2 ( ))V t V t t tε πν θ= + +      (2.12) 

0V ( )tε 0ν

( )tθ  

𝜃𝜃 0 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 𝜃𝜃

1 2.12  

( ) ( )
( )
( )

( )

0 0

0 0

0 0

0 0 0 0

( ) cos(2 ( ))

( ) cos(2 )cos( ( ))

( ) sin(2 )sin( ( ))

( ) cos(2 ) sin(2 ) ( )

V t V t t t

V t t t

V t t t

V t t V t t

ε πν θ
ε πν θ
ε πν θ

ε πν πν θ

= + +

= +

− +

≈ + −

    (2.13) 
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2.13

 

( ) ( )0 0 0 0cos(2 ) sin(2 )V t V t V t tπν πν θ= −       (2.14) 

( )V t  

( ) ( ) ( )

( )0 0 0 0cos(2 ) cos(2 )
2 2

vR t V t V t t

V t V t
R tθ

πν πν

′ ′= ∗ +

= +
    (2.15) 

( )θR t ( )vR t

 

( ) ( ) ( ) ( )0 02 2
4 4v
V V

S Sθν δ ω πν ν δ ω πν= − ⊗ + −
 

   (2.16) 

( )νvS ( )vR t ( )θ νS ( )θR t

 

2.2.2.3  

Δ𝑣𝑣 ≫ Δ𝑣𝑣 𝜏𝜏 ≪ 𝜏𝜏

1

𝜏𝜏 ≈ 𝜏𝜏 2

𝜏𝜏 ≪ 𝜏𝜏  

1） 𝜏𝜏 ≈ 𝜏𝜏  

2.11 2.16 2.2

∆ω = 200 MHz 1 Hz 50 km

20 kHz 0-10 kHz 10 kHz

1 2

10kHz

 



 

 35 

 

𝜏𝜏 ≈ 𝜏𝜏

2.3 a 20 KHz 1 Hz

10 Hz - 10 kHz

10 

KHz 2.3 b 10 km 1 Hz

 

 

 

1.999 1.9995 2 2.0005 2.001

x 10
8

-65

-60

-55

-50

-45

Frequency/ Hz

Po
w

er
 sp

ec
tra

l d
en

sit
y/

 d
b

10
2

10
4

10
6

-30

-20

-10

0

Offest frequency/ Hz

Ph
as

e 
no

ise
/ d

bc
/h

z

 

 

20KHz

Laser Linewidth 20KHz
Fiber length 50km
Radio-Frequency Linewidth 1Hz

10
2

10
4

10
6

-60

-40

-20

0

Offest Frequency/ Hz

Ph
as

e 
no

ise
/ d

B
c/

H
z

 

 

Fiber Length 5km
Fiber Length 10km
Fiber Length 25km

10
2

10
4

10
6-100

-80

-60

-40

-20

0

Offest Frequency/ Hz

Ph
as

e 
no

ise
/ d

B
c/

H
z

 

 

Laser Linewidth 2KHz
Laser Linewidth 20KHz
Laser Linewidth 0.2MHz(a) (b)
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2） 𝜏𝜏 ≪ 𝜏𝜏  

𝜏𝜏 ≈ 𝜏𝜏 2.11 2.16

2 kHz 1 Hz

2 m 5 m 7 m 2.4 a b

20 kHz

1 2

2m -114 dBc/Hz 7m -105 dBc/Hz

 

 

τ ≪ τ

2.4

1 m 2 kHz

0.1 Hz 1 Hz 10 Hz 2.5 a b 2.5 a

199 199.5 200 200.5 201
-150

-100

-50

0

Frequency/ MHz

Po
w

er
 sp

ec
tra

l d
en

sit
y/

 d
B

10
2

10
4

10
6-140

-100

-60

-20

Offest frequency/ Hz

Ph
as

e 
no

ise
/ d

B
c/

H
z

 

 

Fiber length 2m
Fiber length 5m
Fiber length 7m

-84dBc/Hz

-105dBc/Hz

-114dBc/Hz

-107dBc/Hz

-45dBc/Hz

-64dBc/Hz

(a) (b)
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2.5 b 100

0.1Hz 10Hz 10Hz-100kHz 45dBc/Hz

10kHz -105dBc/Hz -60dBc/Hz

1 m 1 Hz

0.2 kHz 2 kHz 20 kHz 2.5 c d 2.5 c

2.5 d

1

2

200kHz

 

𝜏𝜏 ≪ 𝜏𝜏

 

 

199.95 200 200.05
-120

-100

-80

-60

-40

-20

0

20

Frequency/ MHz

Po
w

er
 sp

ec
tra

l d
en

sit
y/

 d
B

 

 

10
2

10
4

10
6

-150

-100

-50

0

Offset frequency/ Hz

Ph
as

e 
no

ise
/ d

B
c/

H
z

AOFS  0.1Hz
AOFS  1Hz
AOFS  10Hz(a) (b)

199.5 200 200.5
-140

-120

-100

-80

-60

-40

-20

0

Frequency/ MHz

Po
w
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 sp

ec
tra

l d
en
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y/

 d
B

10
2

10
4

10
6

-120

-100

-80

-60

-40

-20

Offset Frequency/ Hz

Ph
as

e 
no

ise
/ d

B
c/

H
z

 

 

Laser Linewidth 20KHz
Laser Linewidth 2KHz
Laser Linewidth 0.2KHz (d)(c)
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τ ≪ τ

2.2.3  

2.1

1064 nm 2 kHz 1 W 1 

Hz 200 MHz < 0.5 1 2 1:2 67%

33%

2 1 1:1

1:1

2 3 4 5 6 7 m 2.6

10 kHz 1 MHz

-79 dBc/Hz -105.2 dBc/Hz

-100.5 dBc/Hz 2.4 b 5 dBc/Hz

5m -102.5 dBc/Hz -107 

dBc/Hz 1 1 Hz

2

3

10 kHz 1 MHz

2.6 b

1.25 kHz

1 2  
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2.3 相相干干双双频频激激光光雷雷达达  

2.3.1  

Doppler
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Phase noise @1MHz
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2.3.1.1  

 

𝐸𝐸 𝑡𝑡 = 𝐸𝐸 𝑡𝑡 + 𝐸𝐸 𝑡𝑡 = 𝐴𝐴 𝑒𝑒 ( ) + 𝐴𝐴 𝑒𝑒 ( )         (2.17) 

𝑓𝑓 ,𝑓𝑓 𝐴𝐴  ,𝐴𝐴

𝜑𝜑 , 𝜑𝜑

 

𝑓𝑓 = 𝑓𝑓 − 𝑓𝑓                            (2.18a) 

𝜑𝜑 = 𝜑𝜑 − 𝜑𝜑                           (2.18b) 

 

𝑓𝑓 = 𝑓𝑓 − 𝑓𝑓 = 𝑓𝑓 + 𝑓𝑓 − (𝑓𝑓 + 𝑓𝑓 )                (2.19a) 

𝜑𝜑 = 𝜑𝜑 − 𝜑𝜑 = 𝜑𝜑 + 𝜑𝜑 − (𝜑𝜑 + 𝜑𝜑 )              (2.19b) 

2.19 𝑓𝑓 、𝑓𝑓 𝑓𝑓 、𝑓𝑓

𝜑𝜑 、𝜑𝜑 𝜑𝜑 、𝜑𝜑

 

 

𝑓𝑓 = 𝑓𝑓 − 𝑓𝑓 = 𝑓𝑓 − 𝑓𝑓                        (2.20) 

 

𝑓𝑓 = 𝑓𝑓 − 𝑓𝑓 = − = 2𝑣𝑣(𝑓𝑓 − 𝑓𝑓 )/𝑐𝑐              (2.21) 

𝑣𝑣 𝑐𝑐 𝑓𝑓 − 𝑓𝑓
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𝑣𝑣 = 𝑓𝑓 ∙ 𝑐𝑐/2𝑣𝑣(𝑓𝑓 − 𝑓𝑓 )                        (2.22) 

2.22

 

2.3.1.2  

 

 

𝜑𝜑 = 𝜑𝜑 − 𝜑𝜑                          (2.23) 

𝜑𝜑 𝜑𝜑 𝜑𝜑

0,2π  

𝜑𝜑 = 2𝑚𝑚𝑚𝑚 + ∆𝜑𝜑 = (𝑚𝑚 + ∆𝑚𝑚)2𝜋𝜋 

𝑚𝑚 2𝜋𝜋 ∆𝑚𝑚 ∆𝑚𝑚 = ∆𝜑𝜑/2𝜋𝜋

 

𝜑𝜑 = 4𝜋𝜋𝑓𝑓 𝑅𝑅/𝑐𝑐                (2.24) 

𝑓𝑓 𝑅𝑅 𝑐𝑐

𝜆𝜆 = 𝑐𝑐 𝑓𝑓  

𝑅𝑅 = 𝑚𝑚 + ∆𝑚𝑚 ∙ = 𝑚𝑚 + ∆𝑚𝑚 = 𝐿𝐿 𝑚𝑚 + ∆𝑚𝑚              (2.25) 

2.25 𝑚𝑚 = 0

∆𝑚𝑚 𝑅𝑅

𝑚𝑚 ∆𝜑𝜑
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∆𝑚𝑚 = ∆𝜑𝜑/2𝜋𝜋  𝐿𝐿 < λ/2   

𝐿𝐿 = λ ∙ ∆                               (2.26) 

𝐿𝐿 < λ/2

 

2.3.1.3 FFT  

FFT(apFFT)

apFFT  

𝑥𝑥 𝑛𝑛 FFT N

apFFT

apFFT FFT 2.7 apFFT

 

Z-1 Z-1 Z-1Z-1
x(0)x(2) x(1) x(-1) x(-2)

ωc(0) ωc(1) ωc(2)ωc(-1)ωc(-2)

y(0) y(-1) y(-2)

FFT

Y(0) Y(1) Y(2)
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FFT apFFT

 

1 FFT  

𝑥𝑥 𝑡𝑡  

𝑥𝑥 𝑡𝑡 = 𝐴𝐴 ∙ 𝑒𝑒                        (2.27) 

𝐴𝐴 𝑓𝑓 𝜑𝜑 𝑓𝑓

𝑓𝑓 /𝑓𝑓 = 𝑚𝑚/𝑁𝑁 N  

𝑥𝑥 𝑛𝑛 = 𝐴𝐴 ∙ 𝑒𝑒 ( ) = 𝐴𝐴 ∙ 𝑒𝑒 ( / )            𝑛𝑛 ∈ [0,𝑁𝑁 − 1]    (2.28) 

𝜔𝜔(𝑛𝑛) N  

𝑥𝑥 𝑛𝑛 = 𝑥𝑥 𝑛𝑛 ∙ 𝜔𝜔 𝑛𝑛            𝑛𝑛 ∈ [0,𝑁𝑁 − 1]              (2.29) 

 

𝑋𝑋 𝑒𝑒 = 𝑋𝑋(𝑒𝑒 ) ∗𝑊𝑊(𝑒𝑒 )                  (2.30) 

𝑋𝑋(𝑒𝑒 ) 𝑊𝑊(𝑒𝑒 )  

DFT  

𝑋𝑋 𝑘𝑘 = 𝑋𝑋 𝑒𝑒 ∗𝑊𝑊 𝑒𝑒 | , 𝑘𝑘 = 0,1,…… ,𝑁𝑁 − 1       (2.31) 

FFT  

                  𝑋𝑋 𝑘𝑘 = 𝑋𝑋 𝑒𝑒 ∗𝑊𝑊 𝑒𝑒 |  

                                        =
𝐴𝐴
2𝜋𝜋 2𝜋𝜋𝜋𝜋 𝜔𝜔 − 𝜔𝜔 𝑒𝑒 ∗ [

𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔/2)
𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔/2) 𝑒𝑒

( ) ]|  

                            = 𝐴𝐴 ∙ ( ( ))
( ( )/ )

∙ 𝑒𝑒 / ∙ 𝑒𝑒             (2.32) 

2  FFT  

𝑥𝑥 𝑡𝑡 apFFT 𝑓𝑓

2N-1  

𝑥𝑥 𝑛𝑛 = 𝐴𝐴 ∙ 𝑒𝑒 ( / )            𝑛𝑛 ∈ [−𝑁𝑁 + 1,𝑁𝑁 − 1]         (2.33) 

apFFT  

𝑥𝑥 𝑛𝑛 𝑥𝑥 0 N

𝑥𝑥 𝑛𝑛 𝑖𝑖,𝑛𝑛 = 0,1,… ,𝑁𝑁 − 1

𝑥𝑥 (𝑛𝑛) DFT DFT  
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𝑋𝑋 , 𝑘𝑘 = 𝑋𝑋 𝑘𝑘 𝑒𝑒       𝑖𝑖 = 0,1,… ,𝑁𝑁 − 1               (2.34) 

N DFT

DFT apFFT  

        𝑋𝑋 𝑘𝑘 = 𝑋𝑋 (𝑘𝑘) =
1
𝑁𝑁 𝑋𝑋 (𝑘𝑘)𝑒𝑒 /  

                               = 𝐴𝐴 ∙ [ 𝑥𝑥(𝑛𝑛 − 𝑖𝑖)𝑒𝑒 / ]𝑒𝑒 /  

                                                 = 𝐴𝐴 ∙ 𝑒𝑒 ( )/ 𝑒𝑒 / 𝑒𝑒 /  

                                        = 𝐴𝐴 ∙ 𝑒𝑒 𝑒𝑒 / ∙ 𝑒𝑒 /  

                                                            = 𝐴𝐴 ∙ 𝑒𝑒
( )

( )/ ∙
( )

( )/    

                                                  = 𝐴𝐴 ∙ ( ( ))
( ( )/ )

∙ 𝑒𝑒                      (2.35) 

2.32 2.35 apFFT FFT

FFT

k-m apFFT

𝜑𝜑 apFFT

apFFT

FFT

 

2.3.2  

/ 2.8

MZ

1:99
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200 µm

 

双双频频激激光光源源

调调制制器器

种种子子激激光光源源 激激光光源源

激激光光发发射射

接接收收系系统统

功功率率放放大大器器

微微波波源源

可可调调扩扩束束装装置置

焦焦距距可可调调
望望远远系系统统

光光电电探探测测器器

光光电电探探测测器器

模模拟拟信信号号
处处理理电电路路

模模数数转转换换

激激光光探探测测系系统统

信信号号处处理理及及显显控控系系统统

运运动动目目标标

参参考考光光束束
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2.3.2.1  

MZ

2.1 1 2

AOFS 2 1

Delay fiber 2 1

2 1  

1  

NKT Koheras Boostik Y10

10KHz 2.1

2.9  

2.1  

  

 1064 nm 

 1 W 

 < 10kHz 

 M < 1.3 

 < −140dBc/Hz@10MHz 

 



 

 47 

2  

𝑓𝑓 𝑓𝑓

𝑓𝑓 + 𝑓𝑓 𝑓𝑓 − 𝑓𝑓  

𝑓𝑓

2.2

 

2.2  

  

 1064nm ± 20nm 

 180MHz − 220MHz 

 < 5𝑑𝑑𝑑𝑑 

 ≥ 50dB 

 ≤ 1kHz 

 0.005ppm (1Hz) 

 RS232 

2.3.2.2  

 mW

50 W

2.10  

600 mW 976 nm

5.5 m Yb3+ (Yb3+-Doped Fiber, YDF) 6/125 µm  

NA=0.13  
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2×1 10 W

5 m Yb3+ 10/125 µm N 

A=0.075/0.46

Mode Field Adaptor MFA  

3×1 35 W

25/250 µm

Yb3+

976 nm 4 dB/m 5 m

1 mrad

5 mm  

 

2.3.2.3  

50 µrad
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1  

5 mm 1 mrad 20×

100 mm 50 µrad 2.11

2.3  

 

2.3  

  

 1064nm 

 18.4mm 

 −11mm 

 220 mm 

 31.8 µrad 

 110 mm 

 

2  
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2.12

532 nm 1064 nm EFL=318mm

Φ140 mm Φ100 mm RMS 9.2 µm

18.6 µm MTF 40 /mm 60%

30%  
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0.2 mm

0.2/318 = 0.00063 rad 0.63 mrad EFL=32 mm

318/32=9.93X Φ128 mm

Φ13 mm

EFL=52.5 mm

EFL=521.7 mm 2.15

RMS 6.1µm 19µm
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CCD CCD
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CCD

CCD  

2.15  

CCD

2.16  
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2.3.2.4  

2.17  

1)  

200 MHz 200.04 MHz 202 MHz

201 MHz

1 MHz 0.96 MHz

200MHz 200.04MHz 202MHz

 

2)  

200 MHz

201 MHz

 

3)  

200MHz 200.04MHz 202MHz  

1 201MHz ≤4MHz  

200 MHz 200.04 MHz 202 MHz ≤1MHz

200 MHz 200.04 MHz 202 MHz

201 MHz  

201 MHz

 

2 1 MHz <200 kHz  
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双频本
振信号

双频回
波信号

调理板
信号

带通滤波1
(放大)

带通滤波1
（放大）

混频器 混频器

带通滤波2 带通滤波2

放大电路 放大电路

声光调制器
的微波信号

数字采集和处理

信号控制

 

2.3.3  

 

2.4  

  

 1064 nm 

 10 kHz 

 10 mW 
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 3 mW 

 < 50 W 

 200 MHz / 202 MHz / 200.04MHz 

 100 mm 

 < 50 µrad 

 100 mm 

 1 MHz/0.96 MHz 

 0 − 200 MHz 

 50 MHz 

2.3.3.1  

500 m,750 m,1000 m,1250 m,1500 m

1 m 5

2-18 a 500 m 5

d=20 cm 40 cm 60 cm 5

2-18 b

8 mm

 

 

2.18 a b  

2.3.3.2  
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3.89 m/s  4.6 m/s 5.9 m/s 6.7 m/s

9 2-19(a)  

1 Hz 5.9 m/s

7.67 Hz 1 Hz

2-19(b)

5.9 m/s 9

 
 

 

2.4 结结论论  

 

 

 

第第 3 章章  基基于于声声光光频频移移反反馈馈环环路路的的射射频频调调制制激激光光及及其其谐谐波波多多
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普普勒勒测测速速研研究究  

3.1 引引言言  

200 MHz Hz

 

Fabry-Perot ( ) , 

17th

15th

 

3.2 频频移移反反馈馈环环路路的的组组成成  

3.1 2 2
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𝜔𝜔 = 2𝜋𝜋𝑓𝑓

3.1

 

 

3.1  

3.2.1 光光纤纤耦耦合合器器传传输输特特性性  

Coupler

𝑇𝑇 2 2

Coupled-mode equation  

+ + = 𝑖𝑖𝑖𝑖𝐴𝐴 + 𝑖𝑖𝑖𝑖 𝐴𝐴 + 𝜎𝜎 𝐴𝐴 𝐴𝐴         3.1  

+ + = 𝑖𝑖𝑖𝑖𝐴𝐴 + 𝑖𝑖𝑖𝑖 𝐴𝐴 + 𝜎𝜎 𝐴𝐴 𝐴𝐴      3.2  

A A 1 2 v β

κ γ 3.1 3.2

iγ A + σ A A iγ A + σ A A XPM

SPM mW γ = 0

3.1 3.2

 

= 𝑖𝑖𝑖𝑖𝐴𝐴               3.3  

= 𝑖𝑖𝑖𝑖𝐴𝐴             3.4  
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3.3 3.4  
𝐴𝐴 𝐿𝐿
𝐴𝐴 𝐿𝐿 = 𝑐𝑐𝑐𝑐𝑐𝑐 𝜅𝜅𝜅𝜅      𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝜅𝜅𝜅𝜅

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝜅𝜅𝜅𝜅     𝑐𝑐𝑐𝑐𝑐𝑐 𝜅𝜅𝜅𝜅
𝐴𝐴 0
𝐴𝐴 0     3.5  

L T

ρ = P L P = cos κL  

𝑇𝑇 =
  𝜌𝜌         𝑖𝑖 1− 𝜌𝜌
𝑖𝑖 1− 𝜌𝜌         𝜌𝜌

     3.6  

π 2  

 

3.2 a 2 2 b 2 2  

3.2.2 光光纤纤环环路路特特性性  

2 2 3.2 b

A ω A A

A

 

𝐴𝐴
𝐴𝐴 =

  𝜌𝜌         𝑖𝑖 1− 𝜌𝜌
𝑖𝑖 1− 𝜌𝜌         𝜌𝜌

𝐴𝐴
𝐴𝐴     3.7  

A A  

𝐴𝐴 𝐴𝐴 = 𝑒𝑒𝑒𝑒𝑒𝑒 −𝛼𝛼𝛼𝛼 2+ 𝑖𝑖𝑖𝑖 𝜔𝜔 𝐿𝐿 ≡ 𝑎𝑎𝑒𝑒    3.8  

a = exp −αL ≤ 1 φ ω = β ω L

t ω

3.7 3.8  

𝑡𝑡 𝜔𝜔 ≡ 𝑇𝑇 𝑒𝑒 =
𝐴𝐴
𝐴𝐴 =

𝑎𝑎 − 𝜌𝜌𝑒𝑒

1− 𝑎𝑎𝑎𝑎𝑒𝑒
𝑒𝑒  
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3.9  

a = 1 ω T = 1

 

𝜑𝜑 𝜔𝜔 = 𝜋𝜋 + 𝜑𝜑 + 2 tan    3.10  

3.10 1 π

2 φ 3 ω

f

f = nL c n L c  

3.9 3.10 a 2 2 ρ

a = 0.95 ρ = 0.1 ρ = 0.25

ρ = 0.5 ρ = 0.75 ρ = 0.9 3.3

a = 1

φ = β ω L = 2mπ

3.3

φ = β ω L = 2mπ ρ
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3.3 
a = 0.95 5% ρ = 0.1 ρ = 0.25 ρ = 0.5

ρ = 0.75 ρ = 0.9  

3.4 ρ = 0.5

𝑎𝑎 = 0.1 𝑎𝑎 = 0.25 𝑎𝑎 = 0.5 𝑎𝑎 = 0.75 𝑎𝑎 = 0.9 3.3

3.4
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3.4 
ρ = 0.5 𝑎𝑎 = 0.1 𝑎𝑎 = 0.25 𝑎𝑎 = 0.5 𝑎𝑎 = 0.75

𝑎𝑎 = 0.9  

3.2.3 声声光光移移频频特特性性  

 

𝓇𝓇 : 

𝓇𝓇 = 𝑗𝑗𝓇𝓇 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑞𝑞 − 2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑒𝑒     (3.11) 
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𝓇𝓇 = −𝑞𝑞∆𝑛𝑛 2𝑛𝑛 sin 𝜃𝜃  𝐿𝐿 𝑞𝑞 = 2𝜋𝜋 𝛬𝛬 𝛬𝛬

𝛬𝛬 = 𝑣𝑣 𝑓𝑓  𝑣𝑣 𝑓𝑓

𝑘𝑘 = 2𝜋𝜋 𝜆𝜆 𝜃𝜃 𝛺𝛺 = 2𝜋𝜋𝜋𝜋

𝓇𝓇 𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑞𝑞 − 2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝐿𝐿 2𝜋𝜋

𝑞𝑞 − 2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 = 0  

𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 = 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 = 𝜆𝜆 2𝛬𝛬       3.12  

3.5 b

𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 − 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 = 𝜆𝜆 2𝐿𝐿 0

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝜃𝜃 − 𝜃𝜃 = 𝜆𝜆 2𝐿𝐿 𝐿𝐿 𝜇𝜇𝜇𝜇

 

 

3.5 a b  

3.12

3.6

𝓇𝓇 𝜆𝜆 𝑓𝑓 = 200MHz 

𝑣𝑣 = 3 km/s λ = 1 µm 𝜃𝜃 = 66.7 mrad

3 dB

L = 10 mm ∆ω = 0.65nm

∆𝑓𝑓 = 195GHz n = ∆𝑓𝑓 𝑓𝑓 = 975

L = 0.5 mm 13 nm ∆𝑓𝑓 = 3.9THz

n = ∆𝑓𝑓 𝑓𝑓 = 1.95×10
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3.6 a - d L = 10 mm
L = 5 mm L = 2 mm L = 0.5 mm 

3.3 频频移移反反馈馈环环路路理理论论分分析析  

, 

3.2

 

2 2 t i j

3-1 CW-SFL E

E  
𝐸𝐸
𝐸𝐸 =

𝑡𝑡 𝑡𝑡
𝑡𝑡 𝑡𝑡

𝐸𝐸
𝐸𝐸       3.13  

2 E 2 E

 

𝐸𝐸 t = γ𝐸𝐸 𝑡𝑡 − 𝜏𝜏 𝑒𝑒      3.14  
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γ γ = ηG η

G f τ τ = nL c n

L c  

3.13 2  

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 𝐸𝐸 𝑡𝑡 + 𝑡𝑡 𝐸𝐸 𝑡𝑡     3.15  

3.14 3.15  

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 𝐸𝐸 𝑡𝑡 + 𝑡𝑡 𝛾𝛾𝐸𝐸 𝑡𝑡 − 𝜏𝜏 𝑒𝑒   3.16  

t E t t E t t− τ

E t− τ t− τ E t− τ t− τ

E t− τ t− 2τ E t− 2τ  

𝐸𝐸 𝑡𝑡 − 𝜏𝜏 = 𝑡𝑡 𝐸𝐸 𝑡𝑡 − 𝜏𝜏 + 𝑡𝑡 γ𝐸𝐸 𝑡𝑡 − 2𝜏𝜏 𝑒𝑒  

𝐸𝐸 𝑡𝑡 − 2𝜏𝜏 = 𝑡𝑡 𝐸𝐸 𝑡𝑡 − 2𝜏𝜏 + 𝑡𝑡 γ𝐸𝐸 𝑡𝑡 − 3𝜏𝜏 𝑒𝑒  

… 

𝐸𝐸 𝑡𝑡 − 𝑛𝑛𝑛𝑛 = 𝑡𝑡 𝐸𝐸 𝑡𝑡 − 𝑛𝑛𝑛𝑛 + 𝑡𝑡 γ𝐸𝐸 𝑡𝑡 − 𝑛𝑛 + 1 𝜏𝜏 𝑒𝑒  

   3.17  

3.17 3.16  

     𝐸𝐸 𝑡𝑡 = 𝑡𝑡 𝐸𝐸 𝑡𝑡  

                                      + 𝑡𝑡 𝑡𝑡 γ𝐸𝐸 𝑡𝑡 − 𝜏𝜏 𝑒𝑒  

                                      +𝑡𝑡 γ𝑡𝑡 𝐸𝐸 𝑡𝑡 − 2𝜏𝜏 𝑒𝑒 𝑒𝑒  

                                  +𝑡𝑡 γ𝑡𝑡 𝐸𝐸 𝑡𝑡 − 3𝜏𝜏 𝑒𝑒 𝑒𝑒 𝑒𝑒  

                                      +⋯ 

 3.18  

3.18  

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 𝛾𝛾𝑡𝑡 𝐸𝐸 𝑡𝑡 − 𝑝𝑝𝑝𝑝 𝑒𝑒 𝑒𝑒  

3.19  

2 3.13 3.19  

  𝐸𝐸 𝑡𝑡 = 𝑡𝑡 𝐸𝐸 𝑡𝑡 + 𝑡𝑡 𝐸𝐸 𝑡𝑡  
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                   = 𝑡𝑡 𝐸𝐸 𝑡𝑡 + 𝑡𝑡 γ𝐸𝐸 𝑡𝑡 − 𝜏𝜏 𝑒𝑒  

                   = 𝑡𝑡 𝐸𝐸 𝑡𝑡 + 𝑡𝑡 γ𝑡𝑡 γ𝑡𝑡 𝐸𝐸 𝑡𝑡 − 𝑝𝑝𝑝𝑝 𝑒𝑒 ( ) 𝑒𝑒  

3.20  

(𝑃𝑃 3.20  

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 γ𝑡𝑡 γ𝑡𝑡 𝑒𝑒 ( ) 𝑒𝑒 𝑃𝑃  

  3.21  

3.21  

𝑃𝑃 𝑡𝑡 = 𝑃𝑃 + 𝑃𝑃 𝑒𝑒 + 𝑐𝑐𝑐𝑐  

    3.22  

 

𝑃𝑃 = 𝛤𝛤𝑇𝑇 𝑇𝑇
1− 𝛤𝛤 + 4𝛤𝛤𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑓𝑓 𝜏𝜏

1− 𝛤𝛤𝑇𝑇 + 4𝛤𝛤𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑓𝑓 𝜏𝜏  

  3.23  

𝛤𝛤 = 𝛾𝛾 𝑇𝑇 = 𝑡𝑡 3.21 3.23

 

3.4 频频移移反反馈馈环环路路实实验验  

3.1  > 10 mW 

1064 nm < 10 kHz 2×2 𝑡𝑡 =

0.60    0.59𝑗𝑗
0.54𝑗𝑗    0.60

2 2     2𝑗𝑗 2
2𝑗𝑗 2     2𝑗𝑗 2

200 MHz

±5 MHz 𝜂𝜂 = 0.41 1064 nm

200 MHz

YDFA
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1 𝜇𝜇𝜇𝜇 ≥ 1 mW 10mW− 500mW

3.5 GHz 1 GHz 6 GHz

 

3.4.1 任任意意波波形形发发生生  

3.21 3.23

3.7

30 mW

200 MHz 25 mW G = 3.5

L = 18.55m L = 18.7m L = 18.85m L = 19m

1

2

1 GHz 5

3

3.8 30 mW 25 mW

G = 3.5 L = 18.55 m

𝑓𝑓 = 201 MHz

𝑓𝑓 = 199.5 MHz 𝑓𝑓 = 203.4 MHz

3.8
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3.7  

 

3.8 
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3.9  

3.4.2 射射频频频频率率上上转转换换  

30 mW

200 MHz L = 18.55 m

15 mW 3 GHz

15 25 mW 3.8 GHz

19 3.5 GHz

15

15 −70 dB −45 dB

−10 dB −60 dB
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3.10. a 1 kHz b 15th  1kHz 

3.4.3 锁锁模模特特性性  

G ≥ γ t

100 mW

1068.685 nm 1064.572 nm

0.06 nm 0.01 nm

 

3.11 a G < γ t b G ≥ γ t
c G ≥ γ t  

L 𝑓𝑓 = 𝑚𝑚𝑚𝑚 𝑛𝑛𝑛𝑛 𝑛𝑛

𝑚𝑚 𝑓𝑓
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𝑛𝑛𝑛𝑛 = 34.69 𝑚𝑚

𝑓𝑓 = 8.6478 MHz 𝑓𝑓 = 198.9 MHz 𝑚𝑚 = 23

3.12 3.12 a

400 ns b c 3.13

0.06 nm 55 ps

95 ps 5 m

𝑓𝑓 = 199 MHz

7.11 MHz 𝑛𝑛𝑛𝑛 = 42.19 𝑚𝑚 100 ps

3.5 GHz 1 GHz

 

 

3.12 nL = 34.69m a 400 ns
b c  

 

3.13 nL = 42.19m a 500 ns
b c  
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3.5 高高阶阶谐谐波波 Doppler 测测速速  

3.5.1 拍拍频频多多普普勒勒测测速速原原理理  

λ ν = c λ

υ

f

𝑓𝑓 = 2𝜐𝜐 𝜆𝜆 = 2𝜐𝜐𝜐𝜐 𝑐𝑐         3.24  

ν ν

υ ∆f

∆𝑓𝑓 = 2𝜐𝜐 ν − ν 𝑐𝑐      3.25  

Hz mHz

ν − ν = 200 MHz

υ = 0.5 m/s ∆f = 0.667 Hz

f f + ∆f f + n∆f m∆f m

n ∆f

∆𝑓𝑓 = 𝑚𝑚∆𝑓𝑓        3.26  

19 19

200 MHz 0.5 m/s 0.667 Hz 15 3 GHz

10 Hz
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3.5.2 高高阶阶谐谐波波 Doppler 测测速速实实验验  

30 mW 200 MHz L = 18.55m

25 mW

10 cm

3.5 GHz

1 Hz

2 m 1 m/s

υ

 

3.14 a  

 b 15  

3.25

∆𝑓𝑓 = 2𝑚𝑚𝑓𝑓 𝑣𝑣 𝑐𝑐 𝑓𝑓 = 200 MHz 𝑚𝑚 𝜐𝜐 3.14

b 𝜐𝜐 = ±0.8 m/s + −

15

3.15 a

∆𝜐𝜐 𝜐𝜐 b 3.15 a 1

2

3.15 b

1 Hz 1 Hz

2

3
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3.15  

3.6 总总结结  

Doppler
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第第 4 章章  基基于于频频移移反反馈馈环环路路的的射射频频调调制制脉脉冲冲激激光光及及其其高高精精度度

距距离离测测量量  

4.1 引引言言  

/

/

1.5 km 3 mm 2 10-6  
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4.2 基基于于声声光光斩斩波波调调制制的的射射频频调调制制脉脉冲冲激激光光理理论论分分析析  

4.2.1 理理论论模模型型  

4.1

Coupler 1

Coupler 2

a E

E 4.1(a)  

T

f = 1 T

 

 

4.1 (a) (b)  

4.1(b)

4.1  

𝑆𝑆 𝑡𝑡 = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑡𝑡 × 𝛿𝛿 𝑡𝑡 − 𝑛𝑛𝑇𝑇      4.1  

Gauss t δ t− nT

 

1 E t  
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𝐸𝐸 𝑡𝑡 = 𝑎𝑎 𝐸𝐸 𝑡𝑡 + 𝑎𝑎 𝐸𝐸 𝑡𝑡      (4.2) 

𝐸𝐸 𝑡𝑡 𝐸𝐸 (𝑡𝑡)  

𝐸𝐸 𝑡𝑡 = 𝛾𝛾𝛾𝛾𝛾𝛾 𝑡𝑡 𝑒𝑒 𝐸𝐸 𝑡𝑡 − 𝜏𝜏       (4.3) 

S t e G τ

γ 2

E t E t  

𝐸𝐸 𝑡𝑡 = 𝑎𝑎 𝐸𝐸 𝑡𝑡       (4.4) 

𝐸𝐸 𝑡𝑡 = 𝑎𝑎 𝐸𝐸 𝑡𝑡       (4.5) 

4.2 4.3 4.4  

𝐸𝐸 𝑡𝑡 = 𝑎𝑎 𝐸𝐸 𝑡𝑡 − 𝜏𝜏 + 𝑎𝑎 𝐸𝐸 𝑡𝑡 − 𝜏𝜏 𝛾𝛾𝛾𝛾𝛾𝛾 𝑡𝑡 𝑒𝑒 𝑎𝑎   (4.6) 

E t− nτ  

𝐸𝐸 𝑡𝑡 − 𝜏𝜏 = 𝑎𝑎 𝐸𝐸 𝑡𝑡 − 2𝜏𝜏 + 𝑎𝑎 𝐸𝐸 𝑡𝑡 − 2𝜏𝜏 γG𝑆𝑆 𝑡𝑡 − 𝜏𝜏 𝑒𝑒 𝑎𝑎  

𝐸𝐸 𝑡𝑡 − 2𝜏𝜏 = 𝑎𝑎 𝐸𝐸 𝑡𝑡 − 3𝜏𝜏 + 𝑎𝑎 𝐸𝐸 𝑡𝑡 − 3𝜏𝜏 γG𝑆𝑆 𝑡𝑡 − 2𝜏𝜏 𝑒𝑒 𝑎𝑎   

… 

𝐸𝐸 𝑡𝑡 − 𝑛𝑛𝑛𝑛 = 𝑎𝑎 𝐸𝐸 𝑡𝑡 − 𝑛𝑛 + 1 𝜏𝜏 + 𝑎𝑎 𝐸𝐸 𝑡𝑡 − 𝑛𝑛 + 1 𝜏𝜏 × 

γG𝑆𝑆 𝑡𝑡 − 𝑛𝑛𝑛𝑛 𝑒𝑒 𝑎𝑎  

(4.7) 

4.7  

𝐸𝐸 𝑡𝑡 = 𝐸𝐸 𝑡𝑡 − 𝑛𝑛𝑛𝑛 𝑎𝑎 𝑎𝑎 𝑎𝑎 γG 𝑆𝑆 𝑡𝑡 𝑒𝑒  

(4.8) 

4.4 4.5 4.8 4.9  

𝐸𝐸 𝑡𝑡 =
𝑎𝑎
𝑎𝑎 𝐸𝐸 𝑡𝑡 − 𝑛𝑛𝑛𝑛 𝑎𝑎 𝑎𝑎 𝑎𝑎 γG 𝑆𝑆 𝑡𝑡 𝑒𝑒  

(4.9) 

I t  

𝐼𝐼 𝑡𝑡 = 𝐸𝐸 𝑡𝑡 ×𝐸𝐸∗ 𝑡𝑡       (4.10) 
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4.2.2 仿仿真真  

4.1

4.10

𝑎𝑎 = 0.544   0.491𝑖𝑖
0.527𝑖𝑖   0.484 𝜔𝜔 = 100 𝑀𝑀𝑀𝑀𝑀𝑀

𝛾𝛾 = 0.5  

50 µs

4.2  

 

4.2 50 µs
49.7 µs 50.3 µs 6 

4.2 110 ns

50 µs 49.7 µs 50 µs

4.2 - -
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50 µs 50.3 µs 4.2

- -

1) 2

 

4.3 G = 1

𝜂𝜂 = 0.1 𝜂𝜂 = G = 6

η = 0.67

 

 
4.3 , 

50 µs 10 km, G = 1 G = 6 
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4.3 射射频频调调制制脉脉冲冲实实验验结结果果：：  

4.3.1 实实验验装装置置  

4.4 1080 nm <2 kHz

10 mW 1 Yb3+

500 mW 10 km

2

3.5 GHz 1

LD

 
Narrow linwidth 

CW-laser

Coupler 1

Coupler 2

Yb3+-doped Fiber Amplifier

Acousto-optic 
chopper

Pump
LD 

WDM

Yb3+-doped 
FiberRF

Trigger

High-speed 
Photodetector

10km Fiber

 

4.4  

4.3.2 实实验验结结果果  

4.5 a - b

T = τ

T = 49.135 µs

80 mW 110 ns

0.67 4.5 c 4.6 a



 

 82 

700MHz 7×f 9.5 MHz

110ns 4.6 b

 

 

4.5 a b
c  

 

4.6 a RBW=1 kHz
b 100 MHz RBW=1kHz  

4.7

T < τ = 49.135 µs
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49.135 µs 49.3 µs

- - 4.2

49.135 µs 50 µs

1 10 km

2

1064 nm 1.5
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4.7  

49.135 µs 49µs 49.3µs 

4.8

80 mW η = 0.67

10 mW 4.3

 

 

4.8  
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4.4 高高精精度度射射频频调调制制脉脉冲冲激激光光测测距距  

4.4.1 复复合合式式脉脉冲冲/相相位位测测距距原原理理  

/

 

4.4.1.1  

𝑡𝑡

𝑡𝑡

 

𝐷𝐷 = 𝑐𝑐 𝑡𝑡 − 𝑡𝑡        (4.11) 

𝑓𝑓 𝐷𝐷 =

𝑐𝑐 2𝑓𝑓 c
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10 mm 67 ps

 

     

4.9  

4.4.1.2  

4.10

 

 

4.10  

f λ = c f c λ

A B 4.10

φ  

𝜑𝜑 = 2𝑚𝑚𝑚𝑚 + ∆𝜑𝜑 = (𝑚𝑚 + ∆𝑚𝑚)2𝜋𝜋                    (4.12) 

m ∆m 0-1 ∆m = ∆φ/2π  
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4.12 A B  

𝐿𝐿 = 𝑐𝑐𝑐𝑐 = 𝑐𝑐𝜑𝜑 2𝜋𝜋𝜋𝜋 = λ(𝑚𝑚 + ∆𝑚𝑚)                      (4.13) 

t A B  

L = λ(m+ ∆m) 2 4.13

m ∆m L

m

∆m

m

∆φ

∆m = ∆φ/2π m L

L

 

4.4.2 高高精精度度射射频频调调制制脉脉冲冲激激光光测测距距实实验验：：  

4.4.2.1  

/ 4.11

1:99 1%

99%

2 km

3 m New Focus Model 1592

3.5 GHz

THORLABS PDB460C− AC 200 MHz

LAN
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4.11 /  

1 TOF 2

3

start stop τ

4.12 a (b)  

𝜏𝜏 = 𝑃𝑃 𝑃𝑃 𝑡𝑡 | − 𝑃𝑃 𝑃𝑃 𝑡𝑡 |    4.14  

P t P t P t P t

A A  

80 ns

100 MHz

4.12 c d 80 ns e

f - - g h

S S
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4.12 i  

𝜌𝜌 = ,
×

       4.15  

 
4.12 / a b

c d e f -
- g h i

j  
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cov S , S D S D S

ρ

τ 4.12 g

τ = τ −τ  

Tektronix TDS5104B

N = 100 K T = 400 ns

∆t = T N =

4×10  s  

4.4.2.2  

4.13 a

T = 49.064 µs

L = 2 km L = nL 2 ≈ 1.5 km

n ≈ 1.5  

/

8 mW

1/2 4 mW

/ 4.13 b

TOF

1473.37 m 1477.11 m /

1474.818± 0.01 m 1/2

1/2  

8 mV 4 mV

/ 4.14 a

/

3 mm 21 mm

4.14 a

21 mm /
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δL = L− L L

/ 4.14 b

2.2 mm

0.75 m / 0.75 m

2.2 mm  

 
4.13 a  
b  

 
4.14. a  

b  

4.5 总总结结  

/

/

/
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第第 5 章章  频频移移反反馈馈激激光光理理论论模模型型及及其其时时频频特特性性分分析析  

5.1 引引言言  

+1 −1

1

2 3

kHz− 100 GHz MHz− 1 GHz 4

100 GHz MHz  

/

Talbot

Talbot

- Talbot

 

5.2 Talbot 效效应应  

Talbot  Henry Fox Talbot  1836 
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Talbot

Talbot 

 Talbot  Talbot 30

 Talbot 

 

5.2.1 空空间间域域 Talbot 效效应应  

5.2.1.1 Talbot  

Henry Fox Talbot

Talbot

1881 Lord Rayleigh Talbot

 

𝑍𝑍 = 2𝑑𝑑 𝜆𝜆         (5.1) 

𝑍𝑍 Talbot 𝑑𝑑 𝜆𝜆  

5.1 Talbot Rayleigh

Talbot

Talbot  
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5.2.1.2 Talbot  

Talbot

Talbot Lohamann 1988 Talbot

Thomas 1990 J.R.Leger

G.J.Swanson Talbot  

Talbot

5.2

Talbot

𝑍𝑍 2

𝑑𝑑 2 𝑍𝑍

 

Z = nZ 2 = 𝑛𝑛 𝑑𝑑 2𝜆𝜆, n = 1,2,3…      (5.2) 

n d 2 n

n

Talbot Talbot
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5.2 0 𝑍𝑍 2 𝑍𝑍 2 𝑍𝑍

𝑍𝑍 3 2𝑍𝑍 3 𝑑𝑑 3 𝑍𝑍 2 3𝑍𝑍 2

𝑑𝑑 2 Talbot  

𝑍𝑍 = 𝑝𝑝 𝑞𝑞 𝑍𝑍 = 𝑝𝑝 𝑞𝑞 𝑑𝑑 𝜆𝜆      (5.3) 

𝑝𝑝 𝑞𝑞  

5.2.2 时时域域 Talbot 效效应应  

Talbot

H.Guillet de Chatellus

Talbot Talbot Talbot

 

5.2 电电光光调调制制器器的的传传输输特特性性  

(LiNb03)  (LiTa03)

 

5.2.1 电电光光相相位位调调制制特特性性  

 

𝑛𝑛 𝐸𝐸 = 𝑛𝑛 + 𝑎𝑎 𝐸𝐸 + 𝑎𝑎 𝐸𝐸 +⋯     5.4  

E 𝑛𝑛 = 𝑛𝑛 0 𝑎𝑎 = 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 | 𝑎𝑎 = 𝑑𝑑 𝑛𝑛 𝑑𝑑𝐸𝐸 |

𝔯𝔯 𝔍𝔍  

𝑛𝑛 𝐸𝐸 = 𝑛𝑛 − 𝔯𝔯𝑛𝑛 𝐸𝐸 − 𝔍𝔍𝑛𝑛 𝐸𝐸 +⋯    5.5  
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𝑛𝑛 𝐸𝐸 = 𝑛𝑛 − 𝔯𝔯𝑛𝑛 𝐸𝐸       5.6  

𝐿𝐿

𝜑𝜑 = 𝑛𝑛 𝐸𝐸 𝑘𝑘 𝐿𝐿 5.6  

𝜑𝜑 = 𝜑𝜑 − π 𝔯𝔯         5.7  

𝜆𝜆 𝜑𝜑 = 2𝜋𝜋𝑛𝑛𝑛𝑛 𝜆𝜆 V

𝑑𝑑 5.7  

𝜑𝜑 = 𝜑𝜑 − 𝜋𝜋         5.8  

V =
𝔯𝔯

𝜋𝜋

𝑉𝑉 = 𝑉𝑉 𝑠𝑠𝑠𝑠𝑠𝑠 𝜔𝜔 𝑡𝑡  

𝜑𝜑 = 𝜑𝜑 − 𝜋𝜋 𝑠𝑠𝑠𝑠𝑠𝑠 𝜔𝜔 𝑡𝑡      5.9  

𝐸𝐸 𝑡𝑡 𝐸𝐸 𝑡𝑡  

𝐸𝐸 𝑡𝑡 = 𝐸𝐸 𝑡𝑡 𝑒𝑒       5.10  

𝜔𝜔 𝑛𝑛𝑛𝑛

𝑛𝑛 = ±1,±2,… 5.3 𝜑𝜑

 

𝛶𝛶 𝑡𝑡 = 𝑒𝑒        5.11  
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5.2.2 电电光光强强度度调调制制特特性性  

5.4

 

 

𝛶𝛶 𝑡𝑡 = 𝑠𝑠𝑠𝑠𝑠𝑠 𝛤𝛤 = 𝑠𝑠𝑠𝑠𝑠𝑠 𝛤𝛤 +      5.12  

𝛤𝛤 = 𝛤𝛤 + 𝛤𝛤 𝛤𝛤 𝑉𝑉 𝑉𝑉

5.12 𝛤𝛤

5.5 5.5 a Γ = π 2 5.5 b Γ = 0  

 

Γ = π 2 Γ = 0

5.3 频频移移反反馈馈激激光光的的通通用用理理论论模模型型及及分分析析  

5.2

3.2
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5.6 𝑡𝑡 =
𝑡𝑡 𝑡𝑡
𝑡𝑡 𝑡𝑡

𝐸𝐸 𝐸𝐸 2 2

𝐸𝐸 𝑒𝑒 𝜔𝜔 = 2𝜋𝜋𝜋𝜋

𝜏𝜏

𝛶𝛶( ) 𝑡𝑡 l

 

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝛶𝛶( ) 𝑡𝑡 𝑒𝑒 𝐸𝐸 𝑒𝑒  

(5.13) 

𝛶𝛶( ) = 𝑒𝑒

𝛶𝛶( ) = 𝑒𝑒 𝛶𝛶( ) = 𝑠𝑠𝑠𝑠𝑠𝑠 𝛤𝛤 +

𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 𝜔𝜔 𝑡𝑡 − 𝑛𝑛𝑛𝑛 𝜔𝜔 H.Guillet de Chatellus

Tablot

-
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5.4 基基于于电电光光相相位位调调制制的的频频移移反反馈馈激激光光理理论论模模型型  

𝛶𝛶( ) 𝑡𝑡 = 𝑒𝑒 𝛿𝛿 = 𝜋𝜋 𝑉𝑉 𝑉𝑉

5.13

 

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒 𝐸𝐸 𝑒𝑒  

5.14  

1 Talbot 𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑝𝑝

2) Talbot 𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑞𝑞 𝑝𝑝 𝑞𝑞  

5.4.1 整整数数 Talbot 条条件件  

5.4.1.1 理理论论模模型型  

𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑝𝑝 5.14  

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝐸𝐸 𝑒𝑒  

5.15  

N 5.15

 

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡
𝑡𝑡 𝛾𝛾𝑒𝑒

1− 𝑡𝑡 𝛾𝛾𝛾𝛾
𝐸𝐸 𝑒𝑒  

5.16  

𝛿𝛿 𝑠𝑠𝑠𝑠𝑠𝑠 𝜔𝜔 𝑡𝑡 + 𝜔𝜔 𝜏𝜏 = 2𝑘𝑘𝑘𝑘

1 2

- 3 𝑡𝑡 = 2𝜋𝜋 𝜔𝜔

2 4 ω 𝑓𝑓 = 1 𝜏𝜏 𝜔𝜔 𝜏𝜏

1 𝜔𝜔 𝜏𝜏 = 2𝑘𝑘 𝜋𝜋 + ∆𝜑𝜑 −𝜋𝜋 < ∆𝜑𝜑 < 𝜋𝜋 𝑘𝑘

𝑘𝑘 = 𝑘𝑘 𝜔𝜔 𝜏𝜏 − 2𝑘𝑘𝑘𝑘 < 𝜋𝜋 𝛿𝛿 = 𝜋𝜋 𝑉𝑉 𝑉𝑉
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𝑉𝑉 δ

 

1 𝜹𝜹 𝝅𝝅 𝜹𝜹 > 𝜋𝜋  

𝜋𝜋 −1 < 2𝑘𝑘𝑘𝑘 − 𝜔𝜔 𝜏𝜏 𝛿𝛿 < 1

 

𝑡𝑡 = sin 2 𝑘𝑘 − 𝑘𝑘 𝜋𝜋 − ∆𝜑𝜑 𝛿𝛿 2𝜋𝜋𝜋𝜋     5.17  

∆𝜑𝜑 𝑘𝑘 − 𝑘𝑘 = 0

2 𝑘𝑘 − 𝑘𝑘 𝜋𝜋 − ∆𝜑𝜑 𝛿𝛿 < 1  𝑡𝑡 = sin −∆𝜑𝜑 𝛿𝛿 2𝜋𝜋𝜋𝜋

∆𝜑𝜑 - ∆𝜑𝜑

𝑘𝑘 − 𝑘𝑘 = 1,0 2 𝑘𝑘 − 𝑘𝑘 𝜋𝜋 − ∆𝜑𝜑 𝛿𝛿 < 1

5.7 a b

5.7 a

-

5.7

𝑓𝑓 -

𝑓𝑓 5.7 b

4
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δ π

2 𝛅𝛅 = 𝛑𝛑 

5.8 𝜋𝜋

𝑘𝑘

- 𝛿𝛿𝛿𝛿 = 2𝜋𝜋 ∆𝜔𝜔

∆𝜔𝜔 = 2𝑁𝑁 + 1 𝜔𝜔 N

- δ𝑓𝑓  

𝛿𝛿𝛿𝛿 =
𝛿𝛿𝛿𝛿
𝜏𝜏 2 𝑓𝑓 =

2𝜔𝜔 𝜔𝜔
2𝜋𝜋∆𝜔𝜔 =

2𝜔𝜔
2𝜋𝜋 2𝑁𝑁 + 1  

5.18  

 

δ π

3 𝛅𝛅 < 𝜋𝜋 

δ < 𝜋𝜋 5.9

5.17 2 𝑘𝑘 − 𝑘𝑘 𝜋𝜋 − ∆𝜑𝜑 𝛿𝛿 > 1

-

-  
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δ π

5.4.1.2  

-

2 2 2 2 𝑖𝑖 2 2
2 2 2 2 𝑖𝑖

0.4

3.4 𝑡𝑡 𝛾𝛾 1

Talbot 𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑡𝑡 𝛾𝛾 𝑝𝑝

𝛿𝛿𝛿𝛿 𝑡𝑡 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

- 𝑝𝑝 -

𝜋𝜋 5.10

- 5 𝑓𝑓 5

- 5.10

 



 

 104 

 

π

𝛿𝛿 = 5𝜋𝜋 4 𝑘𝑘

5.11 a

𝑓𝑓 + 2 5 𝑓𝑓  𝑓𝑓 + 1 5 𝑓𝑓  𝑓𝑓 𝑓𝑓 𝜏𝜏 = 2𝑘𝑘 𝜋𝜋 𝑓𝑓 + 2 5 𝑓𝑓

𝛿𝛿 > 2π− ∆φ = 6𝜋𝜋 5

𝛿𝛿 = 3𝜋𝜋 4 𝑘𝑘

5.11 b 𝑓𝑓 + 2 5 𝑓𝑓  𝑓𝑓 + 1 5 𝑓𝑓  𝑓𝑓

𝑓𝑓 𝜏𝜏 = 2𝑘𝑘 𝜋𝜋

1 2  

 

δ = 5π 4 δ = 3π 4

5.4.2 分分数数 Talbot 条条件件  

5.4.2.1  

𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑞𝑞 5.14  
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𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒 𝐸𝐸 𝑒𝑒

=  𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒 𝐸𝐸 𝑒𝑒  

5.19  

 

𝑒𝑒 =
𝑒𝑒 1− 𝑒𝑒

1− 𝑒𝑒
= 0 

5.20  

5.20 𝑒𝑒 = 0

𝑒𝑒 = 𝑐𝑐𝑐𝑐𝑐𝑐 𝑥𝑥 + 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝑥𝑥  

𝑒𝑒 = 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔 𝑡𝑡 − 2𝜋𝜋𝜋𝜋 𝑝𝑝 𝑞𝑞 + 𝑗𝑗 𝑠𝑠𝑠𝑠𝑠𝑠 𝜔𝜔 𝑡𝑡 − 2𝜋𝜋𝜋𝜋 𝑝𝑝 𝑞𝑞  

5.21  

𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔 𝑡𝑡 − 2𝜋𝜋𝜋𝜋 𝑝𝑝 𝑞𝑞 = 0 𝑠𝑠𝑠𝑠𝑠𝑠 𝜔𝜔 𝑡𝑡 −

2𝜋𝜋𝜋𝜋 𝑝𝑝 𝑞𝑞 = 0  

𝑒𝑒 = 𝑒𝑒 = 1 

5.22  

𝐹𝐹 𝑡𝑡 = 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒 5.11  

           𝐹𝐹 𝑡𝑡 = 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒

= 𝐹𝐹 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒                  

= 𝐹𝐹 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑒𝑒  

5.23  

𝑁𝑁 = 𝐾𝐾×𝑞𝑞 𝜌𝜌 = 𝑡𝑡 𝛾𝛾 𝑒𝑒 5.23 5.14  
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          𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒                     

=  𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝜌𝜌 𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝐹𝐹 𝑡𝑡
1− 𝜌𝜌
1− 𝜌𝜌 𝐸𝐸 𝑒𝑒  

5.24  

𝐹𝐹 𝑡𝑡 = 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒

Talbot 0 q

 

5.4.2.2  

5.24 𝑝𝑝/𝑞𝑞

𝑓𝑓 = 10 MHz

𝑓𝑓 = 100MHz+ 𝑝𝑝 𝑞𝑞 𝑓𝑓 2×2 50 50 0.4

3.4 𝛾𝛾 ≈ 1 5.12-14 𝑝𝑝 𝑞𝑞

𝑝𝑝 𝑞𝑞 = 1/7 𝑝𝑝 𝑞𝑞 = 2/5 𝑝𝑝 𝑞𝑞 = 3/5 𝑝𝑝 𝑞𝑞 = 3/7

𝑝𝑝 𝑞𝑞 = 3/8  
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p = 1 q q = 6 q = 7 q = 8
q = 9

 

p = 2 q q = 3 q = 5 q = 7
q = 9

  

p = 3 q q = 3 q = 5 q = 7
q = 9

5.5 基基于于电电光光强强度度调调制制的的频频移移反反馈馈激激光光理理论论模模型型  

5.12 𝛶𝛶 𝑡𝑡 = 𝑠𝑠𝑠𝑠𝑠𝑠 𝛤𝛤 + 𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡

𝛤𝛤 𝛤𝛤 5.13

 

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑠𝑠𝑠𝑠𝑠𝑠 𝛤𝛤 + 𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 𝑙𝑙𝑙𝑙 𝑒𝑒 𝐸𝐸 𝑒𝑒  

5.25  
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Talbot

Talbot Talbot  

5.5.1 整整数数 Talbot 条条件件  

5.5.1.1  

𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑝𝑝 5.25

 

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑠𝑠𝑠𝑠𝑠𝑠 𝛤𝛤 + 𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 𝑒𝑒 𝐸𝐸 𝑒𝑒

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑠𝑠𝑠𝑠𝑠𝑠 𝛤𝛤 + 𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 𝑒𝑒 𝐸𝐸 𝑒𝑒

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡
𝑡𝑡 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾 𝛤𝛤 + 𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 𝑒𝑒

1− t γ𝑠𝑠𝑠𝑠𝑠𝑠 𝛤𝛤 + 𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 𝑒𝑒
 

5.26  

𝜃𝜃 𝑡𝑡 = 𝛤𝛤 + 𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 𝜃𝜃 𝑡𝑡 = 𝜋𝜋 2

-

𝑓𝑓 5.15

∆𝑡𝑡  

∆𝑡𝑡 =
1
2𝑓𝑓 1−

2
𝜋𝜋 𝑠𝑠𝑠𝑠𝑠𝑠

𝜋𝜋 2− 𝛤𝛤
𝛤𝛤  

     5.27  
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5.5.1.2  

Talbot

2×2

𝑓𝑓 = 10𝑓𝑓 5.16 a Γ = 0.7

Γ = 𝜋𝜋 3

Γ = 𝜋𝜋 2 ∆𝑡𝑡 = 1 2𝑓𝑓

Γ = 2𝜋𝜋 3

5.16 b

Γ = 2𝜋𝜋 3 Γ = 0.7

Γ = 0.5 Γ = 0.5
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5.5.2 分分数数 Talbot 条条件件  

5.5.2.1  

5.26 Γ = 𝜋𝜋 2 Γ = 0

1

𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑞𝑞 𝑝𝑝 𝑞𝑞 2 Γ = 0

𝑠𝑠𝑠𝑠𝑠𝑠 𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 𝑙𝑙𝑙𝑙 = 𝛤𝛤 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 𝑙𝑙𝑙𝑙 5.25  

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾Γ sin 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 2𝜋𝜋𝜋𝜋
𝑝𝑝
𝑞𝑞 𝑒𝑒 𝐸𝐸 𝑒𝑒  

5.28  

𝐹𝐹 𝑡𝑡 = 𝑡𝑡 𝛾𝛾Γ 𝑒𝑒 sin 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 2𝜋𝜋𝜋𝜋  

𝐹𝐹 𝑡𝑡 = 𝑡𝑡 𝛾𝛾Γ 𝑒𝑒 sin 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 2𝜋𝜋𝜋𝜋
𝑝𝑝
𝑞𝑞

= 𝐹𝐹 𝑡𝑡 𝑡𝑡 𝛾𝛾Γ 𝑒𝑒 sin 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 2𝜋𝜋𝜋𝜋
𝑝𝑝
𝑞𝑞

=𝐹𝐹 𝑡𝑡 𝑡𝑡 𝛾𝛾Γ 𝑒𝑒 sin 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 2𝜋𝜋𝜋𝜋
𝑝𝑝
𝑞𝑞  

5.29  

𝑁𝑁 = 𝐾𝐾𝐾𝐾 𝐾𝐾 𝜌𝜌 = 𝑡𝑡 𝛾𝛾𝛤𝛤 𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 −

2𝜋𝜋𝜋𝜋 𝑝𝑝 𝑞𝑞 5.22  
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          𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒             

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝜌𝜌 𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝐹𝐹 𝑡𝑡
1− 𝜌𝜌
1− 𝜌𝜌 𝐸𝐸 𝑒𝑒  

5.30  

𝜌𝜌

𝜌𝜌 = 𝑡𝑡 𝛾𝛾𝛤𝛤 𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 2𝜋𝜋𝜋𝜋 𝑝𝑝 𝑞𝑞 𝜌𝜌

 

𝜌𝜌 = 𝑡𝑡 𝛾𝛾𝛤𝛤 𝑒𝑒 1 2 𝑒𝑒 + 𝑒𝑒  

5.31  

 𝛽𝛽 = 𝑒𝑒 + 𝑒𝑒 𝛽𝛽

𝑥𝑥 + 𝑦𝑦

5.31

𝑒𝑒 𝑒𝑒 𝑒𝑒

𝜋𝜋 2 𝑒𝑒 −𝑓𝑓

𝑒𝑒 2𝜋𝜋𝜋𝜋 𝑝𝑝 𝑞𝑞 +

𝑓𝑓 𝑒𝑒 𝜋𝜋 2

𝑒𝑒 𝑓𝑓 𝑒𝑒

2𝜋𝜋𝜋𝜋 𝑝𝑝 𝑞𝑞 + 𝑓𝑓 5.17 a
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5.17 b 3

𝑒𝑒 𝑒𝑒 𝑒𝑒 𝑒𝑒

𝐶𝐶 𝑚𝑚

𝑛𝑛 𝑛𝑛 + 1

𝑚𝑚 ≥ 𝑛𝑛 ≥ 0 3 𝑒𝑒 𝐶𝐶 = 3

𝑛𝑛 ≤ 𝑞𝑞 2 0

𝑞𝑞 β 𝑞𝑞, 1 β 𝑞𝑞, 𝑞𝑞 + 1

 

β 𝑞𝑞, 1 = 𝑒𝑒  

β 𝑞𝑞, 𝑞𝑞 + 1 = 𝑒𝑒  

5.32  

𝛽𝛽 𝑞𝑞,𝑛𝑛 𝑞𝑞 𝑛𝑛  

β 𝑞𝑞,𝑛𝑛 = 𝑒𝑒  

× … 𝑒𝑒  

5.33  

5.33 𝑒𝑒

… 𝑒𝑒 1

𝑒𝑒

2 𝑒𝑒 𝑞𝑞 𝑒𝑒

𝑞𝑞,𝑛𝑛 𝐶𝐶

𝑒𝑒 𝑚𝑚

𝑛𝑛  
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m = q

5.33  

… 𝑒𝑒

= … 𝑒𝑒
𝑒𝑒 − 𝑒𝑒

1 − 𝑒𝑒
=

= … 𝑒𝑒
𝑒𝑒 − 𝑒𝑒 𝑒𝑒 − 𝑒𝑒

1 − 𝑒𝑒 1 − 𝑒𝑒

=… = 𝑒𝑒
𝑒𝑒 − 𝑒𝑒

1 − 𝑒𝑒
=

𝑒𝑒 − 𝑒𝑒

1 − 𝑒𝑒
 

5.34  

β 𝑞𝑞,𝑛𝑛 = 𝑒𝑒  
𝑒𝑒 − 𝑒𝑒

1− 𝑒𝑒
 

5.35  

1 𝑞𝑞 𝑞𝑞 𝑛𝑛 ≠ 𝑞𝑞 2 2 𝑞𝑞 𝑛𝑛 = 𝑞𝑞 2

5.35  

1 q q n ≠ q 2 

𝑞𝑞 𝑞𝑞 𝑛𝑛 ≠ 𝑞𝑞 2 0 5.35

1− 𝑒𝑒 ≠ 0 𝑙𝑙 = 1 𝑒𝑒 − 𝑒𝑒 = 0
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𝑒𝑒 − 𝑒𝑒

1− 𝑒𝑒
= 0 

5.36  

𝑞𝑞 𝑞𝑞𝑓𝑓 0 𝑞𝑞

𝑛𝑛 ≠ 𝑞𝑞 2 0 𝑞𝑞𝑓𝑓 0  

2 𝑞𝑞 𝑛𝑛 = 𝑞𝑞 2 

𝑞𝑞 𝑛𝑛 = 𝑞𝑞 2

5.35  

𝑒𝑒 − 𝑒𝑒

1− 𝑒𝑒
=

𝑒𝑒 − 𝑒𝑒

1− 𝑒𝑒
×
𝑒𝑒 − 𝑒𝑒

1− 𝑒𝑒

= −1 𝑒𝑒
1− 𝑒𝑒

1− 𝑒𝑒
×

1+ 𝑒𝑒 1− 𝑒𝑒
1− 𝑒𝑒

= 2× −1  

5.37  

𝛽𝛽 = 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝑓𝑓 𝑡𝑡 − 2𝜋𝜋𝜋𝜋 𝑝𝑝 𝑞𝑞

0 0 5.32 5.35

5.36 5.37 𝛽𝛽  

𝛽𝛽 =
2𝑠𝑠𝑠𝑠𝑠𝑠 −

𝜋𝜋
2

𝑞𝑞 − 1 + 2𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡 − 2𝜋𝜋
𝑞𝑞 𝑞𝑞 + 1

2
𝑝𝑝
𝑞𝑞

                                       𝑞𝑞 𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑜𝑜

2 𝑠𝑠𝑠𝑠𝑠𝑠 −
𝜋𝜋
2 𝑞𝑞 − 1 + 2𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡 − 2𝜋𝜋

𝑞𝑞 𝑞𝑞 + 1
2

𝑝𝑝
𝑞𝑞 + 2× −1          𝑞𝑞 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

 

5.38  

2 𝑝𝑝 𝑞𝑞 β  

β = −1 ×2sin 2𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡                               𝑞𝑞 𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑜𝑜
−1 ×4sin 𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡                                          𝑞𝑞 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

 

5.39  

𝑔𝑔 = 𝑡𝑡 𝛾𝛾𝛤𝛤 𝑒𝑒 1 2  
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𝐸𝐸 𝑡𝑡

=

𝑡𝑡 + 𝑡𝑡 𝑡𝑡
1− 𝑔𝑔 −1 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡
1− 𝑔𝑔 −1 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡

𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒         𝑞𝑞 𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑜𝑜

𝑡𝑡 + 𝑡𝑡 𝑡𝑡
1− 𝑔𝑔 −1 ×4𝑠𝑠𝑠𝑠𝑠𝑠 𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡

1− 𝑔𝑔 −1 ×4𝑠𝑠𝑠𝑠𝑠𝑠 𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡
𝐹𝐹 𝑡𝑡 𝐸𝐸 𝑒𝑒      𝑞𝑞 𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

 

5.40  

5.39 5.40

𝑞𝑞 𝛽𝛽 = −1 𝑠𝑠𝑠𝑠𝑠𝑠 2𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡 = 1 2𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡 = 2kπ+ π 2

2𝜋𝜋𝜋𝜋𝑓𝑓 𝑡𝑡 = 2𝑘𝑘𝑘𝑘 − 𝜋𝜋 2 𝑘𝑘 𝑞𝑞𝑓𝑓 𝑞𝑞 1

𝑞𝑞 = 4𝑘𝑘 𝑘𝑘 2 𝑞𝑞 = 4𝑘𝑘 + 2 𝑘𝑘 𝑞𝑞 = 4𝑘𝑘 𝛽𝛽 = 1 5.40

𝑞𝑞𝑓𝑓 𝑞𝑞 = 4𝑘𝑘 + 2 𝛽𝛽 = 0 5.40 𝑞𝑞𝑓𝑓

 

5.5.2.2  

𝑝𝑝 𝑞𝑞 5.18

𝑓𝑓 = 10 MHz 𝑓𝑓 = 10𝑓𝑓 + 𝑝𝑝 𝑞𝑞 𝑓𝑓 2×2

50:50 0.4 5.3

𝑡𝑡 𝛾𝛾𝛤𝛤 > 1 5.31 1 2

1 2 𝑡𝑡 𝛾𝛾𝛤𝛤 < 1

5.18 𝑞𝑞 Talbot

𝑞𝑞𝑓𝑓 𝐹𝐹 𝑡𝑡

1 𝑞𝑞𝑓𝑓 𝑞𝑞

𝑞𝑞 + 𝑛𝑛 𝑛𝑛  
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p q = 3/4 p q = 4/5 p q = 5/6
p q = 6/7

5.6 基基于于声声光光频频率率调调制制的的频频移移反反馈馈激激光光理理论论模模型型  

𝛶𝛶 𝑡𝑡 = 𝑒𝑒 5.10

 

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒 𝐸𝐸 𝑒𝑒  

  5.41  

Talbot Talbot

 

5.6.1 整整数数 Talbot 条条件件  

5.6.1.1  

𝑓𝑓 𝑓𝑓 = 𝑝𝑝 5.38  
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𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒 𝐸𝐸 𝑒𝑒

= 𝑡𝑡 + 𝑡𝑡 𝑡𝑡
𝑡𝑡 𝛾𝛾𝑒𝑒 𝑒𝑒

1− 𝑡𝑡 𝛾𝛾𝑒𝑒 𝑒𝑒 𝐸𝐸 𝑒𝑒  

5.42  

𝜔𝜔 𝑡𝑡 + 𝜔𝜔 𝜏𝜏 = 2𝑘𝑘𝑘𝑘 5.42

- 5.19  

 

5.6.1.2  

5.42 5.20

𝑓𝑓 = 10 MHz 𝑓𝑓 = 10𝑓𝑓 2×2

50:50 0.4 3.5 𝑡𝑡 𝛾𝛾𝛤𝛤 ≈ 1

- 5

𝑓𝑓 + 2 5 𝑓𝑓  𝑓𝑓 + 1 5 𝑓𝑓  𝑓𝑓 𝑓𝑓 − 1 5 𝑓𝑓  𝑓𝑓 − 2 5 𝑓𝑓 𝑓𝑓 𝜏𝜏 = 2𝑘𝑘 𝜋𝜋

-

- 1

N 2  
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5.6.2 分分数数 Talbot 条条件件  

5.6.2.1  

𝜑𝜑 = 𝜔𝜔 𝜏𝜏 = 2𝜋𝜋𝜋𝜋 𝑞𝑞 5.38  

𝐸𝐸 𝑡𝑡 = 𝑡𝑡 + 𝑡𝑡 𝑡𝑡 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒 𝑒𝑒 𝐸𝐸 𝑒𝑒  

5.43  

𝜃𝜃 = 𝜔𝜔 𝑡𝑡 + 𝜔𝜔 𝜏𝜏 2𝜋𝜋 𝐹𝐹 𝜃𝜃  

𝐹𝐹 𝜃𝜃 = 𝑡𝑡 𝛾𝛾 𝑒𝑒 𝑒𝑒  

    5.44  

𝜑𝜑 = 𝑙𝑙 𝑙𝑙 + 1 𝜑𝜑 2 = 𝜋𝜋𝜋𝜋 𝑙𝑙 + 1 𝑝𝑝 𝑞𝑞 𝑞𝑞 ≪ 𝑁𝑁 𝑝𝑝 𝑞𝑞

1 𝑝𝑝 𝑞𝑞 2 𝑝𝑝 𝑞𝑞  

1 𝑝𝑝 𝑞𝑞  

𝜑𝜑 = 𝜋𝜋 𝑙𝑙 + 2𝑙𝑙𝑙𝑙 + 𝑞𝑞 + 𝑙𝑙 + 𝑞𝑞 𝑝𝑝 𝑞𝑞 = 𝜑𝜑 + 2𝜋𝜋𝜋𝜋𝜋𝜋 + 𝜋𝜋𝜋𝜋 𝑞𝑞 + 1 = 𝜑𝜑 𝜑𝜑

𝑞𝑞  

𝐹𝐹 𝜃𝜃 =
1− 𝑒𝑒
1− 𝑒𝑒

𝑒𝑒 𝑒𝑒 =
1− 𝑒𝑒
1− 𝑒𝑒

𝑒𝑒 𝑒𝑒  

5.45  

𝜃𝜃 = 𝜔𝜔 𝑡𝑡 + 𝜔𝜔 𝜏𝜏 = 2𝑘𝑘𝑘𝑘 𝑞𝑞 𝐹𝐹 𝜃𝜃

𝑞𝑞  
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2 𝑝𝑝 𝑞𝑞  

𝜑𝜑 = 𝜋𝜋 𝑙𝑙 + 2𝑙𝑙𝑙𝑙 + 𝑞𝑞 + 𝑙𝑙 + 𝑞𝑞 𝑝𝑝 𝑞𝑞 = 𝜑𝜑 + 2𝜋𝜋𝜋𝜋𝜋𝜋 + 𝜋𝜋𝜋𝜋 𝑞𝑞 + 1 = 𝜑𝜑 + 𝜋𝜋

𝑁𝑁 = 𝐾𝐾𝐾𝐾  

𝐹𝐹 𝜃𝜃 = 𝑒𝑒 𝑒𝑒 −1 𝑒𝑒 =
1− 𝑒𝑒
1− 𝑒𝑒

𝑒𝑒 𝑒𝑒

=
1− 𝑒𝑒
1− 𝑒𝑒

𝑒𝑒 𝑒𝑒  

5.46  

𝑞𝑞𝑞𝑞 + 𝜋𝜋 = 𝑞𝑞 𝜔𝜔 𝑡𝑡 + 𝜔𝜔 𝜏𝜏 + 𝜋𝜋 = 2𝑘𝑘𝑘𝑘 𝐹𝐹 𝜃𝜃

𝑞𝑞  

5.6.2.2  

5.46 𝑝𝑝 𝑞𝑞 Talbot 5.21

𝑓𝑓 = 10 𝑀𝑀𝑀𝑀𝑀𝑀 , 𝑓𝑓 = 10𝑓𝑓 +

𝑝𝑝 𝑞𝑞 𝑓𝑓 2×2 50:50 0.4 3.5

𝑞𝑞 Talbot 𝑞𝑞𝑓𝑓

Talbot  
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5.7 本本章章小小结结  

Talbot Talbot

Talbot

𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑓𝑓

-

Talbot 𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑞𝑞

Talbot 𝑞𝑞𝑓𝑓

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 



 

 121 

第第 6 章章  双双边边带带频频移移反反馈馈激激光光实实验验  

6.1 引引言言  

5

- Talbot

1

Talbot 2 -

 

6.2 双双边边带带频频移移反反馈馈激激光光实实验验设设计计  

6.2.1 实实验验方方案案  

6.1

2×2 1 2

2×2 2

2×2 1

EDFA 2×2

𝑡𝑡 = 0.44 0.65𝑖𝑖
0.43𝑖𝑖 0.67 𝜏𝜏 ≈ 0.167𝜇𝜇𝜇𝜇

100 kHz 3 GHz

𝑉𝑉 = 4 𝑉𝑉 G
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6.2.2 关关键键器器件件  

1  

 

2  

 

3  

 

4  

2×2

 

6.2.2.1  

1520 nm− 1560 nm 6.2 a

∆υ = 110 kHz 6.2 b  
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6.2.2.2  

6.3 a

λ = 1552.4 nm ∆λ = 0.4 nm ∆𝑓𝑓 = 50 GHz 6.3 b

 

 

6.2.2.3  

6.4 a b

- PC

𝑉𝑉 = 4 𝑉𝑉

25 dBm 100 kHz−  3 GHz

 10GHz
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6.2.2.4  

6.5

ASE

1552.4 nm ASE  

 



 

 125 

6.5 ASE

0.1mW

6.6 a

6.6 b   

 

6.3 基基于于电电光光强强度度调调制制的的频频移移反反馈馈激激光光  

6.3.1 双双脉脉冲冲实实验验  

Talbot

𝑓𝑓 = 6.737 MHz 44.53 m

𝜏𝜏 =  0.148 µ𝑠𝑠 40 GHz

11 GHz 40 GHz/s  

𝑓𝑓  =  𝑁𝑁𝑓𝑓

6.6 25 dBm 𝑁𝑁 = 1

𝑁𝑁 = 10 𝑁𝑁 = 100 𝑁𝑁 = 500 𝑉𝑉

∆t = 0 ∆t = 1 2𝑓𝑓

𝜏𝜏 𝑓𝑓

N = 500

𝑓𝑓 = 3.369 GHz 1
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2 11 GHz 3

 

 

f = Nf N = 1 N = 10 N = 100
N = 500

6.8 a - c 2 V d -

f 4 V

2 V 5.27

 4V ∆𝑡𝑡 = 1 2𝑓𝑓 2𝑓𝑓  
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𝑓𝑓  =  𝑁𝑁𝑓𝑓

0.06 pm

6.9 a 𝑁𝑁 = 100

39×𝑓𝑓 = 26.3 GHz 𝑁𝑁 = 500 12×𝑓𝑓 = 40.4 GHz

 

 

6.3.2 射射频频波波形形发发生生  
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6.10 a - c d - f

𝑓𝑓 = 1.0039 GHz 149×𝑓𝑓  

21 dBm 1.5 V 1:3

20 dBm 2.6 V 1 :2

19 dBm

3.3 V 2 :3

6.10 d - f

Γ = 1 Γ = 0.6 Γ = 1.2 Γ = 0.5 Γ = 1.4

Γ = 0.3  

 

3

6.11

6.11 a 1.0028 GHz

 3V Γ = 1.2 25 dBm Γ = 0.6 6.11 b

0.99835 GHz 3V Γ = 1.2 25 dBm
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Γ = 0.6  

 

f = 1.0028 GHz f = 0.99835 GHz 

6.3.3 无无种种子子激激光光注注入入时时的的双双脉脉冲冲锁锁模模激激光光  

6.12 𝑓𝑓 = 𝑓𝑓

4 V 2 V

ps  

 

 

7.611 MHz 𝑓𝑓 = 10𝑓𝑓

6.13

5.27 210 ps

1.2 ns 𝑓𝑓 = 100𝑓𝑓

70 ps  
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6.3.4 分分数数 Talbot 激激光光  

𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑞𝑞

0 Talbot 𝑞𝑞𝑓𝑓

𝑓𝑓 = 5.867 MHz 𝑓𝑓 𝑓𝑓 1 1 3 4

5 4 6 5 12 11 13 12 16 15 21 20

6.14 a - h

Talbot 6.14 𝑞𝑞

1 2

3  
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6.14 Talbot  

6.15 a b 𝑓𝑓 𝑓𝑓 = 20 19， 122 11 Talbot

1 2 𝑞𝑞𝑓𝑓

6.15 a b 𝑓𝑓 𝑓𝑓 = 122 11

𝑓𝑓 𝑓𝑓 = 20 19
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6.15 Talbot  

6.4 基基于于电电光光相相位位调调制制的的频频移移反反馈馈激激光光  

Talbot

- Talbot

1 Talbot

2 Talbot

-

𝑓𝑓 = 8.943 MHz

33.546 m 𝜏𝜏 =  0.112 µ𝑠𝑠

40 GHz 11 GHz

40 GHz/s  
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6.4.1 单单频频种种子子激激光光注注入入时时的的输输出出脉脉冲冲特特性性  

𝑓𝑓  𝑓𝑓  = 𝑝𝑝 𝑓𝑓 Talbot

6.16 𝑝𝑝 = 1 6.16

a b , c - d 6.16 a

b 𝑝𝑝 = 1 1 ns

6.16 c d

4 GHz 𝑓𝑓 = 8.943 MHz

400  

 

6.16 𝑓𝑓  =  𝑓𝑓  

𝑓𝑓  = 10 𝑓𝑓

6.17 6.17 a b , c - d

6.17 a b 𝑝𝑝 = 10

120 ps 𝑝𝑝 = 1

10 GHz

5 MHz 6.16 c d

30 GHz  
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6.17 𝑓𝑓  = 10 𝑓𝑓  

𝑓𝑓  = 100 𝑓𝑓 6.17 a b

100 ps 6.17 a

100 ps

70 GHz 0.3 nm

40 GHz

 

 

6.18 𝑓𝑓  = 100 𝑓𝑓  
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6.4.2 频频率率-时时间间映映射射特特性性  

6.19

EOPM1

- EOPM2

𝑓𝑓 = 𝑓𝑓 EOPM1

5dBm EOPM1 400 kHz 500 kHz 800 kHz 1 MHz

2 MHz 3 MHz 6.20 6.15

3

 

 
6.19 -  
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6.20 5 dBm -  

-

10 dBm

EOPM2 𝑓𝑓 = 𝑓𝑓 EOPM1 400 kHz 500 kHz

800 kHz 1MHz 6.21 5

1 2

-  
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6.21 10 dBm -  

1 MHz 8.9 MHz

EOPM1 9.9 MHz 18.8 MHz

EOPM2 𝑓𝑓 = 𝑓𝑓 6.22

𝑓𝑓 = 1 MHz 𝑓𝑓 -  

 

6.22 𝑓𝑓  =  𝑓𝑓 9.9 MHz 18.8 MHz -  
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EOPM2 𝑓𝑓 = 10𝑓𝑓

EOPM1 1 MHz 2 MHz 6.21

6.23 1 2 𝑓𝑓 = 𝑓𝑓

10 -

-

 

 

6.23 𝑓𝑓  = 10 𝑓𝑓 1 MHz 2 MHz -  

5 MHz

EOPM1 20 MHz 5 dBm

10 dBm 20 dBm 22 dBm 6.24

EOPM2 𝑓𝑓 = 100𝑓𝑓

70 GHz 5 dBm

3 3

10 dBm 5

5 22 dBm

13
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6.23 𝑓𝑓  =  100𝑓𝑓  

6.5 结结论论  

Talbot Talbot

1

Talbot 2 -

-  

 



 

 140 

结结论论  

1、、主主要要研研究究成成果果  

, 

-

 

1

 

2

Doppler 15th

 

3

/
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4

Talbot

Talbot

- Talbot

 

2、、主主要要创创新新点点  

（1）

 

（2）

 

（3）

 

（4） /

 

（5）
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（6）

Talbot  

（7） Talbot

𝑓𝑓 𝑓𝑓 = 𝑝𝑝 𝑞𝑞 Talbot

Talbot 𝑓𝑓 𝑞𝑞𝑓𝑓  

（8）

Talbot  

（9） -

-  
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