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Abstract: In this paper, we present a high accuracy laser range finder and velocimeter 

using ultra-fast time-to-digital converter (TDC). The system operation is based on the 

measuring the round-trip time of a narrow laser pulse. A low-dark current high-speed PIN 

photodiode is used to detect the triggered laser beam and to produce start signal. The pulsed 

laser diode generates 45W optical power at 30ns duration time and 905nm wavelength. A 

high-responsivity avalanche photodiode (APD) detects the reflected beam from the target. 

An optical head including beam splitter, lenses and optical filters is also designed and 

implemented. The signal conditioner of the system includes pre- and post-amplifiers, 

comparator, opto-isolators and monostable. By using a 3MV/W reach-through structure 

avalanche photodiode and a wideband pre-amplifier, the pre-amplifier output reaches 

15.9mV, resulting from the minimum detectable optical power. The APD temperature and 

as a result its responsivity is controlled by a thermoelectric controller unit. The start and 

stop signals from PIN and APD are led to the time-to-digital converter to count the round-

trip time of the laser beam. The system is tested by a retro-reflector as a target for 30-

1200m distances. The resolutions of the distance and velocity measurement are limited to 

18.75mm and 1.2m/s, respectively. In the worst condition, the minimum reflected optical 

power is limited to about 5.3nW in 1.2km distance. 
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1    Introduction

1
 

Laser velocimeters and range finders are being widely 

used in many industrial, military and medical 

applications [1]-[8]. Most of them such as flowmeters 

are based on the Doppler effect [9]-[13]. Time-of-flight 

(TOF) method is commercially used to measure the 

distance or displacement in the long range [14]. The 

most important limitation in the distance measurement 

with high resolution is the clock pulse counter.  

Using an ultrasonic wave, the round-trip time is 

considerable value, because of its low velocity [15]-

[17]. However, if the light beam is used as a carrier, the 

time is so small that a high resolution counter should be 

applied to measure that. If a 30MHz clock pulse is 

applied to measure the round-trip time of the laser 
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beam, a ±5m resolution is obtained [14]. Obviously, this 

resolution is not enough to measure distances up to 

1km. As a result, a good measuring velocity can not be 

achieved.  

In this paper we utilize an ultra-fast time-to-digital 

converter with 8GHz clock pulse. The distance 

resolution resulting from clock pulse counter is limited 

to several millimeters. Consequently, a good resolution 

in the velocity measurement is obtained. 

 
2    Laser Velocimeter Based on the TOF Method 

The basic principle of time-of-flight velocimeter and 

range finder is based on the measuring the round-trip 

time of a short powerful laser pulse. The powerful laser 

pulse can be achieved by reducing the pulse width of the 

output signal using the Q-switched laser cavity [14]. It 

can also cause to increase the signal-to-noise ratio. The 

traveled laser beam is divergent and the reflected beam 

distributes in the hemisphere pattern as shown in Fig. 1.  

Since the laser beam travels a distance of 2R, the 

receiving power is usually very small. The received 

optical power is given by [6]: 

 



Mohammad Nejad & Olyaee: Unified Pulsed Laser Range Finder and Velocimeter using … 113      

( )
2

2 2 2

TX T

r t2
2

v TX

ρd d α
P = P

8R Rθ +d
 (1) 

Where Pt is the output power from the laser cavity, dTX 

is the transmitter lens diameter, dT is the target diameter, 

2v
θ  is the divergence angle, ρ is the target reflectivity at 

laser wavelength and α  is the absorption coefficient of 

the medium. If 
2TX v

d <<Rθ , Eq. (1) can be rewritten as: 
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Therefore, the reflected power is strongly reduced 

by increasing the distance, and consequently, a high-

responsivity low-noise wideband photodetector and pre-

amplifier is needed to detect the reflected beam. 

A block diagram of the unified laser range finder 

and velocimeter based on the TOF method is 

represented in Fig. 2. The output beam from the 

transmitter is directed toward the target and its 

reflection is collected by the receiver optics. A START 

signal is simultaneously introduced to the processing 

circuit through a PIN photodiode joined by the pulsed 

laser diode. By receiving the START signal, a counter is 

activated until the STOP signal is received. After 

traveling a distance of 2R, the laser beam through the 

optics arrives on the APD having high responsivity and 

a short rise time. In order to stop the counter, the APD 

photocurrent is converted into a voltage signal and is 

amplified. The distance between the target and the 

transmitter in terms of the clock pulse frequency (fclk) is 

calculated as: 

c

clk

cN
R=

2f
 (3) 

where Nc is the counted digits (between the START and 

the STOP signals) and c is the speed of light. In 

accordance to Eq. (3), the resolution of the system 

resulting from the clock pulse counter becomes, 

r

clk

c
δ =

2f
 (4) 

By sampling the distance of movable target, the 

target velocity is also obtained as: 

S

∆R
ν=

T
 (5) 

where Ts is the sample time or repetition rate of the 

laser. 

 

 
Fig. 1. The laser beam divergence. 

Fig. 2.  The schematic representation of a unified time-of-

flight laser range finder and velocimeter. 

 

3    Design and Implementation 

3.1    Pulsed Laser Driver 

The main function of the pulsed laser driver is to 

produce a relatively powerful short period pulse, to 

adjust its repetition rate and also to generate the START 

signal. The starting signal is produced by a silicon PIN 

photodiode having dark current Id = 10nA and a rise 

time 
r
τ =5ns . When the laser is triggered and the laser 

beam is directed out of the cavity, a current pulse is 

produced by the PIN photodiode and is then fed to the 

processing section to start the counter. 

As shown in Fig. 2, a 905nm pulsed laser diode is 

used to produce the high peak output power in the 

transmitter. The center wavelength of PGEW3S09, 

constructed based on the multiple quantum well, is well-

matched to the peak response of Si avalanche 

photodiode [18]. The output optical power of the laser 

diode is 45W and the maximum forward current is 

25Ap. The laser driver produces impulses with ultra-low 

duty cycles (30ns high at 6.25ms duration results in 

about -30.48×10 %  duty cycle). The transmitted optical 

power is increased by reduction of current pulse width, 

and consequently, the received power can be increased. 

Fig. 3 represents the pulsed laser driver.  

At first, a proper train pulse with 160Hz frequency is 

generated by using a rectangular generator. The output 

signal is led to the differentiator circuit and as a result 

the signal with narrow pulse width is generated. To 

reach the minimum rise time, a high-speed comparator 

is also designed.  

 

3.2    Pre- and Post-Amplifiers 

A small fraction of the main reflected beam from the 

target is received by the optical receiver and is focused 

on an avalanche photodiode. As shown in Fig. 2, the 
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avalanche photodiode is used to detect the reflected 

beam and to produce STOP signal. In the worst 

condition, the minimum reflected optical power is 

limited to about 5.3nW in 1.2km distance (The 

maximum transmitted optical power is 45W). Therefore, 

the avalanche photodiode should have high responsivity 

and minimum noise [19]-[21]. In this system, we use an 

integrated circuit including a high-responsivity low-

noise reach-through structure avalanche photodiode 

(C30659) and a FET wideband transimpedance 

amplifier [22]. Fig. 4a shows the transimpedance pre-

amplifier. An emitter follower is used as the output 

buffer stage. To obtain the wideband characteristic,the  

output should be AC (capacitively) coupled to a 50Ω 

termination. A temperature compensated HV power 

supply is also used to maintain responsivity constant 

over temperature.  

The C30659 responsivity and bandwidth are equal to 

3000kV/W at 900nm wavelength and 50MHz, 

respectively. Because this APD includes a built-in 

current-to-voltage converter (pre-amplifier), its 

responsivity is denoted by kV/W. As a result, the 

minimum output signal can be calculated as: 

o inc
V = P =15.9mVℜ  (6) 

where ℜ is the responsivity and Pinc is the optical power 

focused on the avalanche photodiode. 

The output signal of the emitter follower is fed to a 

post-amplifier. A monolithic amplifier (MAR) amplifies 

the output signal of the emitter follower as shown in 

Fig. 4b. Input impedance of MAR is equal to 50Ω 

which is in good agreement with the output impedance 

of the pre-amplifier [23]. The voltage supply through 

the RFC is led to the output which is used to prevent the 

supply noise. 

The amplifier output is implied to a comparator to 

allow the increase of the output to the TTL level. The 

signal comparison level due to the minimum received 

power (5.3nW) at the end of the pre-amplifier is 

considered to be 14mV. This in turn will reduce the 

system’s noise effects. The noise level equal to 5.3nW 

optical power can not change the comparator output. By 

using a proper shielding and grounding, and reducing 

the ground resistivity, the powers less than 5.3nW can 

also be detected. The pulse width of the signal is then 

increased by a mono-stable and the STOP signal of the 

counter is fed to the opto-coupler. So it is fed to the 

digital section of the system. 

 

3.3    High Voltage Power Supply 

To reach a proper responsivity of APD, the 400V 

reverse bias of avalanche photodiode should be 

generated and stabilized. Fig. 4c represents the 

schematic diagram of stabilized high voltage power 

supply. The Colpitts oscillator produces a sinusoidal 

signal and then its amplitude is amplified by using a 

transformer. The LC circuit considerably reduces the 

signal ripple. It should be noted that the output current 

of high voltage power supply is limited to a few 

microamperes. The maximum measured ripple of power 

supply is as small as 0.01%. 
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Fig. 3. (a) The block diagram and (b) schematic diagram of 

the pulsed laser driver. 
 

On the other hand, it is required that the pre-

amplifier gain to be proportional to the received optical 

power. This can be accomplished by variation of the 

APD responsivity with respect to the biasing voltage. 

Fig. 5a shows the variation of APD responsivity in 

terms of the operating voltage [22]. The variation of the 

bias in the range of 200-425V (T = 22ºC) causes the 

responsivity to vary between 320kV/W to 3MV/W.  

 

3.4    Thermoelectric Controller 

An important section of the APD circuits is the APD 

temperature controller that is shown in Fig. 5b [24]. The 

responsivity variation as a function of temperature is 

important in design of thermoelectric controller (TEC). 

The thermistor resistance as a function of temperature is 

given by [24]-[25]: 
-1

-1

T

1 1
T= ln10 R +

3940 298
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 
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Fig. 4. The schematic diagram of (a) transimpedance pre-

amplifier, (b) the post-amplifier based on the wideband 

monolithic amplifier and (c) the high voltage power supply. 

 

At 0 ºC, thermistor resistance will be up to 33.5 kΩ 

and we will have, 

T 2

3 4 4

1

R R
R +R = , R =560Ω

R
 (8) 

 

3.5 Time-To-Digital Converter 

In the present system, an ultra-fast counter as time-

to-digital converter (TDC) is used to measure the round-

trip time of the laser beam. The TDC-GP1 can be 

utilized either 2 channels with 250ps resolution or 1 

channel with 125ps resolution. A main ALU of counter 

stores the measurement results into the result registers 

(8 registers at 16 bit). The result registers should be read 

out via microcontroller interface. The schematic 

diagram of the time-to-digital converter is shown in Fig. 

6. The analogue section and digital section (including 

start and stop paths) are isolated by two optocouplers. 
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Fig. 5. (a) The variation of APD responsivity in terms of the 

operating voltage [22] and (b) the thermoelectric controller 

[24]. 
 

Considering the 8 GHz clock pulse frequency, the 

obtained resolution from Eq. (4) becomes 18.75 mm. 

Also, in the worst condition, the error of measured 

target velocity is limited to 6 m/s. The accuracy of 

velocity and distance measurement can be improved by 

using an appropriate algorithm. In order to match the 

repetition rate of the laser, the accuracy of velocity 

measurement is increased to about 1.2 m/s by omitting 

the out of range data. According to the repetition rate of 

160 Hz, we have 160 samples per second and 480 

samples for each display refreshment. The obtained data 

from the counter is sent to the microcontroller and 

proper phrase is presented on the LCD. If for any 

reasons, the one cycle output signal of the laser is 

received by the detector, an ERROR signal will be 

produced. The lack of receiving signal could have many 

reasons such as the target is located very far, the beam is 

being greatly absorbed by the transmitting media, the 

target being a very absorbing object and so on. Also, if 

the measured distance is not in the selected range, a 

PAUSE phrase will be shown on the LCD. Since the 

delay time related to the electronic circuits in the 

START and STOP paths are not equal, it is necessary 

that this time difference which causes some deviations 

in the measurements, to be eliminated. The time 
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difference could be eliminated either by hardware or 

software. It should be noted that the TDC can be 

calibrated via direct command or automatically via 

start/stop inputs. In the present system, we use a 

calibration unit along START path with appropriate 

initialization of TDC. Hence, for closest target (at 30 m 

distance) the delay time of START and STOP paths are 

equal. 

 

3.6 Optical Section 

The received optical power should be collected, 

focused and filtered by an optical head. A proper optical 

head not only collects and focuses the incident beam, 

but also it could be designed to filter and eliminate the 

undesired radiation arriving at the receiver. The optical 

head of the system, designed by the Zemax software, is 

constructed as shown in Fig. 7 [24]. The reflected beam 

of the target is focused on the avalanche photodiode by 

a lens and an optical filter.  

The lens is made of a crown glass having an 

absorbing range of 10 µm and is covered with an anti-

reflection layer of MgF2 with 1.38 reflectivity. The 

thickness of the anti-reflection layer is about 0.18 µm. 

This layer is not only to optimize the detectivity, but 

also acts as a proper optical filter. The reason for using 

the above mentioned glass is that it is not soluble in 

water, it has the shortest (1 µm) passing stripe and is a 

very good absorbent of the wavelengths above 3.5 µm 

(the thermal radiation wavelengths). As for the 

interference filters used in this design, with the use of 

thin layers of dielectric materials of different thickness, 

one can design a Fabry-Perot filter. The transfer matrix 

of the beam through the layer can be written as follows: 
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where n is the refractive index, A is the radiation angle, 

d is the layer thickness, m stands for the layer number 

and Pe is the emission power. 

The glass used for the substrate has ns = 1.5. Also 

the MgF2 having n = 1.38 is used as the layer of low 

refractive index and ZnS with n = 2.29 is used as the 

high refractive index layer. The materials selected for 

layers have relatively high melting temperatures. They 

are relatively tough and can not be dissolved in water. 

In the simulation carried out for 5 layers, a quality 

factor Q1 = 1.59 could be obtained. As shown in Fig. 8, 

by repeating the semi-layers, a filter having Q = Q1Q2 = 

2.53 was obtained. On the other hand, since a thin metal 

layer on a transparent dielectric is a good reflector for 

IR and also is a good transmitter for visible radiation, a 

direct observation of the target is possible.  

 

4   Noise Analysis in Unified Laser Range Finder and 

Velocimeter 
The resolution of distance and velocity measurement 

can be limited by the system noise. Because the 

minimum received optical power is as small as several 

nanowatts, the signal-to-noise ratio (SNR) should be 

enough. In the pulsed laser range finder and 

velocimeter, the optical noise can be greatly reduced by 

designing and implementing proper optics. The main 

internal noise is the one created in the receiver STOP 

channel. Due to the isolation of the analogue section 

from other parts, the noise effect of the other parts is 

being curtailed. The switching noise of the laser driver 

is being eliminated by electromagnetic interference 

(EMI) filters. Furthermore, the digital noise is 

eliminated by separating the source and the ground from 

the analogue section of the receiver (see Fig. 6). 

However, the main noise related to the receiver channel 

is the noise of the preamplifier which is given by [24], 

[26]: 

2

n i

i

4kT π
i = ∆f

Z 2

 
 
 

 (14) 

 

where k is the Boltzmann constant, T is the absolute 

temperature, Zi is the input impedance of the 

preamplifier and 
i

∆f  is the system bandwidth. The 

equivalent optical power will then become [24], [26], 
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Fig. 6. The schematic diagram of the time-to-digital converter. 
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Fig. 7. The range finder optics designed by Zemax software 

[24]. 
 

The signal-to-noise ratio is one of the main elements 

determining the resolution of the system [27]. For 

present system, the relation between the resolution of 

the system and the SNR could be presented by [3]: 

 

d

i

nc 0.35c
δ = =

2 dU/dt 2 f .SNR∆
 (16) 

 

where dU/dt is the slope of the time dependent pulse 

and n  is the rms noise value. For repetition rate of N, 

Eq. (16) can be rewritten as: 

 

d

i

0.35c
δ =

2 N f .SNR∆
 (17) 

 

It should be noted that the signal-to-noise ratio is 

considered for the STOP path. The START path signal 

is so large that eliminates the effect of the SNR (the 

START path begins from the PIN photodiode located 

behind the laser). If the SNR of the START path is 

small, Eq. (17) could be changed as: 

 
1/2

d 2 2

START STOPi

0.35c 1 1
δ =

SNR SNR2 N f
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In practical situation, the SNRSTART is larger and 

hence the total resolution will be limited to that of the 

digital section. On the other hand the signal-to-noise 

ratio is given by: 
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where KTP = 0.5, M is the internal gain of the avalanche 

photodiode and F(M) is the excess noise factor. The 

excess noise factor in terms of the effective ionization 

ratio is calculated by: 
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Fig. 8.  The designed filter from layers of ZnS and MgF2 with 

quality factor = 2.53 [24]. 

 

 
Table 1.  The specification of pulsed laser driver. 

Parameter Value Unit 

Voltage power supply ±14 V 

Maximum current source (continuous) 40 mA 

Frequency 160 Hz 

Impulse peak to voltage-to-current 

converter 

14 V 

Measured pulse width 35 ns 

Measured peak current 8 A 

Maximum laser power  45 W 

 

5    Results 
The output current of pulsed laser driver is shown in 

Fig. 9. The pulse width is less than 30 nsec. and the 

current amplitude is about 8A. Table 1 presents pulsed 

laser driver specifications. 

As mentioned previously, the APD responsivity can 

be adjusted by its reverse bias voltage. Therefore, the 

responsivity should not be varied by other parameters 

such as thermal fluctuations. Using a TEC, the 

temperature of APD is fixed. Fig. 10 shows the 

variation of APD responsivity in terms of temperature. 

The linear region of  TEC  output  is  between  - 0.14 to 

-1.36V. As a result, by changing the thermistor 

resistance between 11.62 to 30.63 kΩ, one can adjust 

temperature from 2 to 21 ºC. On the other hand, the 

maximum measured ripple in high voltage power supply 

is limited to 0.01%, and therefore, the APD responsivity 

is fixed. 

The transmission curve of top-layer of the optical 

filter is presented in Fig. 11(a). Considering thickness 

and refractive index errors equal to 0.01, the 

transmission curve is simulated as shown in Fig. 11(b). 

In addition the total transmission curves (top- and 

bottom-layers) are respectively shown in Fig. 12. With 

respect to the pulsed laser wavelength, the transmission 

coefficient is about 99%. 

Fig. 13(a) shows the resolution in terms of the 

signal-to-noise ratio. Considering the resolution of the 

digital section obtained from Eq. (4) to be 18.75mm, the 

minimum required signal to noise ratio obtained for the 

worst case (N = 1) from Eq. (16) becomes 28. 
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Fig. 9.  The output current of the laser driver. 
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Fig. 10.  The APD responsivity in terms of temperature. 
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(b) 

Fig. 11. The transmission curve of top-layer (a) ideal curve and 

(b) with 0.01 errors in refractive index and thickness. 
 

 

 
(a) 
 

 
(b) 

Fig. 12. The total transmission curve (a) ideal curve and (b) 

with 0.01 errors in refractive index and thickness. 
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decreased, the noise factor will be considerably 

increased. Using a Slik structure for avalanche 

photodiode instead of reach-through and beveled-edge 

APD, the Keff can be decreased up to 0.002 [28]-[30]. 

On the other hand with reference to Fig. 13(b), the 

excess noise factor increases with M, which it is 

undesirable. Fig. 13(c) shows the signal to noise ratio in 

terms of M, which for M = 7.9 the maximum SNR is 

obtained. 

The implemented pulsed laser range finder and 

velocimeter using the ultra-fast time-to-digital converter 

is shown in Fig. 14. The implemented system is 

successfully tested by a retro-reflector target ( ρ 0.9) 

for the best results in the range of 30m to 1200m. 

 

6   Conclusion 

Design, simulation and implementation of a laser 

velocimeter and range finder based on the ultra-fast 

time-to-digital converter have been presented. All 

optical and electronic sections were implemented and 

successfully tested. The electronic section includes 

high-voltage power supply to produce low-ripple 

reverse bias for APD, wideband low-noise pre- and 

post-amplifiers, comparator, monostable, time-to-digital 

converter and processor, thermoelectric controller and 

optocouplers. The APD responsivity can be varied by 

reverse bias voltage produced by high voltage power 

supply. The 30 nsec. laser beam and 8 GHz clock pulse 

counter cause the distance resolution reaches about 18 

mm in over range and the target velocity resolution is 

limited to 1.2 m/sec., in the worst condition. 
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Fig. 13. (a) Receiver resolution in terms of the signal-to-noise 

ratio, (b) the excess noise factor variation in terms of M for 

different effective ionization ratio and (c) the signal to noise 

ratio in terms of M. 

 

 

 
 
Fig. 14. The unified pulsed laser range finder and velocimeter. 
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