
September, 2003 Microwave Review 

19 

Optimization of Optical Receiver Parameters for Pulsed 
Laser Tracking Systems 

Zarko P. Barbaric1, Lazo M. Manojlovic2 

 
Abstract – An analysis of the reception of optical signals on the 

position sensitive optical receiver is presented in this paper. The 
optical receiver and electronics for analog signal processing 
measure the angle displacements between the optical axis of the 
receiver and the direction optical receiver – designated object, 
based on current signals, which are generated on the avalanche 
quadrant photodiode. Special attention was paid to the 
transipmedance preamplifier and the atmospheric turbulence as 
the key factors which limit the long range in pulsed laser 
tracking systems. 

Keywords – Position sensitive optical receiver, pulsed laser 
tracking systems, avalanche quadrant photodiode, 
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I. INTRODUCTION 

Today's usage of the pulsed laser systems is very wide in 
the field of civil and maritime engineering as well as for the 
military purpose [1]. By using a pulsed laser designator and 
the corresponding optical receiver some parameters of the 
laser illuminated object can be determined, such as the 
distance to the object and its angle displacements. The 
principle of distance and angle displacements measurements is 
based on the laser pulses emission, which illuminates the 
object, whose parameters are to be determined, and their 
reception with the corresponding optoelectronic receiver [2]. 
After the analog signal processing, the above mentioned 
parameters can be determined. By controlling the dynamic 
range of the received reflected optical radiation and using a 
well-designed analog signal processing chain, it is possible to 
reach the accuracy of several millimeters in measuring the 
distances of several hundreds of meters. To measure the angle 
displacements it is necessary to use, instead of a standard 
photodiode, the optical receiver, whose response depends on 
the light spot position on its surface. There are several types 
of such an optical receiver, but the quadrant photodiode and 
the lateral effect photodiode are the most common [3]. The 
quadrant photodiode is almost exclusively used in pulsed laser 
tracking systems because of its increased sensitivity and lower 
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overall noise compared to the lateral effect photodiode. 
Recently, the avalanche quadrant photodiode with a good 
matching of each segment avalanche amplification can be 
found on the market. The advantage in using avalanche 
quadrant photodiode is in the lower overall noise compared to 
standard quadrant P-i-N photodiode. 

The basic subject of this paper is the optimization of the 
receiver parameters for pulsed laser tracking systems. The 
reflected optical radiation from the illuminated object is 
collected on the receiving optics. The received optical power 
levels, from the object and the background mostly determine 
the characteristics of the pulsed laser tracking system. 
Therefore, the estimations of the received optical powers are 
given in Part 0. The position sensitive optical detector consists 
of both the receiving optics and the analog signal processing 
chain, used for processing signals from the quadrant 
photodiode. A more detailed description of a position 
sensitive optical receiver is given in Part 0. 

The most significant part of an analog signal processing is 
the preamplifier. As an optimal solution for the preamplifier 
the transimpedance amplifier is used. In Part 0 the optimal 
transimpedance configuration for achieving the minimal 
overall noise in the receiving chain is presented. The 
equivalent input noise current was calculated as the optimal 
avalanche amplification of each avalanche photodiode. 

Part 0 shows how the atmospheric turbulence influences the 
measurement precision. The angle-of-arrival fluctuations and 
illumination fluctuations were taken into consideration. 
Finally, in Part 0 the total measurement error was calculated 
and the optimal receiver parameters for achieving the 
maximal positioning and tracking range for pulsed laser 
tracking systems was found. 

II. RECEIVED OPTICAL POWERS 

For determining the maximum range of the positioning and 
tracking of objects illuminated by pulsed laser, it is necessary 
first of all to find the levels of optical powers which we have 
at the position sensitive optical receiver (PSOR). It is well 
known that the error of angle measurement is strongly 
dependent on a signal-to-noise ratio at the output of a 
receiving chain. In further analysis, the geometrical 
parameters of the laser designator, illuminated object and of 
the optical receiver, which are shown on Fig. 1, will serve to 
find optical power levels at the input of the optical receiver. 
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Fig. 1. Geometry of the laser transmitter and the receiving optics. 

In the analysis, it is assumed, for the sake of generalization, 
that the laser designator and the receiving optics are located at 
different platforms, as it is presented on Fig. 1. Analysis of the 
optical power levels of a background and reflected laser 
designator optical signal is conducted on the basics of the 
well-known radiometrical equation [1]. For the background 
and the object, it is assumed to be diffuse reflectors which 
reflecting as a Lambertian source [1]. It is also assumed that 
the whole laser beam is falling on the surface of the 
illuminated object. 

A. Background Power 

The optical power of a background PB, which is received at 
the input of an PSOR, is [2]: 

atFRB TGTLP τλ= , (1) 

where Lλ is the solar spectral radiance at the object site, G is a 
geometrical factor, TR is the receiving optics transmission 
coefficient, TF is the optical filter transmission coefficient, τat 
is the transmission coefficient of the atmosphere. The 
geometrical factor G is defined as a factor of radiation 
exchange of two small areas: 

2
M

poRD

R
cosAcosA

G
θθ ⋅

= , (2) 

where AD is the area of the detector footprint at the 
background, ARcosθpo is the effective area of the optical 
receiver, θ is the angle between object surface normal and the 
line joining the object and receiver centers, θpo is the angle 
between the receiver surface normal and the line joining the 
object and receiver centers (θpo=0, because in the case of good 
positioning and tracking the receiving optics is always 
directed towards the object) and RM is the distance between 
the object and the optical receiver. 
The solar spectral radiance Lλ, induced by solar radiation of a 
diffuse reflector for a specific wavelength λ is given as [1]: 

π
ρλ

λ
BEL = , (3) 

where Eλ is the solar spectral irradiance and ρB is the 
background reflectance. 
The atmosphere transmittion coefficient τat is given as: 

MR
at e στ −= , (4) 

where σ is the atmospheric extinction coefficient. 
The background power, which is given in Eq. (1), after 
combining with Eqs. (2) to (4), becomes: 

MR
FR

22
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P σ

λλ βρ∆π −= , (5) 

where ∆λ is the optical spectral filter bandwidth, β is the 
receiving optics field-of-view, D is the receiving optics 
aperture diameter. 

B. Signal Power 

The received optical signal power PS, of the reflected laser 
radiation from the illuminated object, in the case when the 
area of the laser beam is smaller than the area of the object, is 
equal to [1-2]: 

θΩ σ coseTTALP MR
FRDTTS

−= , (6) 

where LT is the spectral radiance of the reflected radiation 
from the object, AT is the area of the laser spot on the object, 
ΩD is the solid angle subtended by the optical receiver 
aperture. The spectral radiance LT is: 
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where PL is the laser peek power, TT is the transmission 
coefficient of transmitting optics, η is the transmitting optics 
collection efficiency, ρT is the target reflectance, θL is the 
angle between the object surface normal and the laser beam, 
βT is the laser beam divergence angle and RL is the distance 
between the laser and the object. 

For the surface AT of the laser spot on the object the 
following is valid: 

L
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T cos4
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and for the solid angle ΩD: 

2
M

2

D R4
DπΩ ≈ . (9) 

Combining Eqs. (7) to (9) with Eq. (6), we finally obtain the 
following for the received signal optical power PS: 
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III. THE POSITION SENSITIVE OPTICAL RECEIVER 

In this paragraph the principles of the angles of azimuth and 
elevation measurement using the PSOR and the avalanche 
quadrant photodiode (AQPD) in pulsed laser tracking systems 
will be explained. Fig. 2 gives the arrangement of the key 
optical elements and geometrical parameters of the AQPD in 
the PSOR. 

 
Fig. 2. The PSOR and the AQPD. 

The purpose of the optical receiver of the OEC, which is 
shown on Fig. 2 (a), is to collect the reflected optical energy 
from the illuminated object. The planoconvex lens, which is 
placed at the input of the optical receiver, collects the 
incoming optical energy on the AQPD. To minimize the error 
the planoconvex aspherical lens is mostly used, because of its 
minimal spherical aberration coefficient. By using such a lens 
the most uniform distribution of the irradiance on the AQPD 
is achieved. The AQPD is located behind the lens at the 
distance d from it. Fig. 2 (b) gives the example of AQPD 
located in front of focal plane, e.g. d<f, where f is the focal 
length of the lens. As the AQPD isn’t placed at the focal 
plane, a light spot with an approximately uniform distribution 
of irradiance is formed on its surface. The radius of the light 
spot is equal to r0. From the well known geometrical relations 
the following equation for the spot radius is obtained: 

f2
dfD

r0

−
= , (11) 

where D is the diameter of the lens, f is the focal length and d 
is the distance between the lens and the AQPD. 

In the case when the optical axis and the line object-
receiver are not collinear, the light reflected from the object 
comes with a relatively small angle inclination εx towards the 
optical axis. The center of a light spot formed in such a way is 
moved for the distance x regarding the center of the AQPD, as 
it is presented on Fig. 2 (b). As the angle εx is small (εx 1), 
then it is easy to show that the light spot radius doesn’t change 
significantly with the light spot movement across the AQPD. 
Everything above mentioned is also valid for the second 
plane, i.e. for the angle εy and for the distance y. Assuming 
that the reflected optical radiation is uniform, the uniform 

light spot on the AQPD is obtained, as it is resented on Fig. 2 
(c). Two cases are shown on this figure. The first case is when 
the optical axis and the line object-receiver are collinear. In 
that case the light spot center is at the AQPD center. In the 
second case the optical axis and the line object-receiver are 
not collinear and then the light spot is moved regarding to the 
AQPD center where x and y are the displacements of the light 
spot along the x- and y-axis, respectively. 

When the centers of the light spot and the AQPD are 
matched all four photodiodes are illuminated with the same 
amount of optical radiation, so all four photodiode currents 
are the same. In the case when the light spot center is moved, 
the optical power is divided into four different parts, so the 
currents of each photodiode are different. By processing these 
currents it is possible to obtain the estimation of the distances 
x and y. On the basics of the determined distances it is 
possible to obtain the values of angle displacements εx and εy 
as: 

d
y

d
yarctg,

d
x

d
xarctg yx ≈=≈= εε . (12) 

As it can be seen from Eq. (12), angles εx and εy are in direct 
proportion to the displacements of light spot center x and y, 
but only when the following relations are valid |x|ad and 
|y| d. 

One of the most important parameters of each PSOR is its 
field of view β, for which ( ) dr2drarctg2 ≈=β  is valid, 
where r is the AQPD radius. The maximal range of measured 
angles ( )

maxy,xε , which can be measured with such an PSOR 

is equal to: ( ) dr2
maxy,x ≈= βε . According to this, by the 

designing of geometrical parameters of the PSOR it is needed 
to pay the special attention should be paid to defining the 
minimal allowed value of the receiver field of view under 
which the system for positioning and tracking can function 
correctly. Otherwise, in certain situations the PSOR can lose 
the object, which can be critical especially in systems such as 
laser guided missiles. 

A. Light Spot Displacement Measurement 

Direct measurements of displacements x and y by 
processing signals from the AQPD isn't possible. By 
measuring the signals it is possible to determine the ratios of 
displacements and light spot radius, e.g. x/r0 and y/r0. For 
determining these relations it is essential to know the 
irradiance distribution on the AQPD surface. Here it is 
assumed for the distribution to be uniform. 

The exact measurements of the ratios x/r0 and y/r0 aren't 
possible and only the estimations can be made with the 
following equations [3-5]: 
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ŷ

IIII
IIII

x̂

+++
+−+

=

+++
+−+

=
, (13) 



Mikrotalasna revija  Septembar 2003. 

22 

where rx̂  and rŷ  are the estimated values of the ratios x/r0 
and y/r0, respectively and II, III, IIII and IIV, are the AQPD peek 
currents. For these currents IK=MRkPK is valid, where M is the 
avalanche photodiode amplification, RK is the photodiode 
conversion factor and PK are the AQPD peek optical powers 
(K=I, II, III and IV). Finally from Eq. (13) the following is 
obtained for the x-axis: 

( ) ( )
( ) ( )IIIIIIVI

IIIIIIVI
r PPPP

PPPP
x̂

+++
+−+

= . (14) 

If the irradiance on the AQPD surface is uniform then for 
the AQPD powers the following can be stated: PK=E0SK, 
where E0 is the irradiance at the AQPD surface and SK is the 
area of the illuminated part of the K-th quadrant of the AQPD. 
Taking that into consideration, we can write [5]: 

( ) ( )
( ) ( )IIIIIIVI

IIIIIIVI
r SSSS

SSSS
x̂

+++
+−+

= . (15) 

This is the most common case in pulsed laser tracking 
systems. 

Now it is important to find the range of the displacements x 
and y for which the whole light spot is located at the AQPD. 
This will provide a good linear dependence of x and y and the 
measured values at the output of the AQPD. The whole light 
spot is on the AQPD if the following relation is fulfilled: 

rryx 0
22 ≤++ . This inequality yields to |x|≤r-r0 and 

|y|≤r-r0. For the angle range on the basis of Eq. (12) the 
following is valid: ( ) drr 0x −≤ε  and ( ) drr 0y −≤ε . 
According to the angle range requirements, the parameters of 
the AQPD such as the light spot radius r0 and the distance 
between AQPD and the lens d should be determined. Wishing 
to provide a good linearity all four photodiodes must be 
illuminated. This is fulfilled if |x|≤r0 and |y|≤r0. On the basis 
of these inequalities, the optimal value of the light spot radius 
is obtained when both of these two inequalities are fulfilled at 
the same time, and this is when the following is satisfied: 
r0=r-r0. This yields to optimal light spot radius to be 2rr0 = . 

To find the relations between the light spot displacements 
and the measured values it is necessary to determine the 
illuminated areas of the AQPD SK where K=I, II, III and IV. 
For these areas, from Fig. 3, it can be written: 
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Lx
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π
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where α and L are the geometrical values which are shown on 
Fig. 3. For angle α the following is valid: ( )0rxarccos2=α  
and for length L: ( )2sinr2L 0 α= . By substituting the last 
two equation in Eq. (16) the following equations is obtained: 

























−−








=+

2

000

2
0IIIII r

x1
r
x

r
xarccosrSS , (17) 

I

II

III

IV

SI

SII

SIII

SIV

Y

X
x

y

r0

light spot

αL

 
Fig. 3. Geometry of the light spot on the AQPD. 

Combining Eqs. (15) to (17) finally we have for rx̂  the 
following: 
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If we assume that the displacements are small values in regard 
to the light spot radius, i.e. x r0, we have: 

xS
r
x4x̂ QPD
0

r =≈
π

, (19) 

where SQPD is the AQPD incremental sensitivity. In the case of 
the irradiance uniform distribution: 0QPD r4S π= . 

On the basis of Eq. (19) we can obtain the estimated value 
of the light spot displacement x̂ , for which we can write: 

rQPDr0 x̂Kx̂r
4

x̂ == π , (20) 

where 4rS1K 0QPDQPD π==  is the proportional factor 
between the measured and the estimated values of the light 
spot displacements. As it can be seen from Eq. (19) the 
incremental sensitivity is in an inverse proportion to the light 
spot radius, which means that the minimal light spot radius is 
needed for the maximum sensitivity. 

B. Noise Induced Measurement Error 

Noise, which is inherent to any electronic device, is one of 
the most significant causes of the angle measurement error in 
pulsed laser tracking systems. According to Eq. (13) and 
taking into consideration the equivalent noise sources, we can 
write: 

( ) ( )
( ) ( )nIIIIIInIIIInIVIVnII

nIIIIIInIIIInIVIVnII
r IIIIIIII
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+++++++
+++−+++

= , (21) 

where Ini is the equivalent noise current of i-th photodiode. If 
we adopt U=II+IIV and V=III+IIII and Un=InI+InIV and 
Vn=InII+InIII, we will obtain: 
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If we rearrange the Eq. (22) and assuming that Un+Vn U+V 
we will get: 

( )2
nn

r VU
UVVU2

VU
VUx̂

+
−+

+
−≈ . (23) 

The first part of Eq. (23) represents the mean value of the 
relative light spot displacement and the second part represents 
the random error in displacement measuring caused by noise. 
For this measurement error rnx̂  we can write: 

( ) ( ) n2n2rn V
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U2U
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+

−
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As the noise sources in each receiving channel are 
independent, for the variance 2

x̂r
σ  of the relative displacement 

measurement the following is valid: 
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where 2
uσ  and 2

vσ  are the variances of the Un and Vn, 

respectively and 2
n

2
v

2
u i2==σσ , where 2

ni  is the variance of 
the noise current in each receiving channel. Now, Eq. (25) can 
be rearranged in: 
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As for U and V, SS=U+V is valid, where SS is the signal in the 
summing channel, the variance 2

x̂r
σ  of the relative 

displacement measurement becomes: 
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The variance 2
x̂r

σ , from Eq. (27), has the minimum value for 
U=SS/2 and V=SS/2, so we can write: 
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Σ

σ
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2
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where SNRΣ is signal-to-noise ratio in summing channel. As it 
can be seen, the minimal variance of the relative displacement 
measurement is achieved when U=V=SS/2 is valid, i.e. when 
the light spot center is at the AQPD center. According to Eq. 
(20), for the minimal value of the estimated light spot 
displacement standard deviation ( )minx̂σ  we have: 

( )
Σ

πσ
SNR

r
4

0
minx̂ ≈ . (29) 

The identical expression is valid for the standard deviation 
( )

minŷσ  of the estimated displacement along the y-axis. On the 
basics of Eqs. (12) and (29) for the minimal standard 

deviation ( )
minxεσ  of measured angle, in the case of uniform 

irradiance distribution, we have: 
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ε
πσ

SNR
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d
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4
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The parameters U and V are satisfy the following inequalities: 
U≤SS and V≤SS. Because of that and according to Eq. (27), the 
maximal value of the ( )maxx̂σ  is achieved when U=SS and 
V=0 (or V=SS and U=0) is fulfilled, i.e. when the light spot 
center is at the measurement span margin (x=±r0 and/or 
y=±r0), so we have: 

( )
Σ

σ
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2
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2
x̂ ≈ . (31) 

Identically, for the maximal standard deviation of estimated 
displacement along the x-axis ( )maxx̂σ  and the measured angle 
( )

maxxεσ , are valid: 

( )
Σ

πσ
SNR

r
4

2 0
maxx̂ ≈  and (32) 

( )
Σ

ε
πσ

SNR
1

d
r

4
2 0

maxx
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The identical expressions are valid for the maximal standard 
deviation of estimated displacement along the y-axis ( )

maxŷσ  

and the measured angle ( )
maxyεσ . As it can be seen, the 

maximal standard deviation of measured displacements and 
angles are 2  times bigger than their minimal values, which 
doesn't represent a significant enlargement. For us of interest 
is the minimal error in positioning and tracking, because in the 
case when the centers of the light spot and the AQPD are 
matched, we have a good positioning and tracking. 

The required span of the measured angles depends on the 
dynamics of the pulsed laser tracking system. This 
measurement span is determined by the receiving optics field-
of-view β. The receiving optics is designed in such a way to 
cover, with its field-of-view, the complete range of measured 
angles. According to Eq. (30) and the relations between the 
field-of-view, the AQPD radius and the light spot radius, for 
the noise induced angle measurement error σεn we can write: 

Σ
ε βπσ

SNR
1

16n ≈ . (34) 

As it can be seen from Eq. (34), it is recommended to choose 
the value of field of view as minimal as possible to minimize 
the angle measurement error. On the basis of Eq. (11) and the 
relations between field-of-view and the remaining OEC 
parameters and if βa1 is satisfied, there is a relation between 
the AQPD radius and the receiving optics aperture diameter: 

2Dfr noβ≈ , where fno is the f-number of the lens, for which 
Dffno =  is valid. 
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IV. TRANSIMPEDACE AMPLIFIER 

As the first stage, in the analog signal processing from the 
AQPD, the transimpedance amplifiers (TIA) have two main 
functions. The first is to filter the noises at their inputs and the 
second function is to amplify the current signals from the 
AQPD. The current signals at the AQPD are converted into 
voltage signals, at these amplifiers, to be more suitable for 
further analog signal processing. The optimization of these 
amplifiers is essential, because it can be the main limiting 
factor of the whole receiving channel. The electrical scheme 
of the TIA and the AQPD is shown on Fig. 4 with all the 
relevant elements. 

1/4 AQPD

-A

RF

TIA B

VoutiD

η, M
hν
PS

VT

 
Fig. 4. The AQPD and the TIA. 

The voltage signal at the TIA output VT is equal to VT=RFiD, 
where RF is the resistance of the feedback resistor. Further, 
this signal is processed by the bandpass filter with the 
bandwidth equal to B. The function of this filter is to limit the 
noise level at the TIA output. The bandwidth B must provide 
on the one hand, the undisturbed passing through of the useful 
signal and on the other hand, the maximal noise filtering. 
These two conflict requirements can be resolved by choosing 
the minimal value for bandwidth B, which can provide 
complete reconstruction of an input signal. This minimal 
value is equal to B≈0.35/tr, where tr is the rise time of an input 
signal, which is defined as tr=t90%-t10%, where t90% and t10% are 
the times when the signal is at its 90% and 10% from its 
maximal value, respectively. In the case when we have a 
Gaussian pulse, which is satisfied when the Q-switched 
Nd:YAG laser is used as a designator, with full width at half 
maximum (FWHM) equal to τ we have: tr=0.716τ and 
B≈0.49/τ. 

To determine the angle measurement error, first we must 
calculate the signal-to-noise ratio SNRΣ in the summation 
channel. For that reason, it is necessary to determine the 
equivalent input noise current in each channel. Fig. 5 gives the 
optimal structure of the TIA [10] with all the relevant 
parameters for determining the equivalent input noise current 
in one channel. 
The signal-to-noise ratio SNRΣ in the summation channel is 
equal to: 

2
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Fig. 5. The optimal structure of the TIA. 

where Is=RkMPs and the equivalent noise current 2
ni  [11]: 
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where 2
nDi  is the avalanche photodiode noise current for 

which we have: 
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where q is the electronic charge, S
DRI  is the dark surface 

current, V
DRI  is the dark bulk current, 4PRI BGkBG =  is the 

background current and ( ) nMMF =  is the avalanche 
photodiode excess noise factor. 

The equivalent noise current of the input transistor J 2
nJi  

can be neglected, because a GaAs MESFET is used as the first 
stage in TIA. For equivalent input voltage noise 2

nJe  of a 
MESFET we have: 

m

2
nJ g

kT4e Γ= , (38) 

where for GaAs MESFET Γ=1.5 is valid, k is Boltzmann's 
constant, T is the absolute temperature and gm is the 
transconductanse of an input transistor. In Eq. (38) we have 
omitted the flicker noise because it is dominant only on 
relatively low frequencies. 

The remaining parameters from Eq. (36): CD is the AQPD 
segment capacitance and CG=CGS+CGD is the input 
capacitance of the TIA, where CGS and CGD are the 
capacitances between gate and source and between gate and 
drain of the MESFET, respectively. 

On the basis of the above analysis it can be noticed that 
there is the optimal value of avalanche photodiode 
amplification Mopt, for which the maximal signal-to-noise 
ratio in the summation channel is gained. This optimal value 
is equal to: 
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On the other side, the tranconductance of the MESFET gm 
and the input capacitance CG are connected with gm=KJCG, 
where constant KJ depends on MESFET channel length. For a 
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MESFET with 1µm channel length KJ≈90mS/pF is valid. It is 
possible to select the optimal MESFET channel width, which 
provides the minimal value of equivalent voltage noise at the 
preamplifier input. The channel width is selected to fulfill the 
relation CD=CG.  

The AQPD parameters such as the segment capacitance, the 
dark surface current and the dark bulk current depend on the 
AQPD radius in such a way that the segment capacitance and 
the dark bulk current depend on the segment area and the dark 
surface current depends on the segment arc length along the 
AQPD circumference [1] and [12]. Relations between these 
parameters are: 4rKC 2

CD π= , 2rKI S
S
DR π=  and 

4rKI 2
V

V
DR π= , where KC, KS and KV are the corresponding 

constants that depend on the used technology. In order to 
minimize the overall noise it is important to select the 
technology which will keep those constants as minimal as 
possible. It is also important that the AQPD radius be as 
minimal as possible, but there are some limitations such as the 
minimal value of the receiving optics field-of-view. In that 
case, it is necessary to select the lens which has a minimal 
value of f-number. 

V. ATMOSPHERE INDUCED ERRORS 

Atmospheric turbulence causes phenomena commonly 
referred to as beam wander, scintillation and beam breathing, 
according to the effect produced on the beam spot as seen on 
the screen after traveling through a turbulent atmosphere. 
Beam wander means random changes in the position of the 
beam spot on the screen, in the scintillation illumination 
fluctuations within the beam and also in the breathing 
expansion and contraction of the spot beyond the dimensions 
predicted by its geometry and diffraction. These effects are 
caused by index-of-refraction inhomogeneities which mainly 
arise from spatial temperature differences within the 
atmosphere. 

A turbulent atmosphere can be thought to be composed of 
cells of various sizes that differ in their index of refraction. As 
these cells move across a beam of light, they cause the effects 
described above. According to this “frozen” atmosphere 
assumption, the velocity and direction of this uniform motion 
is determined by the mean wind speed. 

Depending on the dominant cell size and beam diameter, 
turbulent cells affect light propagation in different ways. Cells 
that are larger than the beam diameter act like weak lenses and 
deflect the beam as a whole in a random way (angle of wave 
front) leaving its irradiance distribution essentially unaltered 
(beam wander), but when the cell size is smaller than the 
diameter of the beam, refraction and diffraction take place and 
the irradiance profile of the beam breaks up into small bright 
and dark areas as a result of refracted and diffracted wave 
front interference (scintillation). Depending on the relative 
strength of the turbulence either of the effects may be 
observed, or both simultaneously. The dominant effect is 
beam wander in weak turbulence and scintillation in strong 
turbulence [13]. 

The strength of atmospheric turbulence is described by the 
refractive index structure coefficient Cn, which is basically a 

measure of the spatial gradient of the refractive index 
(temperature) within the atmosphere. From the sensor point of 
view the strength of the turbulence also depends on the length 
of the path that the light traverses. The strength of path-
integrated turbulence is described by the spherical wave 

coherence length ( ) 532
n

2
0 RC545.0 −
= κρ  [6], where 

λπκ 2=  and R is the distance that the beam travels in a 
turbulent atmosphere. This describes the amount of scattering 
caused by atmospheric turbulence and is used to determine 
whether the turbulence in a particular case is considered weak 
or strong. Turbulence is considered to be weak if ρ0 is larger 
than the diffraction patch size λR  and strong if it is smaller 
[14]. The following classification of the turbulence strength 
can also be found: Cn=8×10-9m-1/3 weak turbulence, Cn=4×10-

8m-1/3 middle turbulence and Cn=5×10-7m-1/3 strong turbulence 
[15]. 

The effect of atmospheric turbulence on beam propagation 
is a result of complicated phenomena. In certain cases, 
however, it can be satisfactorily estimated using simple 
equations. Geometric optical formulation, for example, can be 
successfully used to predict large-scale effects such as angle-
of-arrival fluctuations or beam wander [14] and [16-20]. This 
presupposes, however, that the beam diameter φ should not be 
markedly altered by diffraction, or by scattering due to 
atmospheric turbulence. The first condition is fulfilled if the 
measurement distance is within the Fresnel diffraction range 
( λφ R> ) and the second condition if the path-integrated 

turbulence is weak ( λρ R0 > ) [14]. 
The various mechanisms by which the measurement 

precision of a reflected beam sensor is affected include 
angular fluctuations in the wave front, irradiance fluctuations 
at a misfocused receiver aperture and irradiance fluctuations. 
Simple equations are presented below for estimating the 
magnitude of the above effects. The derivations were 
performed by combining the results of several publications. 

A. Angle-of-Arrival Fluctuations 

The angle of arrival is the average tilt of a wave front 
across the receiver aperture, and is thus the same as the angle 
(direction) of the received beam. A general form for the 
equation required estimating the variance in angle-of-arrival 
fluctuations 2

aεσ  is [6]: 

RDC 3
1

2
n

2
a

−
= ϕσε , (40) 

where ϕ is a constant, D is the aperture diameter and R is the 
distance that the beam travels in a turbulent atmosphere before 
reaching the aperture. On the basis of [6] the constant ϕ is 
equal to ϕ≈0.79. As the reflected beam travels the path from 
the object to the receiving optics, we have R=RM, so for the 
variance in angle-of-arrival fluctuations we have: 

M
3
1

2
n

2
a RDC

−
= ϕσε . (41) 
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B. Effect of Irradiance Fluctuations 

Irradiance fluctuations caused by atmospheric turbulence 
affect precision if the receiver is misfocused. Atmospheric 
turbulence causes the received irradiance to fluctuate across 
the receiver aperture. These fluctuations cause no problems in 
a focused case, because each elemental area of the receiver 
images the light collected by it onto the entire image spot. In 
this situation the irradiance fluctuations related to the 
elemental area change the irradiance of the image spot 
uniformly leaving its centroid unaltered. In a misfocused 
receiver, however, the irradiance fluctuations across the 
receiver aperture are directly projected on the light spot on the 
AQPD surface. These spatially uncorrelated fluctuations then 
cause variation in the light spot centroid and affect 
measurement precision. In the case of a misfocused AQPD 
receiver the standard deviation iεσ  of the measured object 
position due to irradiance fluctuations is [6]: 

SFR
c1

32SFR
c1

d
r

8
cc0

i
−=−≈ βππσε , (42) 

where cc is the correlation coefficient of the irradiance 
fluctuations between crosswise quadrants of the circular 
receiver aperture and SFR is the signal-to-fluctuation ratio 
related to one quadrant of the receiver aperture defined as the 
average signal power divided by the rms value of its 
fluctuations [21]. 

In the case of narrow band laser irradiance the spatial 
correlation depends on the effective distance of the crosswise 
receiver aperture quadrants in relation to the Fresnel zone size 

λR , and the SFR on the path-integrated turbulence strength 
and the averaging provided by the receiver aperture quadrant 
[22]. It can be concluded from [23-26] that if the receiver is 
illuminated directly by a point source and two receiver points 
have a lateral separation larger than about λMK R6.0D ≈ , 
cc is essentially zero. This means that the irradiance 
fluctuations of crosswise receiver quadrants should be 
uncorrelated when practical aperture sizes of a few cm and 
measurement distances up to a couple of hundred meters are 
used. In the case of pulsed laser tracking systems for 
RM≈10km and λ=1.064µm, the minimal lateral separation 
between two receiver points, for which we have correlation 
coefficient approximately equal to zero, is approximately 
6cm. As the receiver aperture could be several cm in diameter, 
we can assume that cc≠0 and as it is valid for D=0 the 
correlation coefficient is cc≈1 and for D≥DK the correlation 
coefficient is cc≈0, we can make the assumption that the 
correlation coefficient c dependence on the aperture diameter 
D is linear, so: 








>

≤−=
K

K
Kc

DD,0

DD,
D
D1c , (43) 

where λMK R6.0D = . 
In the case of narrow band irradiance, the SFR can be 

deduced in the following way. In weak turbulence the 

normalized irradiance variance for a point receiver illuminated 
by a diverging beam is 2

n
611

M
672

Ipr CR496.0 κσ =  [27]. This 
magnitude of fluctuations is reduced by aperture averaging, so 
for the normalized irradiance variance 2

Ierσ  we have: 

γ

σ
σ

A

2
Ipr2

Ier = , (44) 

where Aγ is: 

3
7

362.01A
−

+= γγ , (45) 

and λγ MRD=  [27]. Finally for SFR we have 
2
Ier1SFR σ= . By combining Eq. (42), (44) and (45) we 

finally obtain for SFR: 
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On the basis of Eq. (42) and (46), for the standard deviation 
iεσ  of measured angles caused by the irradiance fluctuation 

on the AQPD surface we have: 
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VI. TOTAL ANGLE MEASUREMENT ERROR 

There are three main factors which cause the angle 
measurement error: random noise in the receiver channel, 
angle-of-arrival fluctuations and irradiance fluctuations on the 
AQPD surface. All these measurement errors are 
characterized by their variances. As these random processes 
are independent, for the variance 2

TOTεσ  of the total angle 
measurement error we have: 

2
i

2
a

2
n

2
TOT εεεε σσσσ ++= . (47) 

In any control system for automatic positioning and 
tracking there is the maximal allowed error in angle 
measurement for which the system is functional. The value of 
this maximal allowed error depends on the actual system 
realization. The common accepted value for the maximal 
allowed standard deviation of this error is 2mrad. On the basis 
of this accepted value, the maximal operating range for 
positioning and tracking can be defined. In that case for the 
maximal range RD, defined in the way as it is described above 
the following is valid: ( )mrad2RR TOTMD == εσ , where 
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( )mrad2R TOTM =εσ  is the distance between the illuminated 
object and the receiver at which the total angle measurement 
error is equal 2mrad. On Fig. 6 the dependence between the 
maximal range RD and the receiver aperture diameter D for the 
following parameters is presented: laser peak power 
PL=5MW, FWHM of the laser pulse τ=20ns (energy per laser 
pulse is approximately equal to EL≈100mJ), field-of-view of 
the receiving optics β=10°, MESFET constant KJ=90mS/pF, 
MESFET excess noise factor Γ=1.5, optical filter spectral 
bandwidth ∆λ=1nm, receiving optics transmission coefficient 
TR=0.9, optical filter transmission coefficient TF=0.4, 
refractive index structure coefficient Cn=8×10-9m-1/3 (this 
value for the refractive index structure coefficient is taken 
because it represents the mean value in the case of weak 
turbulence), avalanche photodiode excess noise factor 
coefficient n=0.4, transimpedance resistance RF=10kΩ, 
avalanche photodiode conversion coefficient for unit gain 
Rk=0.45A/W, avalanche photodiode technology coefficients 
KC=1pF/mm2, KS=3×10-8A/mm, KV=1×10-10A/mm2 [28], f-
number of the aspheric planoconvex lens fno=0.7, background 
reflectance ρB=0.4, target reflectance ρT=0.2, atmospheric 
extinction coefficient σ=0.15 1/km, laser-object distance 
RL=2km, angle between object surface normal and the line 
joining the object and receiver centers θ=45°, transmission 
coefficient of transmitting optics TT=0.9, transmitting optics 
collection efficiency η=0.6, absolute temperature T=300K and 
for solar spectral irradiance three values were taken Eλ=50, 
300 and 600W/(m2µm). 
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          Mopt=31, Dopt=3.6cm, RD=11km, ropt=2.2mm

 
Fig. 6. The maximal range dependence on the aperture diameter. 

As it can be seen from Fig. 6 there is an optimal value of 
the receiving optics aperture diameter Dopt for which the 
pulsed laser tracking system has the maximal positioning and 
tracking range. Although we have changed the value of solar 
spectral irradiance in the wide range, the optimal value of the 
receiving optics aperture diameter has just slightly changed. 
The optimal value of this diameter is in the range of 3.6cm to 
3.7cm. The optimal avalanche photodiode amplification is 
also changed in the relatively narrow range from 17 to 31. 
Concerning the optimal aperture diameter and the minimal 
allowed field-of-view, the optimal radius of he AQPD has, 
also, just slightly changed. 

VII. CONCLUSION 

Concerning the maximal range of positioning and tracking 
in pulsed laser tracking systems the optimal parameters of an 
optical receiver was found. It was shown that there is an 
optimal receiving optics aperture diameter which is slightly 
changed by changing the solar irradiance conditions. The 
optimal diameter is approximately equal to 3.6cm for a 
standard set of parameters, as shown in Part 0. This optimal 
diameter value is in good matching with the aerodynamical 
requirements for laser guided missiles. Also, the optimal value 
of the AQPD radius was found to be equal to approximately 
2.2mm. This yields to the maximal possible range to be equal 
approximately 10km. 
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