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transmitting in an off-axis Cassegrain 
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The optical model of a Cassegrain optical antenna with a confocal double-parabolic reflector
structure has been designed, and the propagation characteristics of a hollow laser beam, which
could avoid the loss of energy caused by the subreflector center reflection in the optical antenna,
has been researched in this paper. By detailed analysis and numerical calculations of a receiving
Cassegrain antenna with different deflection angles, the coupling efficiency curve and 3-D distri-
butions of the receiving light intensity for different inclined angles have been obtained.
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1. Introduction
With the rapid advancement of space laser communications technology and optical
devices, optical communication has developed much faster in recent years [1]. Plenty
of studies have been accomplished and much more manpower and material resources
have been and will be invested in those researches [2]. Gaussian optical beams have
also attracted much attention when designing the high power of SLED, and they have
been widely used in optical communication systems [3, 4]. A double-parabolic reflec-
tor Cassegrain optical antenna structure, which possesses many advantages, including
the bigger aperture, less aberration and more choices of different wavelengths, has been
often employed in space optical communication systems [5]. However, the loss of en-
ergy caused by the subreflector center reflection in the transmitting Cassegrain optical
antenna and the off-axis error of a receiving antenna have seriously hindered the trans-
mission efficiency in the space optical communication system [6]. Therefore, a hollow
beam could almost avoid the loss of energy caused by the subreflector center reflection,
which can be seen from the calculation results.

In this work, the effect of the off-axis antenna structure on the hollow beam
propagation efficiency has been investigated. The results will offer the fundamental
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research for the propagation efficiency enhancement of the free space optical commu-
nication.

2. The comparison between the transmitting Gaussian beam 
and hollow beam 

The Cassegrain antenna is mainly made up of a primary reflector and a subreflector.
We chose the aperture diameters of the primary reflector and the subreflector as
2a = 150 mm and 2b = 30 mm, respectively. The distance between the vertices of
two reflectors is d = 300 mm. The transmitting antenna and the receiving antenna with
a symmetrical structure are shown in Fig. 1.

Because those two antennas are symmetric, only the parameters of the transmitting
antenna were considered in this paper. According to the properties of the double-par-
abolic reflection Cassegrain system, the geometric optical paths of the transmitting op-

Fig. 1. The Cassegrain antenna system in space optical communication. The structure of a transmitting
optical antenna (a). The structure of a receiving optical antenna (b).
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Fig. 2. The geometric optical path of transmitting Cassegrain antenna.
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tical Cassegrain antenna are shown in Fig. 2. The primary mirror satisfies the equation
y 2 = 2p1x, and the equation of the subreflector is y 2 = 2p2(x – d )

(1)

In the triangle ΔABC, 

(2)

(3)

(4)

It can be deduced that

(5)

By solving two simultaneous equations (Eqs. (1) and (5)), the radius of the light
which was reflected backward at the center of the subreflector is 

(6)

In the triangles ΔDEG and ΔFHG 

(7)

By solving Eqs. (1) and (7), the focal length of the primary reflector could be written as 

(8)

and the focal length of the subreflector is 

(9)

According to Eqs. (8) and (9), Eq. (6) can be simplified as

R = b2/a (10)
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Supposing the incident light is a Gaussian beam with a wavelength of λ = 830 nm.
From the theoretical analysis, the light intensity of the beam is [5]

(11)

where 

(12)

representing the spot radius of the Gaussian beam, z denotes the propagation distance,
and ω0 is the light waist of the Gaussian beam.

From Eq. (6), the power attenuation of the Gaussian beam can be written as 

(13)
Because of the properties of the Gaussian beam, ω (z) denotes the radius of a spot

reaching the subreflector. Supposing ω (z) = b and R = b2/a = 3 mm, the incident light
is expanded and aligned to match with the antenna. Therefore, 

(14)

which showed that the power attenuation was as much as 8.89%. If the incident beam
is a dark hollow laser beam whose dark-part radius was R, by theoretical conclusion,
the light intensity of the beam is [6] 

(15)
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(17)

and L denotes the length of the double cone prism which is used to create a hollow
beam, θ  is the vertex angle of the double cone prism, z means the propagation distance,
and n stands for the refractive index of the double cone prism.

The power attenuation can be written as 

(18)

Supposing, ω (z) = (b – R) /2 = 6 mm, R0 = (b + R) /2 = 9 mm. By calculation, 

(19)

which suggested that the power attenuation was only 0.94%. In comparison, it was
much more efficient to transmit the hollow beam than the Gaussian beam.

3. Analysis of power and coupling efficiency 
of an antenna with an inclined optical axis 

Assuming the transmitting Cassegrain antennas are precisely aligned and the inclined
angle between the receiving Cassegrain antenna and the optical axis is γ, the schematic
diagram of the off-axis antenna system is as shown in Fig. 3. 
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Fig. 3. The schematic diagram of an off-axis antenna system. 
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Supposing the incident beam is a hollow laser beam that is parallel to the optical
axis of the system, the light intensity distribution of the hollow beam in the radial di-
rection can be obtained, as shown in Fig. 4. The 3-D image light intensity distribution
of the hollow beam is shown in Fig. 5. 

By the theoretical analysis, when transmitting a hollow beam, the receiving power
has been obtained [7]. 

As shown in Fig. 6a, when γ ≥ atan(2a/d ), there is no light received, hence Pr = 0.
As shown in Fig. 6b, when atan[(a + b)/d ] ≤ γ < atan(2a/d ), the receiving power is
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1.0

0.8

0.6

0.4

0.2

–15 –10 –5 0 5 10 15
x [mm]

P
ow

er
 in

te
ns

ity
 d

is
tri

bu
tio

n
of

 h
ol

lo
w

 b
ea

m
 in

 ra
di

ca
l d

ire
ct

io
n

Fig. 4. The light intensity distribution of a hollow beam in the radical direction.
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Fig. 5. The 3-D image light intensity distribution of a hollow beam.
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As shown in Fig. 6c, when atan[(a – b)/d ] ≤ γ < atan[(a + b)/d ], the receiving
power is

Fig. 6. The distribution of a hollow beam light spot on the receiving plane (see text for explanation). 
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(21)

where  and .

As shown in Fig. 6d, when atan(2b/d ) ≤ γ < atan[(a – b)/d ], the receiving power is

(22)

As shown in Fig. 6e, when 0 ≤ γ < atan(2b/d ), the receiving power is 

(23)
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Because the integration  is non-integrable, the receiving efficiency
curve was shown in Fig. 7 by numerical calculation and simulation. In this paper, we
chose the normalized amplitude of I(x, y) and ω (z) = (a + b) /2, which kept the inten-
sity distribution of the receiving spot on the receiving plane the same with the ideal
hollow beam’s. 

It is clear that the receiving power will be zero, if the deflection angle is more than
0.38 rad. The receiving power is less than 80% of the total power, when the deflection
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Fig. 7. The receiving efficiency curve.
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Fig. 8. The 3-D images of light intensity distribution with inclined angles γ = 0 rad (a), γ = 0.0997 rad (b),
γ = 0.1974 rad (c) and γ = 0.2915 rad (d).
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angle is more than 0.05 rad. And it can be seen that the ratio of power attenuation
when the inclined angle is γ ∈ [0, 0.2] fiercer than the case when the inclined angle
γ ∈ [0.2, 0.5]. Meanwhile, the 3-D images of light intensity distribution with several
different inclined angles are shown in Fig. 8.

By the theoretical analysis of an off-axis Cassegrain optical system, we found that
the distance of the centers of the small circle and ellipse satisfied the equation

 Therefore, we changed the distance  to get the images of
Fig. 8, and the inclined angles were calculated according to the equation

4. Conclusion

The characteristics of a double-parabolic reflector Cassegrain optical antenna has been
analyzed, and the relationships among the focal length of a primary reflector and sub-
reflector (0.5p1, 0.5p2), the aperture of two reflectors (a, b), and the distance of two
reflectors d have been obtained. This work will provide some theoretical references
for those manufacturing Cassegrain optical antennas. When the inclined angle is less
than 0.05 rad, the receiving power is beyond 80%, which is satisfied with the Strehl
standard. To keep the receiving efficiency higher than 80%, the inclined angle must
be kept less than 0.05 rad. Therefore, the technology of aligning the optical system
needs to be improved much more. From the receiving power curve, we can adjust
the antennas to make the off-axis Cassegrain optical system aligned more precisely ac-
cording to the receiving power. The investigation results will offer the fundamental
research for the propagation efficiency enhancement of the free space optical commu-
nication. 
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