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Abstract In this paper, a laser communication antenna

with two mirrors is designed. The decenters of the sec-

ondary mirror do not introduce field-linear coma, which

reduces the antenna’s sensitivity to misalignment, and we

call it coma insensitive system. The conic coefficients of

the primary and secondary mirrors of the coma insensitive

system are different from those of the Cassegrain and

Ritchey–Chretien systems. We derive the calculation for-

mula of the coma insensitive system in detail based on the

nodal aberration theory. Through a design example, the

performance of the coma insensitive, Cassegrain and

Ritchey–Chretien system in the nominal state and the

secondary mirror decentered state is compared, and it is

found that the aberration performance of the Cassegrain

and Ritchey–Chretien system in the nominal state is much

better than that of coma insensitive system. However, when

the secondary mirror is decentered, the performance of

Cassegrain and Ritchey–Chretien system is obviously

inferior to coma insensitive system, and their rms spot

diameter is about 2.8 times that of coma insensitive system.

Keywords Optical design � Nodal aberration theory �
Laser communication � Optical antenna � Two-mirror

telescope � Coma � Misalignment

Introduction

With the development of space sensing technology, the

amount of information transmitted by various spacecraft

has increased exponentially. Space laser communication is

the most promising space communication technology.

Compared with traditional microwave communication,

laser communication has the advantages of small diver-

gence angle, fast transmission rate, large communication

capacity and strong anti-electromagnetic interference per-

formance, which is widely used in space communication

[1–5].

In 2006, the forward link from ARTEMIS of the Euro-

pean Space Agency to OICETS of Japan used 2 Pulse

Position Modulation format at 2.048 M bits/sec while the

return link from OICETS to ARTEMIS used the Non-

Return-to-Zero format at 49.3724 Mbits/sec [6]. In 2008, a

duplex transmit data rate of 5.6 Gbps was achieved with a

bit error better than 10–9 between two LEO satellites,

NFIRE (USA) and TerraSAR-X (Germany) [7]. In 2013,

the USA successfully performed the first time duplex laser

communications between a space terminal (the Lunar

Lasercom Space Terminal, LLST) and a primary ground

terminal (the Lunar Lasercom Ground Terminal, LLGT). It

constituted the longest-range laser communication link

ever built and demonstrated the highest communication

data rates at 622 Mbps ever achieved to or from the Moon

[5, 8].

Optical antenna, also known as a receiving and trans-

mitting telescope, is the core part of the laser
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communication terminal. The main function of the optical

antenna is to transmit the optical signals which are carrying

information to other terminals or analyze the optical signals

from other terminals. The design of the terminal optical

system usually needs to reach the diffraction limit, and the

wave aberration is required to be less than 33 nm, which

puts forward higher requirements on the optical design and

alignment of the system [9]. In 2012, Cheng Yanyan

designed a spaceborne laser communication terminal. The

optical antenna adopted Cassegrain structure with para-

bolic primary mirror (PM) and secondary mirror(SM). The

diameter of the PM is 200 mm, the field of view (FOV) is

2mrad, and the magnification is 10 9 , and the wave

aberration is better than k/20 (k = 632.8 nm, similarly

hereinafter) [10]. In 2018, Li Xiang designed a laser

communication optical antenna, in which the parabolic PM

is 150 mm, and the SM is designed with a 26 mm hyper-

boloid [11]. The FOV is 4mrad, the focal length is

1500 mm, the magnification is 15 9 , and the wave aber-

ration is better than k/14.
The wave aberration of optical antennas is not only

limited by design residuals, but also affected by manu-

facture and alignment errors. The optical antenna with two

mirrors has a simple structure and is often used in laser

communication systems, so the alignment errors of the SM

have a greater impact on the wave aberration of antenna. At

the same time, gravity will also cause the secondary mirror

to decenter, which will introduce misalignment aberrations

such as coma. This will affect the actual wave aberration of

the antenna. Therefore, reducing the decenter sensitivity of

the SM from the process of optical design is an effective

method to improve the antenna performance.

In this paper, to improve the as-built performance of

optical antenna, we derive the calculation formulas for

optical parameters of an antenna that is insensitive to

decenters based on the nodal aberration theory. The sim-

ulation experiment is conducted to verify the relevant

results.

Design of the optical antenna

Specifications of the optical antenna

In this paper, combined with the existing designs and the

requirements of the laser communication terminal, the

specifications are determined, as shown in Table 1.

Common form of telescope

The optical antenna needs to have a wave aberration better

than k/20 in 3 mrad FOV. It is difficult to meet the

requirements with a single parabolic mirror, so the

objective lens is designed with two mirrors. Commonly

used two-mirror objectives include the classical Cassegrain

telescope and its improved forms: Ritchey–Chretien (R–C)

objective. The PM and SM of the two types have different

conic coefficients. The PM of Cassegrain telescope is

parabolic, the SM is hyperboloid, and the two mirrors

correct spherical aberration independently; The PM and

SM of the R–C telescope are both hyperboloids, and both

third-order spherical aberration and coma are corrected in

the system [12].

If only the third-order spherical aberration is required to

be corrected at the system level, then there is one degree of

freedom left for the conic coefficients of the primary and

secondary mirrors. The following will study the use of the

remaining degrees of freedom to realize the decenter

insensitive design.

Optical parameters calculation of coma insensitive

system

According to the requirements of antenna parameters, the

aperture is 60 mm, and the angular magnification is 20

times. The focal length of the objective lens in this design

is set to 600 mm, and the f-number is 10; the focal length

of the eyepiece is 30 mm and the f-number is 10. The two-

mirror telescope consists of a PM and a SM, as shown in

Fig. 1.

Table 1 Specifications of the optical antenna

Parameter Value

Magnification 209

Entrance pupil diameter 60 mm

FOV ± 3 mrad

Wavelength 974 nm, 1550 nm

Wave aberration less than 1/40 k in ± 0.5 mrad FOV

less than 1/20k in ± 3 mrad FOV

Fig. 1 Two-mirror objective
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The radii of curvature of the PM (RPM) and SM (RSM)

could be calculated by

RPM ¼ 2df

f � L
ð1Þ

RSM ¼ 2Ld

�Lþ d þ f
ð2Þ

where d is the interval between the PM and SM, f is the

focal length of the telescope, and L is the back focal length

of the telescope.

The third-order spherical aberration contributed by the

spherical part of the PM(W
ðsphÞ
040;PM), the aspheric part of the

PM(W
ðasphÞ
040;PM), the spherical part of the SM(W

ðsphÞ
040;SM) and the

aspheric part of the SM(W
ðasphÞ
040;SM) are as shown by
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where y1 is the height of the marginal ray on the PM of the

on-axis FOV, that is, the entrance pupil radius; bs1 and bs2
are the conic coefficients of the PM and SM, respectively,

and m2 is the magnification of the SM, which can be cal-

culated by

m2 ¼
f � B

d
: ð7Þ

After summing and simplifying Eqs. (3)–(6), the

expression of the third-order spherical aberration of the

two-mirror telescope system can be obtained, as shown by

W sys
040 ¼

�bs1f ðf � LÞ3 þ bs2Lðd þ f � LÞ3

32d3f 4

þ Lðd þ f � LÞðd � f þ LÞ2 � f ðf � LÞ3

32d3f 4
:

ð8Þ

The nodal aberration theory is to study the aberration

characteristics of an optical system with decentered and/or

tilted optical elements. When the optical elements in a two-

mirror system are misaligned, additional coma and astig-

matism will be introduced, and coma is the main aberra-

tion. And the coma field is no longer symmetrically

distributed around the optical axis. The coma node point,

which is known as the FOV point where coma is zero, isn’t

located on-axis. The misaligned third-order coma field is

superimposed on the original coma field, which can be

expressed by

WCOMA3
¼ W131H~ � q~

� �
q~ � q~ð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

original coma

þ �A~131 � q~
� �

q~ � q~ð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
misalignment�induced coma

ð9Þ

where W131 is the sum of the third-order coma coefficients

of the system, H
!

is the FOV vector, and q! is the pupil

vector. In the misaligned two-mirror telescope, the PM can

generally be regarded as the reference, and the SM is in a

misaligned state. A131
		!

could be expressed by

A~131 ¼
X
j

W131jr~j ¼ W
ðsphÞ
131;SMr~

ðsphÞ
SM þW

ðasphÞ
131SMr~

ðasphÞ
SM ð10Þ

where W
ðsphÞ
131;SM and W

ðasphÞ
131;SM are the third-order coma coef-

ficients contributed by the spherical part and the aspheric

part of the SM, which are shown in Eqs. (11) and (12).

W
ðsphÞ
131;SM ¼

�
upr1 y

3
1 d þ 2 d f

Lþd�fð Þ þ
L spr1
f

� �
Lþ d � fð Þ2 d � Lþ fð Þ

8 d3 f 3

ð11Þ

W
ðasphÞ
131SM ¼ �

bs2 upr1 y
3
1 L spr1 þ d f
� �

d � Lþ fð Þ3

8 d3 f 4
ð12Þ

where spr1 is the distance between the entrance pupil and

the PM, and upr1 is the slope angle of the chief ray of the

edge FOV, that is, the field angle. r!ðsphÞ
SM

and r!ðasphÞ
SM

are the

aberration field decenter vectors of the spherical and

aspherical parts of the SM, representing the distance

between the center of symmetry of the aberration field and

the chief ray of the on-axis FOV. They are related to the

misalignments of the SM and can be expressed by

r~ðsphÞ
SM ¼ � R1 YDE þ ADER2ð Þ

upr1 dR1 � 2dspr1 þ R1R2 þ R1 spr1 � 2R2 spr1
� �

ð13Þ

r~ðasphÞ
SM ¼ � YDER1

upr1 dR1 � 2dspr1 þ R1 spr1
� � ð14Þ

where YDE is the decenter of the SM in the y-axis direc-

tion, and ADE is the tilt of the SM along the x-axis[13].

Their definitions are the same as those in the optical design

software Code V [14]. Equations (13) and (14) only con-

sider the misalignments of the SM in the meridian plane,

such simplified processing will not affect our analysis.

According to the above analysis, when A
!

131 introduced

by the misaligned SM is equal to 0, we can get

J Opt (September 2022) 51(3):699–706 701

123



W
ðsphÞ
131;SM

W
ðasphÞ
131SM

¼ � r~ðasphÞ
SM

r~ðsphÞ
SM

: ð15Þ

Under the condition as shown by Eq. (15), there is no

misaligned coma in the two-mirror system, that is, the

misalignment of SM will not introduce coma. When the

SM has both the YDE and ADE misalignments, it can be

equivalently regarded as the SM rotating around a point in

space. The distance between the point and the SM vertex is

L
ðRPÞ
SM , as shown by Eq. (16).

L
RPð Þ
SM ¼ �YDESM

ADESM

: ð16Þ

Combining Eqs. (15) and (16), we can get

Therefore, the rotation of the SM around a point that is

L
ðRPÞ
SM from its vertex does not introduce misaligned coma,

which is also called coma insensitive point. It can be seen

from this property that when L
ðRPÞ
SM ¼ 1, it is equivalent to

there will be no misaligned coma after the SM is decen-

tered. In this way, we can get a two-mirror optical design

that is not sensitive to decenter errors. Therefore, W sys
040 ¼ 0

can be used to make the system meet the condition of

eliminating spherical aberration, and L
ðRPÞ
SM ¼ 1 can be set

so that the system does not introduce coma when the SM is

decentered. After solving these two equations, the solutions

of the conic coefficients of the PM and SM can be

obtained, as shown in Eq. (18).

bs1 ¼
2L

f
� 2Ld2

f L� fð Þ2
� 1 ð18Þ

bs2 ¼
�d � Lþ f

d � Lþ f
: ð19Þ

Using Eqs. (1), (2), (18) and (19), we can obtain the

solution of the optical design parameters of the two-mirror

antenna without introducing coma when the secondary

mirror is decentered.

Design result of the antenna

When designing a two-mirror antenna, we can set

d = - 75 mm, L = 82 mm, f = 600 mm, and we can

obtain the optical design parameters of the antenna, as

shown in Table 2. The optical structure is shown in Fig. 2.

The coma distribution for full FOV of coma insensitive

system is shown in Fig. 3a (1 wave = 587.56 nm, similar

hereafter), and the rms spot diagram distribution is shown

in Fig. 4a. It can be seen from the figure that the coma

insensitive system achieves complete correction of third-

order spherical aberration, the residual aberration of the on-

axis FOV is high-order spherical aberration, and the main

residual aberration of the off-axis FOV is coma.

For comparison, we also designed a Cassegrain system

and an R–C system according to the conditions of

Table 2 Parameters of the two-

mirror antenna
Surface no. Radius of curvature (mm) Thickness (mm) Conic coefficient

PM(stop) -173.7452 - 75 - 0.7324

SM -27.7652 82 1.3386

Fig. 2 Optical layout of the two-mirror antenna
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d = - 75 mm, L = 82 mm and f = 600 mm. All three

systems realize the correction of third-order spherical

aberration. The difference between these two systems and

the coma insensitive system is only the conic coefficients

Fig. 3 The coma fields of a coma insensitive, b Cassegrain and c R–C system in the nominal state

Fig. 4 The rms spot diameter fields of a coma insensitive, b Cassegrain and c R–C system in the nominal state

Fig. 5 The coma fields of a coma insensitive, b Cassegrain and c R–C system in the misaligned state (the secondary mirror is decentered by

0.5 mm)
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of the PM and SM. Their coma distributions for full FOV

are shown in Fig. 3b and c, respectively, and the rms spot

diameter distributions are shown in Fig. 4b and c, respec-

tively. It can be seen from the figures that the average rms

spot diameter of the Cassegrain system and R–C system is

0.001 mm, while that of the coma insensitive system is

0.055 mm. The image quality of Cassegrain system and R–

C system is significantly better than that of coma insensi-

tive system. The reason is that the third-order coma in the

Cassegrain system is small, and the R–C system also cor-

rects the third-order coma in addition to correcting the

third-order spherical aberration.

The SMs of the three systems are decentered by 0.5 mm

along the y forward direction to verify the influence of the

decenter errors. The coma distribution of the three systems

is obtained as shown in Fig. 5, and the rms spot diameter

distribution is shown in Fig. 6.

It can be seen from the figures that after the SM is

decentered by 0.5 mm, the coma distribution and rms spot

diameter distribution of the coma insensitive system are

basically unchanged and still present a rotationally sym-

metrical distribution. However, after the SMs of Cassegrain

and R–C are misaligned, the coma field shows an obvious

field-linear coma, and the spot field also has an approxi-

mately uniform distribution. The detailed data is shown in

Table 3. Even for a decenter of 0.5 mm (this value is a

relatively large value for both gravity deformation and

adjustment errors), the decenter of the secondary mirror in

the coma insensitive system has minimal impact on the

image quality, and the coma, spherical aberration, astig-

matism and rms spot diameter are basically unchanged, as

shown in Table 3 and Fig. 7.

From the above analysis, we can see that the design

image quality of Cassegrain and R–C system is better than

that of coma insensitive, but the image quality shows a

great degree of deterioration after the secondary mirror is

decentered. Their average rms spot diameter increases to

about 0.16 mm, which is 2.8 times that of the misaligned

coma insensitive system. It can be seen that although the

design residual aberration of the coma insensitive system is

large, the SM is very insensitive to decenter errors.

Therefore, when the SM has gravity displacement or large

adjustment errors, the system image quality is more stable,

Fig. 6 The rms spot diameter fields of a coma insensitive, b Cassegrain and c R–C system in the misaligned state (the secondary mirror is

decentered by 0.5 mm)

Table 3 The average coma, spherical aberration, astigmatism and rms spot diameter for full field of the three systems in nominal state and when

the secondary mirror decentered by 0.5 mm

Coma insensitive Cassegrain R–C

Nominal state SM is decentered Nominal state SM is decentered Nominal state SM is decentered

Coma/waves 0.860 0.866 0.022 2.802 0.000 2.873

Spherical aberration/waves 0.092 0.093 0 0.018 0 0.019

Astigmatism/waves 0.033 0.428 0.018 0.087 0.019 0.098

rms spot diameter /mm 0.055 0.057 0.001 0.161 0.001 0.164
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and the actual performance is better than the Cassegrain

and R–C system.

Design of the eyepieces

The eyepiece can collimate the image of the telescope at an

angular magnification of 20 times, and it can also correct

the residual aberration of the telescope, mainly including

third-order coma and field curvature. After optimization, an

eyepiece is designed with 5 lens. The combined structure

of the telescope and eyepiece is shown in Fig. 8, and the

wave aberration the system is shown in Fig. 9.

As can be seen in Fig. 9a, the wave aberration is less

than 0.01k in 0.5 mrad FOV for both 1550 nm and 974 nm.

In the 3mrad FOV, the wave aberration of 1550 nm is less

than 0.02k, and the wave aberration of 974 nm is less than

0.03k, which all meet the design requirements. It can be

seen from Fig. 9b, if the SM is decentered by 0.5 mm, the

system wave aberration could be restored to the design

state by adjusting the eyepiece.

Fig. 7 The average coma and rms spot diameter for full field of the three systems in nominal state and when the secondary mirror decentered by

0.5 mm: a coma b RMS spot diameter

Fig. 8 The optical system obtained by combining the telescope and

eyepiece

Fig. 9 Wave aberration vs. field

of view: a nominal system and

b the SM decentered by 0.5 mm
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Conclusions

This paper uses the nodal aberration theory to design a

laser communication antenna, which is composed of two-

mirror telescope and a transmissive eyepiece. The conic

coefficients of the PM and SM in the telescope are different

from that of the Cassegrain system and the R–C system.

The optical antenna corrects the system’s third-order

spherical aberration, and its wave aberration is not insen-

sitive to the decenter errors of the SM. This paper derives

the calculation method of the optical parameters of the

optical antenna. The coma field and the rms spot diameter

are compared between the coma insensitive, Cassegrain

and R–C system in the nominal state and the misalignment

state. The results show that in the nominal state, due to the

large residual third-order coma of the coma insensitive

system, the wave aberration is about 50 times that of the

Cassegrain and R–C systems. When the SM is decentered

by 0.5 mm, the coma field and rms spot diameter of the

coma insensitive system basically do not change, but the

image quality of the Cassegrain and R–C system has a

large degradation. The average rms spot diameter of the

Cassegrain and R–C system is about 2.8 times that of the

coma insensitive system. The results show that the aber-

ration of the coma insensitive system is insensitive to the

decenter of the SM. In this paper, the eyepiece is also

designed. The residual third-order coma and field curvature

of the telescope can be corrected by the eyepiece, which

could achieve a 209 angular magnification. The perfor-

mance of the optical antenna with coma insensitive system

is more stable than the Cassegrain and R–C system when

there is large gravity deformation or alignment error, so it

is more suitable for harsh environments and can greatly

reduce the difficulty of system alignment.
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