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Impact of transmitter wavefront errors and pointing jitter on
intersatellite free space optical communications
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ABSTRACT

Intersatellite optical communication links will be crucial for the development of future global optical and quantum
communication networks. Under the harsh space environment satellite optical terminals will suffer pointing jitter
and wavefront errors. In this paper, the impact of the combination of these errors on the transmitter side is
modeled. Combining the far-field diffraction patterns obtained through computational Fourier optics and the
statistics of the pointing jitter, the received power statistics are derived numerically for different scenarios.
The computational model is first used to evaluate the optimum nominal parameters of the transmitted beam.
Then, several optical aberrations are added to the transmitted beam and their impact on the communication
performance is evaluated through the average bit error rate.

Keywords: free space optical communications, satellite communication, wavefront errors, optical aberrations,
Fourier optics, far-field diffraction, Gaussian beam

1. INTRODUCTION

The backbone of global communication networks highly depends on the intersatellite links that compose these.
However, the technology has to be updated for the higher data transmission and security requirements demanded
by society. Most of the current intersatellite communication links are based on radiofrequency technologies. Free
Space Optical Communication (FSOC) links use higher frequencies of the electromagnetic spectrum for the
carrier beam, allowing higher data rates than radiofrequency signals. Furthermore, the high directionality of the
laser beams that carry the information in FSOC hinders the interception of the beam, making it a more secure
communication. In addition, intersatellite FSOC links will be a key enabler of the future space-based quantum
communication networks.! 3

However, several challenges must be overcome when considering an intersatellite FSOC link. The high
directionality of the coherent beam also means a high sensitivity to the pointing error of the transmitter (see
Figure 1). The pointing error on the transmitter side will deviate the center of the beam from the receiver’s
optical axis. As the peak irradiance will be located at the center of the beam, the optical power captured by
the receiver’s aperture will be reduced. The in-orbit sources of the pointing error are diverse* and generate a
stochastic displacement of the beam in the receiver’s aperture plane. On the receiver side, the pointing jitter
can also affect the performance of the system. The latter’s effects are not considered in this paper.®

Furthermore, as with any other optical system in the space environment, intersatellite FSOC terminals will
be subjected to wavefront errors. The varying thermal and mechanical loads in space will create deformations of
the optical components that will create wavefront errors in the beams traveling through these systems. Although
these wavefront errors can occur in every component of the optical system, the primary mirror of the telescope
will be one of the most affected. This is due to its bigger size and the higher exposition to the space thermal
environment compared to the rest of the components. In the following, the effects of the transmitter wavefront
error are considered as if this wavefront error were being applied in the aperture plane of the transmitter. The
wavefront errors can also have a detrimental impact on the communication performance of FSOC links. Indeed,
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Figure 1. Illustration of the effect of the transmitter and receiver wavefront errors and pointing jitters. 61 and 0r represent
the transmitter and receiver pointing error at a certain instant of time, respectively.

the far-field irradiance distribution is affected by these errors, and that, will modify the performance of the link
from the nominal case. Furthermore, wavefront errors in the receiver terminal also affect the performance of the
system, especially when the incoming light is coupled into fiber (see Figure 1).5

The analysis of the combined effect of transmitter pointing error and wavefront error is crucial for setting
the requirements and ensuring the correct performance of the future satellite FSOC terminals. Previous work
has been done modeling the effects of wavefront error and/or pointing jitter in intersatellite FSOC links. Many
of these works have focused on the impact on the mutual alignment that these wavefront errors have.” ' Other
works have focused on the effect of the wavefront errors in the received optical power.'?"'* Finally, there
have been a few works analyzing the combined effect of pointing jitter and wavefront error on communication
performance.'® 16 However, the latter have not considered the clipping effects due to the secondary and primary
mirrors of the transmitter telescope (see Figure 2). In this work, a more realistic model is presented to include
the effects of the transmitter and receiver finite-size pupils.

2. NUMERICAL MODEL

In this section, the model to compute the performance of an intersatellite link under transmitter pointing jitter
and wavefront errors is presented. First, the computational optical model to obtain the far-field diffraction
pattern is presented. Then, the obtained far-field irradiance is combined with the pointing jitter statistics to
obtain the statistics of the received power. Finally, the received power is used to compute the communication
performance of the intersatellite link.

2.1 Far-field diffraction patterns

In this work the finite aperture of the transmitter is considered, including the effects of the secondary mirror
(see Figure 2). To compute the far-field intensity distribution, Fresnel propagation can be numerically evaluated
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where U(z,y, z) is the field in the receiver aperture plane at a given distance z from the transmitter. The field
in the aperture plane of the transmitter is considered to be Gaussian. This beam is clipped by the aperture of

the transmitter telescope with pupil function A(€,n) (see Figure 2), yielding a field in the transmitter aperture
plane given by
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where R(z) is the radius of curvature of the Gaussian beam wavefront, v(z) is the Gouy phase and Ywrgr(&,n) is
the wavefront error in the transmitter’s aperture plane. The bidimensional Fourier transform in Equation 1, can
be evaluated numerically using the Fast Fourier Transform. The intensity distribution in the receiver’s aperture
plane is obtained by simply evaluating I(x,y, z) = |U(x, vy, 2)|?/2no where the wave impedance is 19 = 377  for
free space. The wavefront error ¢(&,7) can be expressed in polar coordinates (p, ¢) using the Zernike polynomials

ZMpy )™ o
YwrE(p, ) = Z < Z anm Zy' (P ‘P)) (4)

n=0 \m=-—n

where a,.,, are the coefficients corresponding to the radial index n and the azimuthal index m. Figure 3 shows
the first Zernike polynomials along with their classical denominations.

2.2 Received power statistics

The location of the computed far-field intensity distribution in the receiver’s aperture plane is affected by the
transmitter pointing jitter. This stochastic process will produce received power dynamics, that will degrade the

Primary mirror koo oo

Figure 2. Clipping and obscuration of the primary and secondary mirrors. (a) transmitter clipping and obscuration and
(b) receiver’s aperture plane showing the far field intensity pattern at a certain instant with pointing error ro
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Figure 3. Zernike polynomials Z,*(p, ¢) for different radial and azimuthal indices, n and m respectively

performance of the system (comparing it to a completely static link). The received power as a function of the
location of the center of the transmitted beam, given by the coordinates (xg,yo), with respect to the center of
the receiver aperture can be computed through a bidimensional convolution of the receiver’s aperture pupil and
the far-field intensity at the receiver’s aperture plane.

P=gtaom = [ [ ) dedy = [ [ 1w Al = 0. = ) dady (5)

where A(z,y) is the pupil function of the receiver. As this work considers a symmetric intersatellite link, this
pupil function is considered the same as for the transmitter (Equation 3). Using the convolution theorem, the
received power as a function of (xg,yo) can be obtained from Equation 5 as

P = g(zo,y0) = {I * A} (w0, y0) = F{F(I) - F(A)} (6)

The transmitter angular pointing jitter is usually characterized as a centered bivariate Gaussian distribution.'? 2!

For the small angle approximation, it can be shown that this translates into a decenter error between the beam
center and the receiver’s axis given by a centered bivariate Gaussian distribution. Finally, considering that the
standard deviation in 2 and y axes are the same (or in azimuth and elevation angles in the transmitter pointing),
the pointing jitter can be described by the Rayleigh probability density function (PDF) given by

2
fatro) = Sy eww (3% ) )

where rg is the radial decenter (see Figure 2) and o is the scale factor of the Rayleigh distribution*. For the
nominal case, without wavefront errors, the far-field intensity distribution will be axially symmetric, and Equation
5 can be transformed from cartesian to polar coordinates as g(zo, yo) — g(ro). When there are wavefront errors
that break this symmetry (i.e. astigmatism or comma), the result in several axes is evaluated, as will be explained
later.

What is needed to evaluate the performance of a communication system is the received power statistics. In
this case, considering a slow fading channel (the modulation frequency of the communication signal is orders of

*This scale factor o is the same as the standard deviation of the underlying symmetric bivariate Gaussian distribution
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magnitude higher than the dynamics of the pointing jitter), the received power is characterized by a PDF. This
PDF can be obtained by combining the power as a function of the displacement of the beam center g(r() and the
pointing jitter PDF, i.e. fgr(ro). The transformation between variables that are related by a non-monotonical
function is

n(P)
fp(P) ="
k=1

a0 (P (o (P) ®

where g; ' (P) is the k-th inverse function of g(ro).

2.3 Communication performance

Finally, the performance of the communication system can be evaluated with the Average Bit Error Probability
(ABEP) as??23

ABEP — /O " Poelh) fr(h) dh (9)

where h is the received power normalized by the transmitted power (or channel loss) and the instantaneous
conditioned bit error probability is

P.(elh) = Q% (VSNR) (10)

where Q¢ () is the Gaussian Q-function and the signal-to-noise ratio (SNR) for on-off keying intensity modulation
direct detection (OOK IM/DD) is given by

2
SNR = w (11)

n

where P; is the transmitted power, R is the responsivity of the detector, and o2 is the signal independent additive
white-Gaussian thermal noise.

3. RESULTS

Using the model presented above, the optimum nominal operation point is computed first by varying the
beamwidth of the Gaussian in the aperture plane of the transmitter and the beamwaist of it. Then, the optical
aberrations are included as a phase screen and the effect of each of them on the ABEP is computed. Table 1
shows the parameters chosen for the simulation.

Table 1. Parameters used for the simulations

Parameter Value
A 1550 nm
P, 12 dBm
On 47x107°V
op 10 prad
1000 km
5 cm
a 1 cm

On an intersatellite scenario, given a pointing jitter o, a distance z between the terminals, a transmitter
power P, and a certain obscuration of the secondary mirror a/b, the optimum far-field irradiance pattern in the
aperture of the receiver will be given by one that provides the minimum ABEP. There are different variables
with which we can change the far-field irradiance distribution:
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Figure 4. Nominal operation point of the intersatellite link, (a) power as a function of w(z)/b in the transmitter’s aperture
plane, (b) ABEP as a function of wo /b and (c) irradiance and phase fields on the transmitter and receiver aperture planes
for w(z)/b = 0.779 and wo /b = 0.207

1. Aperture size of the transmitter b.

2. Beam waist of the Gaussian beam wy.

3. Clipping ratio w(z)/b at the aperture of the receiver by defocusing the transmitted beam on the telescope.

By using these three parameters the far-field intensity distribution can be varied to find the optimum operational
point for a given angular pointing jitter, link distance, and obscuration ratio. In this paper, to obtain the nominal
link scenario T, the aperture size of the transmitter will be set. As the intersatellite link that we are considering
is symmetric, the aperture size plays a dual role in the performance of the system. On one side, it can be used

+

nominal refers to the link without optical aberrations, just pointing jitter
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to change the divergence of the transmitted beam (keeping the other two parameters constant). On the other
side, the aperture size will also determine the amount of power collected by the receiver aperture. As the total
transmitted power after the transmitter clipping occurs and the divergence of the beam can be adjusted using
the other two parameters, the aperture of the transmitted will be settled at a certain value (see Table 1).

By adjusting the Gaussian beamwaist wq and the clipping ratio at the aperture w(z)/b the power transmitted
after the clipping and the divergence of the beam can be computed. In this case, the clipping ratio at the aperture
w(z)/b will be adjusted so that the power transmitted by the telescope after the clipping is maximum. This
can be seen in Figure 4(a) where the power exiting the transmitter telescope P, o as a function of the clipping
is represented. Given the optimum w(z)/b ratio for the obscuration ratio studied, the beam divergence can be
adjusted by varying the beamwaist of the underlying Gaussian beam wy*. The optimum beam divergence will
depend on the transmitter pointing jitter.?! In Figure 4(b), the ABEP is shown as a function of the underlying
Gaussian beam waist for the optimum w(z)/b found in Figure 4(a). Taking the minimum ABEP, the nominal
operation point is obtained, given by the values w(z)/b = 0.779 and wy/b = 0.207. The irradiance and phase
field on the transmitter aperture plane and the receiver aperture plane are shown in Figure 4(c).

—e— Defocus —x— Coma

—&— Astigmatism --a--  Spherical

A B A A A

10714 T

0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Figure 5. Impact of different optical aberrations in the communication performance of an intersatellite link, (a) ABEP as
a function of the RMS value of the aberration and irradiance field on the receiver aperture plane for (b) astigmatism (c)
coma and (d) spherical aberrations

From the nominal operating point shown in Figure 4, several aberrations have been added to the transmitted
beam through the computational method explained above. Figure 5 shows the effect on the ABEP for different

Hn this paper, we will not deal with how this is done by optical design of the transmitter terminal
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aberrations. The aberration is quantified by the root mean squared (RMS) of the distortion in the phase field
created by it. As the divergence of the beam has been optimized through the variation of wg/b further defocus
of the beam will deteriorate the performance of the system as it is seen in Figure 5. Astigmatism and coma
aberrations do not have azimuthal symmetry so the computational model explained above can not be directly
used. To compute the effect of each of these aberrations, their horizontal and vertical modes (see Figure 3) have
been averaged. Finally, the spherical aberration has been investigated, and a very interesting result has been
obtained. Indeed a slight a spherical aberration, changes the far-field irrandiance pattern in such a way that the
system performance is improved. However, further increase of the spherical aberration will rapidly degrade the
performance of the system.

4. CONCLUSIONS

A computational model is presented to compute the impact of optical aberrations occurring on the transmitter
of an intersatellite free space optical communication link. The model uses computational Fourier optics to
obtain the far-field irradiance pattern on the receiver’s aperture plane. By computing the power statistics given
by this irradiance field under pointing jitter, the communication performance of the system is evaluated by
the average bit error probability. Using this model, the optimum nominal link parameters are obtained by
varying the beamwidth at the transmitter’s aperture plane and the beamwaist of the Gaussian beam. Then,
several aberrations are added to the system and their impact on the communication performance is computed
by evaluating the resulting average bit error probability. The results show similar performance-degrading effects
for defocus, astigmatism, and coma. For spherical aberration, a slight improvement can be seen for small values
of the aberration. The latter is due to a better distribution of the irradiance in the far field compared to the
nominal case.
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