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The influences of nutation trail accuracy, simplification of coupling model, spot position jitter, and power
variation of incident light on the detection error are analyzed theoretically. Under the condition of satisfying
the requirements, the nutation radius is less than 1.13 pm, the accuracy of the nutation trail is less than 0.04 pm,
and the detection range is [—5 pm, +5 pm]. The nutation frequency is 160 times spot position jitter frequency and
100 times intensity jitter frequency of incident light. The analysis is of great significance for determining nutation
radius and frequency in the tracking system based on fiber nutation.
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In the inter-satellite laser communication system, the
premise of ensuring the coupling efficiency of signal light
to a single-mode fiber (SMF) is to obtain a stable receiving
line of sight (LOS)Y. The classical LOS stabilization
tracking system calculates the boresight error by detecting
the target spot position on the sensitive surface of the spot
position detector (SPD), in which the communication
LOS and the tracking LOS are strictly coaxial?. Practi-
cally, the misalignment of the optical path makes the
tracking LOS and communication LOS incompletely
coincide, which leads to the decrease of coupling efficiency
in the tracking process.

The tracking system based on fiber nutation overcomes
the shortcomings of the classical tracking system, which
directly uses the signal light to solve the boresight error.
The communication LOS and the tracking LOS coincide
completely, and the tracking reference point is stable. In
1989, Swanson et al. first proposed to use fiber nutation to
solve the boresight error and simplify the structure of the
tracking system, in which a voice coil motor is used to
drive the SMF. Due to the technical limitation of the
driver, it is difficult to further reduce the volume of
the fiber nutation device?. In 1992, Knibbe et al. used the
method of electro-optic scanning for nutation signal light
in the propagation path. It has the advantage of high nu-
tation frequency and can improve the detection frequency,
but the insertion loss of the electro-optic crystal is large.
In 2016, Gao et al. used a similar method to solve the bore-
sight error by using a fast steering mirror (FSM) for nu-
tation signal light?. In 2017, they used a piezoelectric
ceramic tube for nutation of the end face of the SMF
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instead of the voice coil motor mentioned above, which
can reduce the volume of the nutation component?. In
2018, Li et al. proposed a coarse and fine tracking method
based on fiber nutation to increase the detection field of
view (FOV)Z. In 2019, Chen et al. reported a fiber nuta-
tion tracking system based on coherent detection, which
has higher detection sensitivity than direct detection.
In the same year, we proposed an engineering scheme of
fiber nutation tracking technology. The system uses an
erbium-doped fiber amplifier (EDFA) to amplify the sig-
nal light, reducing the sensitivity of the signal demodula-
tion module to the insertion loss and the requirement of
gain bandwidth product of the photo-detector?.

In this Letter, considering the application background
of inter-satellite laser communication, the influences of nu-
tation trail repetition accuracy, simplification of coupling
model, spot position jitter, and power variation of incident
light on the detection error are analyzed, and a math-
ematical model for the calculation error is established.
We give the design constraints of the fiber nutation mod-
ule quantitatively by numerical simulation.

Figure 1 shows the principle block diagram of the
tracking system based on fiber nutation. The nutation de-
vice drives the end face of the SMF to scan the spot peri-
odically at the focal plane. The algorithm execution unit
demodulates the boresight error synchronously according
to the nutation position signal and the intensity envelope
fluctuation signal and then controls the FSM to track the
incident light. The demodulation and feedback control
process are implemented in the field-programmable gate
array (FPGA) device.
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Fig. 1. Principle of fiber nutation tracking system based on
direct detection.

At present, there are two methods for calculating
the boresight error: the “stochastic parallel gradient
descent (SPGD) algorithm” and the “four-point scanning
algorithm”2229, The SPGD algorithm relies on multi-
ple iterations, which makes it difficult to improve the
control bandwidth. In this Letter, the “four-point scan-
ning algorithm” is used to explain the principle of fiber
nutation. Figure 2 shows the principle diagram of the
“four-point scanning algorithm”, in which the end face
of the fiber scans the spot counterclockwise. In each nuta-
tion cycle, the moments corresponding to the intersection
[(X+,0), (0, Y+), (X—,0), (0, Y=)] of the nutation
trail and coordinate axis are nT, nT + T/4, nT + T/2
and nT 4 3 T /4. The alignment deviation of light spot
is expressed as?

_ 9% P(nT)
Pz = 4_$'ln|:P(nT7~LkT/2):|’ 1
P :w_gln[P(nT+T/4)] (1)
Yy P(nT+3T/4) |

7’

Fig. 2. Principle of “four-point scanning algorithm”. The area in
the black circle is the spot mode field at the focal plane, the blue
circle is the nutation trail, and the area in the brown circle is the
scanning range of fiber nutation. The red, green, yellow, and pur-
ple circles represent the positions of the end face of the SMF when
nutation trail coincides with the coordinate axis, respectively.

where (p,, p,) is the position of the incident light spot, @y
is the mode field radius of the SMF, r is the fiber nutation
radius, and P(-) is the optical power coupled into SMF
corresponding to time f.

Fiber nutation radius r in Eq. (1) is an important
parameter for the tracking system based on fiber nutation,
which is determined according to the design requirement
of link margin. The signal light receiving system can be
simplified as a thin lens. When satisfying the require-
ment of optimum aperture ratio, the coupling efficiency
of space light into the SMF can be approximately ex-
pressed asi?

1(P) = Ninax €XP (— Z—z) (2)

0

where p is the radial offset of the light spot from the SMF
core, given by p* = p2 + pl.

When the center of the spot mode field coincides with
the center of the nutation trail, there exists a transverse
offset and an axial angular deviation. According to the
geometric relationship, the transverse offset is equal to
the nutation radius. When the axial angle deviation is
small, the main factor affecting the coupling efficiency
is lateral offset, and the coupling efficiency can be ex-
pressed as

2

N(T) = Nax €XP (— %) : (3)

0

To measure the effect of the nutation radius on the cou-
pling efficiency, the loss coefficient of coupling efficiency is
defined as

n(0) —n(r)

K(r) = n(0)

(4)

Assuming that the laser communication link requires
that the loss coefficient should be less than «,,, the fiber
nutation radius r satisfies the equation as follows by sub-
stituting Eq. (3) into Eq. (4):

eafu( )] .

Figure 3 shows the loss of coupling efficiency as a func-
tion of nutation radius r. The larger the radius 7, the more
loss of coupling efficiency. When r/w, < 0.2265, the loss
coefficient was less than 5%, and it was insensitive to the
nutation radius. In the following analysis, the receiving fi-
ber of the tracking system is a 1550 nm SMF (@w; = 5 pm),
and the nutation radius is calculated as 1 pm.

Using Eq. (1) to calculate the boresight error requires
that the spot position and power do not change in a fiber
nutation period, which is difficult to meet in the process of
a real inter-satellite laser communication environment.

The transmission of signal light follows the law of far-
field diffraction: the tilting of the transmitter only changes
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Fig. 3. Loss of coupling efficiency as a function of nutation
radius.

the power in the aperture of the receiving terminal and has
no effect on the detection of boresight error. The tracking
error of the receiving terminal is completely determined by
the tilting of the receiving terminal®d. Therefore, under
the condition of dynamic tracking, the position and power
of the incident light spot at the focal plane will change
dynamically, which will affect the accuracy of the spot
position calculation. In addition, the simplification of
the coupling model and the trail repetition accuracy also
affect the calculation error.

The calculation error caused by model simplification is
due to the use of a simplified coupling efficiency model
from spatial light to SMF in the derivation process.
Equation (2) is an approximate expression of coupling
efficiency; the real coupling efficiency is expressed as™

NP) et = S Jcpew <_ﬁ21m)€(2]° (2 %) rdr| ,

(6)

where € is the occlusion ratio of the optical system. Here,
occlusion is not considered, so € = 0. For an optimized op-
tical system, # = rRwy/Af = 1.12. According to the cou-
pling efficiency model by Eq. (6), the calculated boresight
error is expressed as

2
Droal = &ln |:7’I(P + r)realj|. (7)
NP = 7)real

Figure 4(a) shows the coupling efficiency as a function
of boresight error under the simplified model and the
real model. Figure 4(b) shows the calculated boresight
error as a function of real boresight error by using two
models when the fiber nutation radius is 1pm. When
plwy < 0.6, the coupling efficiency curve in the simplified
model coincides with that in the real model. In the range of
0.6 < p/wy < 1.8, the coupling efficiency in the real model
drops faster, and the ratio of n(p — 1), t0 7(p + 7)1ea be-
comes larger, which eventually leads to the increase of the
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Fig. 4. (a) and (b) are the coupling efficiency and the calculated
boresight error as a function of the real boresight error under the
simplified model and real model.

calculation error. When p/w, > 1.8, the two coupling
efficiency curves coincide gradually, so the calculation
error decreases. The calculation error reaches the maxi-
mum value when p/w, = 1.9. The simulation results show
that using Eq. (1) to calculate the boresight error leads to
a large calculation error, especially when the offset p > @,.
Therefore, when the fiber nutation device is used in engi-
neering without non-linear correction, the detection FOV
should be limited to [—wg, +@y].

The fiber nutation trail is not an ideal circle; its radius
will change randomly and is slightly affected by mechani-
cal vibration and electronic noise. Generally, the fiber nu-
tation radius satisfies the Gauss distribution law
mathematically, which is given by

\/21_776 exp[— (7”2:_5 )2}. (8)

The fiber nutation radius is the statistical mean of the
test results and satisfies 7 = 1 pm. For a single measure-
ment, the range of nutation radius r is (7 — 30,7 + 30).
In the worst case, the optical power corresponding to
the sampling time is expressed as

Py(r) =

P(?’LT) = Pinrlmax eXp[_ w]v

@

; 9)
P(nT + T/2) = Pyl exp[_ w]

@

Substituting Eqgs. (9) into Eq. (1), the calculation error
is expressed as

A, = 3P0 (10)

T

If the relative calculation error A,/p, caused by trail
repetition accuracy is less than 10%, the control accuracy
of the nutation radius is required to satisfy

1
<o T 11
Note that the ellipticity of the circle trail will also affect
the calculation error in theory, but the constant coeffi-
cients of the Eq. (1) corresponding to the X and Y axes
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in the real system are independently calibrated. According
to the centrosymmetric characteristic of the elliptic trail,
the X axis and Y axis are independent, so the calculation
error can be eliminated by correcting the coefficients
separately.

The premise of determining the nutation frequency and
amplitude is to evaluate the influence of spot position
jitter on the calculation error. Our main concern is what
conditions are satisfied for nutation frequency and spot
jitter characteristics, so the calculation error can be
reduced to an acceptable level (generally, the calculation
error is less than 10%).

Under the condition of dynamic tracking, the position
jitter of the incident light spot in the FOV of the fiber
nutation tracking system can be seen as a combination
of vibrations in different directions, which is expressed as
— LU
s(t) = ZAk cos(2zfit + @y), (12)
k=1

where A, f1, and @, are the amplitude, frequency, and
phase of the spot position jitter, respectively, and n rep-
resents the total number of vibration components.
Taking the X-axis motion as an example, the spot dis-
placement projected onto the X axis is expressed as

s(t), = Y [Ar| cos(O) cos(2afit + @), (13)
k=1

where 6, is the angle between the fractional vibration and
the X axis.

To simplify the model, we use the highest frequency of
vibration noise to evaluate the boresight error; the move-
ment of the spot on the X axis is expressed as

s(1), = [Ag|cos(0y) cos@afyt + o). (14)

In the worst case, the direction of motion coincides
with the X axis (6; = 0), and the vibration has the greatest
influence on the calculation of the boresight error.
Calculating the differential of Eq. (9), the maximum
velocity of the spot motion is expressed as

Umax = 2ﬂfHAH7 (15)

where Ay and fy are the amplitude and frequency of spot
position jitter, respectively. Considering the time period
from nT to nT + T /2, the displacement of the spot along
the X axis can be expressed as

A 1 ”AHfH
§=VUmax " 57 — )
2fn fn

(16)

where f, is the fiber nutation frequency.
Substituting Eq. (16) into Eq. (2), optical power
coupled into the SMF is expressed as

P(TLT) = Pinnmax eXpl:* (plw;Zr)z:I;

0

P(HT + T/2) = Pinnmax eXP[—w]

@

(17)

Substituting Eqs. (17) and (16) into Eq. (1), the calcu-
lated boresight error under the condition of spot jitter is
expressed as

o= (e r= ) =] o )

where p? is the calculated boresight error in the X axis,
and “£” represent the relationship between the spot
vibration direction and the boresight error direction.
‘+’ represents the same direction, and ‘—’ represents
the opposite direction.

By simplifying Eq. (18), the relative calculation error is
expressed as

A A A
— H Pa A Ay
AJJF T dra? + 2ra + 2a (19)
A, = TAY  pmAy  zAy
J—= 4ra’ 2ra 2a

where a = f,/fr and is defined as the relative nuta-
tion rate.

Equation (19) shows that the calculation error caused
by spot jitter is related to the alignment deviation, jitter
amplitude, and relative nutation rate when the nutation
radius is determined. By comparing the two items in
Eq. (19), the calculation error is larger when the vibration
direction and the alignment deviation direction are the
same. If the angle range corresponding to the maximum
coupling efficiency of 1/e is defined as the FOV, the range
of p, is between 0 and 5 pm. In the dynamic tracking state,
the spot jitters in the FOV with Ay ranging from 0
to 5 pm.

Figure 5 shows the calculation error as a function of the
relative nutation rate when the jitter amplitudes are 2 pm,
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Fig. 5. Calculation error as a function of the relative nutation
rate with different jitter amplitudes.
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3 pm, 4 pm, and 5 pm, respectively, and the black dotted
line is the reference position error standard (RPES). The
results show that the calculation error decreases with the
increase of the relative nutation rate. The larger the am-
plitude of spot jitter, the higher the relative nutation rate
required. In the worst case, when the relative nutation rate
is greater than 160, the calculation error is less than 10%,
and, when the relative nutation rate is greater than 300,
the calculation error is less than 5%.

The calculation error introduced by power jitter of
incident light is also an important reference for determin-
ing nutation frequency. The FOV of the tracking system
based on fiber nutation can be estimated by formula
0, = wy/fr My, where f; is the equivalent focal length
of the fiber nutation receiving system, and M is the
magnification factor of telescope. The pointing deviation
is less than 6, and vibrates near the tracking point. To
simplify the model, the pointing error is expressed as
0(t) = 04 sin(2xf 4t), where 04 <0,, and 0, and f, are
the amplitude and frequency of the pointing deviation,
respectively. The loss caused by pointing deviation is
given by L(0) = exp(—86%/6%), where 6, is the beam
divergence angle. In the worst case, the power in the re-
ceiving aperture is approximately expressed as

P(t), = 2251 4 10,)]

PIH .

+ T&X [1 - L(HA)] Sln(4”fAt + q)ape>? (20)
where @,,. is the phase of power jitter in the receiving
aperture.

When the incident light power changes, the power in
Eq. (1) is expressed as
P(nT+ T/2)=P(nT+ T/2)yn(nT+ T/2).

Substituting Eq. (21) into Eq. (1), the calculation error
is expressed as

2
Atm = % 1n|:

P(nT)in
o } (22)

P(nT+ T/2),,

Substituting Eq. (21) into Eq. (22),

s ob ] 0 DO+ 1 = Lo sinans 10
1+ L]+ [1— L(0.)]sin(4af 4t + %)
(23)

where f =f,/f 4.

Equation (23) shows that the calculation error is related
to 8,/6, and . The numerical simulation of the system is
carried out under the critical working condition, where the
parameters 6, = 24 prad and f, = 200 Hz. Figure 6 shows
the calculation error as a function of § when the vibration
amplitude 04 is 3 prad, 5 prad, 7 prad, and 9 prad. When

Error(um)

Error(pum)
o
Error(um)

6

4 4
t(ms) 2 t(ms) 2

00

6,=7urad

0 o0
6,=%urad

Fig. 6. Calculation error as a function of ,/6, and f.

is greater than 100, the calculation error is less than 0.3 pm
in the worst case. It can also be seen that the calculation
error caused by power jitter of incident light has no rela-
tion with the boresight error.

In conclusion, the simplified coupling efficiency model,
the trail repetition accuracy, the position, and power jitter
of the incident light will affect the calculation error of the
spot position. According to the analysis results, the detec-
tion FOV of the fiber nutation system should be limited to
arange of [—wy, + @), and the fiber nutation radius should
be 1/5 of the mode radius of the SMF. Under the worst
conditions, the fiber nutation frequency should be 160
times greater than the spot position jitter frequency and
100 times greater than the power jitter frequency. The
analysis methods and results are of great reference signifi-
cance for the design of the fiber nutation tracking system.
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