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Abstract: Coupling between exiting wavefront error of space gravitational wave telescopes
and tilt-to-length (TTL) noise affects the measurement accuracy. Using the LISA Pathfinder
signal, we analyzed cancellation and superposition of TTL coupling noise under various optical
aberrations. We proposed proportion requirements of any two aberrations amplitude when noise
was cancelled and an aberration amplitude control requirement when noise was superposed.
Taking them as the aberration control requirements of gravitational wave telescope optical system,
the exiting wavefront error requirements was reduced while suppressing the TTL coupling noise.
A 40x optical telescope system with detection aperture (=200 mm was designed. The exiting
wavefront error was relaxed from 0.02 A to 0.0496 L. The maximum coupling coefficient value did
not exceed 6.9448 pm/urad within a pointing jitter angle of +300 prad. The proposed approach
should be useful in future telescope design.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In 2016, the Laser Interferometer Gravitational-Wave Observatory (LIGO) detected a gravitational
wave generated by the merging of two black holes and, thus, confirmed Einstein’s prediction made
one century before this incident [1-3]. Despite this success, LIGO’s ability to detect gravitational
radiation is hampered by low-frequency Earth pulse vibrations, gravitational gradient noise, and
the Earth’s curvature. A space-based gravitational wave detection system can overcome these
limitations. The most sensitive detection band of this system lies in the range of 0.1 mHz-1 Hz
[4]. To accurately detect the gravitational waves, the measurement noise of the observatory in
this detection band must be lower than 1pm/+/Hz. This imposes strict requirements on all parts
of the observatory [5].

It is particularly important to ensure optical path stability and wavefront quality of the optical
telescope—the device that transmits and receives signals at the front end of the gravitational wave
detector [6,7] with picometer precision. However, in space laser interferometry, satellites are
vulnerable to nonconservative forces generated in the space environment, resulting in tilt-to-length
(TTL) noise caused by the tilt of the beam received by the telescope [8]. According to existing
research findings, the influence of TTL noise on laser interferometry can be suppressed by
adding an imaging system in front of the quadrant photodiode (QPD) [9]. However, TTL
noise can still couple with the wavefront error owing to the telescope’s manufacturing and
processing characteristics; this coupling is an important noise source that affects the accuracy of
interferometry [10]. Based on the present guidelines, the coupling coefficient should not exceed
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25 pm/prad within the range of the pointing jitter angle of +300 prad [11]. It is conducive to
reduce the sensitivity of optical path length information to telescope jitter, which decreases the
additional optical path length introduced in heterodyne interferometry, improves the analytical
accuracy of interferometry, and restores a more complete gravitational-wave signal [12].

In recent years, there has been considerable progress toward the suppression of the influence
of TTL coupling noise on the accuracy of space laser interferometry. Sasso et al. considered the
wavefront error composed of the first eight Zernike polynomials and calculated the relationship
between pointing jitter and low-order aberration coupling based on the analysis of the LISA
Pathfinder (LPF) signal; they found that the root-mean-square (RMS) value of the telescope’s
wavefront error should be less than A/65 to meet the detection requirements [13,14]; Zhao et
al. considered the first 25 Fringe Zernike polynomials to fit the exit pupil wavefront of the
telescope and demonstrated that the wavefront error RMS value of the LPF signal should be
less than A/50 to meet the detection criteria [15,16]. However, published studies have neither
thoroughly explored the coupling mechanism between optical aberrations and TTL noise nor
proposed specific control requirements for the amplitudes or ratios between different aberrations
in the telescope optical system; therefore, strict control requirements for the exiting wavefront
error remain necessary.

Accordingly, we aimed to effectively relax the control requirements of wavefront errors when
the coupling coefficient meets the requirements. First, we studied the influence of different
aberrations on TTL noise and developed a theory on the cancellation and superposition of different
optical aberrations coupled with TTL noise. Subsequently, we obtained a ratio of aberration
amplitudes, for which the coupling coeflicient is almost completely canceled. Regarding the
superposition relationship, we proposed additional control requirements for the aberration that
contributes the most to TTL coupling noise in superposition cases. Further, we regarded this
as the aberration control requirement of the optical system of the gravitational wave telescope,
which effectively reduces the control requirement of the exit pupil’s wavefront telescope error
and thus decreases the difficulty of the design of the optical system. This study demonstrates that
the coupling coefficient for the same system’s wavefront error is reduced significantly after the
inclusion of these cancellation and superposition control requirements. When the RMS value of
the wavefront error was A/20, which is 2.5 times wider than the RMS value required to meet the
detection criteria in current practice, the control requirements of the coupling coefficient of the
space gravitational wave detection were met. Finally, according to the theoretical research and
analysis efforts outlined above, an optimized optical space-based gravitational wave telescope
system was designed, which provides an effective reference for subsequent optical system’s
designs of telescopes.

2. Optical model

The space-based gravitational wave telescope intercepts and shrinks the far field wavefront into a
flat-top beam, then transmits this signal to the optical platform, where it interferes with the local
Gaussian beam on the QPD, as shown in Fig. 1. Assuming that the centers of the two interference
beams coincide, the phase information O,,; is obtained by integrating over the QPD surface [10],

2
Opyi = / E\E;dr* = / ew? N0 gy, 0]
s s

where E| and E, represent the Gaussian and flat-top beams, respectively; (7, €) are the polar
coordinates of the detector surface; w(z) is the spot size on the detector, and W(r, ) is the total
wavefront error of the system.

Because of the inevitable pointing jitter of the telescope, TTL noise will be introduced and
coupled with the telescope wavefront error, which is an important source of noise that affects the
accuracy of interferometry. To describe more directly the coupling relationship between TTL
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Fig. 1. Optical path system of a space laser interferometer (QPD: quadrant photodiode).

noise and wavefront error, and to identify a method to suppress TTL coupling noise, we use the
Fringe Zernike polynomials to fit the telescope wavefront error signal [15]. In addition to the
radial symmetric defocus (DE) and two spherical aberration terms, the sinusoidal and cosine
terms of other Zernike aberrations are combined to represent the vector form of aberrations, as
shown in Table 1.

Table 1. Aberration consisting of Fringe Zernike polynomials

i n,m J Zj(p, 6) Aberration name
23 1,£1 1 2pcos(6 — Ory) Tilt

4 2,0 2 V3(2p% - 1) Defocus (DE)

5,6 2,42 3 \r6p2cos(29 — Opa) Primary astigmatism (PA)
7,8 3,x1 4 \/§(3p2 - 2p)cos(6 - Opc) Primary coma (PC)

9 4,0 5 V3(6p* = 6p2 + 1) Primary spherical (PS)
10,11 3,43 6 V8p3 cos(36 — Oprr) Primary trefoil (PTR)
12,13 4,42 7 V10(10p° — 120> + 3p) cos(20 — Os4) Secondary astigmatism (SA)
14,15 5,+1 8 V12(100° - 1203 + 3p) cos(6 — Os¢) Secondary coma (SC)
19,20 5,43 11 V12(5p° - 4p3) cos(36 — OsR) Secondary trefoil (STR)

The LPF signal was used to calculate the phase information to determine the optical path noise.
The coupling coefficient () is the first derivative of the LPF optical path noise with respect to
the tilt angle, and its expression is given as,

0=B1+2*B)*a, 2)

where the detailed derivation process of Eq. (2) is presented in Supplement 1, « is the inclination
angle of the laser, and the coefficients B and B; are respectively expressed as,

Blzvl*Ml*vg, 3)
B2=v2*M§, “4)

vi = {C}, G R YR, (5)
vy = {ADF,ASS B BAY, (6)

where v is an aberration vector with the components given in Eq. (5), namely, the amplitudes of
the primary coma (PC), secondary coma (SC), primary trefoil (PTR), and secondary trefoil (STR),
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and v, is another vector comprising the amplitudes of DE, primary spherical (PS) aberration,
primary astigmatism (PA), and secondary astigmatism (SA). The components of matrices M
and M are given in Tables 2 and 3; they represent the constant terms obtained after the addition
of Zernike polynomials, which are the coefficient matrices obtained by setting the normalized
radius to w; = 1 and setting both 61y and 6, to 0. Thus, Eq. (2) demonstrates that there is no
relationship between the coma and the trefoil terms that are both independently coupled with TTL
and that the spherical aberration and DE are not coupled with the trefoil. For the convenience
of subsequent analyses, the aberration amplitudes in v; and v, will be denoted as Aj?‘ber, BJ‘f"ber,

and Cj?‘ber, where the term “aber” indicates the abbreviation of different aberrations and j=1, 2,
3,..., 11 indicates the serial number of the aberration.

Table 2. My matrix

b
1 (DE) 2 (PS) 3 (PA) 4 (SA)
a\Mj(a,b)

1 (PC) -12266.0  -8789.6 -2226.4  -11292.0
2 (SC) 3362.6 -12382.0 924.2 -4108.0
3 (PTR) 0 0 -12324.0  -13349
4 (STR) 0 0 2190.5 -12018

Table 3. My matrix

b 1 (DE) 2 (PS) 3 (PA) 4 (SA)
M;(b) -5098000 -1319400 -5772800 1210800

According to the coupling of different types of optical aberrations with TTL noise, the
two terms in Eq. (2) were separated and were then summarized as follows according to the
characteristics of the analytical formula:

01=2%By*a
7a
:M2(b)*A]‘".‘ber*a+M2(b)’*B]"?ber*a*cos(eaber—ZH(,), 7
0r=B]
=M1 (a,b)*A;ber*C?ber*cos(gaber_ea) (7b)

+M1 (Cl,b)’*B}ibcr*C;ber*COS(Haber_Haber_H(t),

where Eq. (7a) is an analytical formula used for coupling an aberration vector with TTL noise
and Eq. (7b) is an analytical formula for coupling two aberration vectors with TTL noise. The
M (a, b) and M, (D) are the relevant components of coefficient matrices M| and M,. We analyzed
Egs. (7a) and (7b) and determined that effective suppression can be obtained with a § <25
pm/urad aberration control requirement.

3. Effect of aberration on TTL coupling noise
3.1.  Cancellation relationship between optical aberration and TTL noise after coupling

The different optical aberrations at the exit pupil of the telescope have different characteristics after
coupling with TTL noise; this can lead to partial cancellation instead of a single superposition
relationship between various aberrations and the TTL noise after coupling. This section starts with
the theory on the influence of aberration on TTL noise coupling in the cancellation relationship,
and analyzes the reason for the formation of cancellation relationship.
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First, we expanded and divided Eq. (7a) into Egs. (8a)—(8d),

6PE=5.0980 * 1044 Exq, (8a)

675 = —1.3194%100 « AES « (8b)

5PA —5.7728 % 10° BPA x @ * cos(Opy — 204), (8¢c)
5fA =1.2108 = 10° * B?A # @ * cos(fsp — 204). (8d)

Thus, four wavefronts containing only DE, PS, PA, or SA were generated respectively, and
each generated wavefront was substituted into the corresponding Eqs. (8a)—(8d) for calculation.
Figures 2(a), 2(b), 2(d), and 2(e) show the four results obtained when the coupling coefficient was
+25 pm/urad. Combined with the analytical formula and the corresponding TTL coupling noise
calculation results, the coefficients of Eqgs. (8a) and (8b) for circularly symmetric aberrations (DE
and PS) have opposite signs, the noise results were circularly symmetric, and the noise directions
in the middle and edge regions between them were opposite. Accordingly, we incorporated
both into Eq. (7a) for simultaneous calculation, and found that the final coupling coefficient was
canceled, i.e., its value was extremely small (6.56 x 10~ pm/urad), as shown in Fig. 3(c). In
addition, by simultaneously adding the amplitudes B and B3* of centrosymmetric aberration to
Eq. (7a), the coupling coefficient was canceled again. As shown in Fig. 2(f), the noise results were
centrosymmetric and both exhibited opposite characteristics in the x and y directions. Therefore,
controlling aberration amplitudes with opposite characteristics can lead to cancellation after
coupling with TTL noise.
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Fig. 2. Tilt-to-length coupled noise calculation results for various aberration amplitudes:
(a) ADE =0.016351. (b) AES =0.063164. (c) ADE = 0.016351 and AES = 0.06316..

(d) B = 0.014442. () B3* = 0.068824. (f) BY* = 0.014441 and B3* = 0.06882..

Further, to describe the cancellation mechanism after the coupling of aberration and TTL noise
more intuitively, we plotted the variation of the coupling coefficient as ADE and APS varying
in the range of 0-0.01 L. As shown in Fig. 3(a), with the increase in AzDE or ASPS, the coupling
coefficient first decreased and then increased. When the ratio of the two equaled to the slope of the
red straight line, the coupling coefficient was at its minimum and was almost completely canceled.
In addition, we found that, when only DE and TTL noise were coupled, the coupling coefficient
reached a maximum. Similarly, when we set the variation range of BY* and B3* to 0-0.01 A and
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Fig. 3. Tilt-to-length coupled noise changing with aberration amplitudes Ajf‘ber. (a) AZDE
and AS. (b) BEA and B3A.

obtained the results of the coupling coeflicient variation with BPA and BSA the position at which
the coupling coefficient reached its minimum value was also along the red straight line, as shown
in Fig. 3(b). Therefore, the slope of the red line is the aberration cancellation ratio. When the
ratio between aberrations reaches the cancellation ratio, the influence of TTL coupling noise on
spatial interferometry is suppressed to the maximum.

To evaluate this ratio, Egs. (8a), (8b), (8c), and (8d) of the corresponding aberrations were
combined to obtain the best cancellation ratios, namely, APS/ADE = 3.864 and BSA /BPA 4.768.
When these conditions are fulfilled, the coupling coeﬂicnent is approx1mately equal to 0 and the
tilt-to-length coupled noise can be suppressed to the greatest extent.

The values of AZDE in Fig. 2 obeying the optimal cancellation ratio were inserted simultaneously
into Eq. (7a). The result is shown in Fig. 4(b). Coupling coefficients less than 1x 107>
pm/urad were far lower than the control requirements of the coupling coefficient in space-based
gravitational wave detection. In addition, based on the cancellation ratio, the worst cases in
which the detection requirements were met were obtained, which had opposite noise directions
(Figs. 4(a) and 4(c)). Thus, controlling the ratio between the canceled aberrations is an effective
approach to suppress the TTL coupling noise such that the wavefront errors at the same level can
have lower coupling coefficients.
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Fig. 4. Tilt-to-length coupled noise calculation results meeting the detection requirements:
(a) and (c) worst results; (b) best results.

3.2.  Superposition relationship between optical aberration and TTL noise after coupling

As discussed in the previous section, effective suppression of the TTL coupling noise was
achieved by controlling the ratio of canceling aberrations to achieve the best canceling ratio.
However, only the DE, PS, PA, and SA amplitudes were considered. There are other optical
aberrations in the wavefront of the actual telescope optical system. These aberrations have a
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superposition relationship with the TTL noise after coupling. By adding the control requirements
to the superposition aberrations, the TTL coupling noise can also be suppressed effectively.

We continued to use the aberration amplitudes ADE, AZS, BY*, and B3* shown in Fig. 2 by
adding CJ°, C5¢, CE™, and C{[®, respectively, to analyze the influence of coma and trefoil
terms on the TTL noise. In the analysis, the influence of Eq. (7a) on the TTL coupling noise can
be ignored because the amplitude of the canceling aberration reaches the canceling ratio. Here,
only the partial expansion of Eq. (7b) was considered, and an analytical formula for the coupling
of TTL noise with two different aberrations was obtained as follows:

62 =M (1,1)*ADE « CF€ « cos (Bpc — 04)
+M;(2,1) % ADE % C5€ * cos (Bsc — q)
+Mi(1,3)  BS® % CE€ x cos (6pa — Opc — 0)
+ M (2,3) % BE % C5C€ % cos (6sc — Opa + 6a) -

(€))

According to Eq. (9), the value of the coupling coefficient depends on the aberration amplitude,
coefficient, and cosine term. For the convenience of subsequent analyses, we did not consider the
direction angle of aberration, i.e., Oaper Was set to 0. In the M matrix, the only components of
M with positive coeflicient symbols were M (2, 1), M1(2, 3), and M (4, 3); most components
had negative coefficient symbols. Additionally, when the spherical and astigmatism terms
reached the cancellation ratio, M1(2, 1) x ADE x C§C<< M1(2,2) x AES x C5€, M1(2,3) x B x
C3C<<M(2,4)x B3 x C5€, and M, (4,3) x B?A x CTR << M, (4.4) x B3 x CTIR. Therefore, 6,
could be represented by the same symbol, and the distribution of TTL coupling noise maintained
the same direction and resulted in the superposition of the coupling coefficient with the addition
of coma and trefoil terms. As shown in Fig. 5(a), the calculation result included four canceling
aberrations plus a specific aberration coupled with TTL noise and the amplitude of the specific
aberration was equal to 0.015947 A. For ease of comparison, Fig. 5 shows all four calculation
results using color bars at the same scale; the largest coupling coefficient was obtained after the
addition of PC (£25 pm/urad). The coupling coefficients calculated by adding trefoil (Figs. 5(c)
and (d)) were close to 0. Based on this superposition principle, controlling the amplitudes of the
coma and trefoil terms can effectively suppress the TTL coupling noise. However, considering
the difficulty of the design, we only controlled the aberration with the highest contribution.
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Fig. 5. Tilt-to-length coupled noise calculation results for various aberration amplitudes:
(a) CHC=0.015974, (b) C3€= 0.015974, (c) CE™=0.01597., and (d) C}[R=0.015971.
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To analyze the contribution of coma and trefoil terms to the TTL coupling noise, the variation
ranges of Ci¢, Cg€, CF™®, and C{[® were all set in the range of 0-0.01 A. As shown in Fig. 6,
the coupling coefficient increased as a function of the aberration amplitude, but PC contributed
the most toward the TTL coupling noise, whereas PTR contributed the least. Therefore, it is
more important to control the value of the PC than that of the SC, PTR, and STR in the optical
system’s design of space-based gravitational wave telescopes.

150~
.  --PC -@- PTR

125} SC 4 STR

02 (pm/prad)

0
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Aberration amplitude ()

Fig. 6. Contributions of primary coma (PC), secondary coma (SC), primary trefoil (PTR),
and secondary trefoil (STR) to the tilt-to-length coupling noise coefficient ¢, as a function
of aberration amplitude.

Focusing on the index of the TTL coupling noise, we separated Eq. (9), in which PC was
coupled with other aberration terms, and established the following control requirement for PC:

25
PC
ST 11528 % 10%4ADE - 2,025 « 10°+AFS - 8.2609 « 10°+BPA - 1.0613 * 10%+B5A
(10)

The TTL coupling noise can be reduced further by incorporating this control requirement into
the design of the optical system.

3.3. Noise cancellation and superposition theory reduces the limiting effect of the
telescope’s wavefront error

We used the Monte Carlo algorithm to predict the coupling of wavefront error with TTL noise at
the exit pupil of the telescope at different constraints in the following two cases: 1) when there
are no restrictions on aberration and 2) when the ratio of circularly symmetric and centrally
symmetric aberration is controlled and the amplitude of PA is controlled according to Eq. (9).

For the control system’s total wavefront error RMS values were equal to A/50, /40, A/30,
M20, and /10, 10,000 samples meeting the abovementioned aberration control requirements and
wavefront errors were randomly generated by the Monte Carlo algorithm and inserted into Eq. (3).
The parameters 6, and higher-order aberrations were not considered in the calculations; @ was
used to replace tj, and the maximum value of the TTL coupling noise was obtained within the
range of +£300 prad.

The results of the analysis are shown in Fig. 7. To compare the analyzed results at different
aberration control requirements, we list the maximum values of the coupling coefficients at
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different aberration control requirements and wavefront errors together with the proportion of
samples which did not exceed 25 pm/urad in Table 4. The coupling coefficient distribution for
any wavefront error RMS value was smaller in case (1) than that in case (2). Additionally, when
the RMS value was A/20, the proportion of samples meeting the coupling coefficient requirements
reached 99.77%, whereas the proportion of samples in case (2) was only 6.04%. In addition, it is
worth noting that the coupling coefficient was relatively large in case (1). Herein, we considered
the worst case, in which the amplitude of superposed aberrations at the exit pupil of the telescope
was very large and the coupling between these aberrations and noise lad to a higher coupling
coeflicient.

Table 4. Maximum value of the coupling coefficient and percentages of values below 25 pm/prad at
different control requirements

c M50 M40 M30 M20 M10
ase
Maximum proportion Max proportion Max proportion Max proportion Max  proportion
(Max)
Case 1 4.271 100.00%  6.63  100.00% 11.69 100.00%  26.70  99.77%  104.47  7.89%
Case 2 41.21 87.10% 5140 6342% 66.68 30.51% 104.67  6.04%  231.97  0.00%
250 -
M Case 1: Limited
200 | | Case 2: Unlimited
= 1501
=
=
g
&
= 100
50 |- A
(296, 2P\ &% LI A
0 b=t = | e, ‘- 1

1/50 1/40 1/30 1/20 1/10
Wavefront error ()

Fig. 7. Coupling effect of different numerical wavefront errors and tilt-to-length noise
in cases of unlimited and limited aberrations. The red line indicates the critical coupling
coeflicient level (25 pm/urad).

Therefore, in designing the optical system for a space-based gravitational wave telescope, it is
necessary to control the proportion of canceled aberrations and the amplitude of the superposed
aberrations. This can effectively relax the control requirements of the wavefront quality at the
exit pupil of the telescope while suppressing the TTL coupling noise.

4. Optimal design of the telescope optical system

The space-based gravitational wave telescope should not only meet basic imaging quality
requirements but also meet the measurement requirements such that the coupling coeflicient
does not exceed 25 pm/urad. Achieving this noise level by using previously published methods
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requires imposing higher restrictions on the wavefront error, thus increasing the design difficulty
and manufacturing costs. However, by using the proposed law of cancellation and superposition
of coupling coefficients between aberrations to relax the control requirements of the wavefront
error while meeting those of the coupling coefficient as the final evaluation index, we can reduce
the design difficulty by providing the optimal design for an off-axis, defocused, four-mirror
optical system. The design index of the optical telescope system is shown in Table 5.

Table 5. Optical system design index

Parameter System Requirement

Exit pupil diameter 200 mm
Wavelength 1064 nm

Field-of-view +8 prad

Afocal magnification | 40x

Coupling coefficient <25 pm/prad

We controlled the aberration amplitudes to reach the cancellation ratios (AZS /JADF= 3.864,
B3*|B¥= 4.768). By controlling the amplitude of PC according to Eq. (9) and by establishing
the RMS value of the wavefront error of the telescope system to be equal to A/20, the optical
system of the space-based gravitational wave telescope can be optimized, as shown in Fig. 8.
The design indices of each reflector of the telescope are listed in Table 6. The amplitude (Ajaber,

Bber | cabery and direction angle () of the optical aberration of the telescope system are listed
in Table 7. As shown in Fig. 9, the wavefront error of the telescope system was 0.0496 A. The
ratio of DE to PS was 3.864 and that of PA to SA was 4.768, both of which meet the aberration
cancellation ratio requirements. As a result of coupling between the wavefront error and TTL
noise, the maximum coupling coefficient value does not exceed 6.9448 pm/urad within a pointing
jittering angle range of +300 prad, which meets the noise requirement.

Table 6. Optimized design parameters of the space-based based
gravitational wave telescope’s optical system

Mirror | Radius (mm) | Thickness (mm) | Conic | Decenter Y (mm) | Tilt (°)
PM -1064.226 -508.412 -0.876 -120 0
SM -49.924 574.0562 2.272 0 0
™ -723.420 -245.658 0 -5 -1.5
QM 756.211 246.871 0 -7 -0.5

Table 7. Zernike polynomial fitting of the amplitude and direction of the
wavefront at the exit pupil of the telescope

A;lbel‘(B;lber’ C'jaber)/gj AZDE BgA/HPA CEC/HPC AES CgTR/HPTR
nm/rad 4.12 3.82/0 27.48/0 15.93 33.46/-1.57
Asber(piber, cibery gy | BSAJosa | C¢/6sc | A | ARTE/6pre | CTTR/Ostw
nm/rad 18.19/0 5.14/-1.57 0.36 0.74/0 0.44/-1.57
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Fig. 9. (a) Wavefront at the exit pupil of the optimized telescope. (b) Calculated tilt-to-length
coupled noise.

5. Conclusion

In this study, we evaluated the influence of optical aberration on TTL noise using the LPF signal
and investigated the theory associated with the cancellation and superposition after the coupling
of optical aberration with TTL noise. We inferred that, when the ratio of PS aberration to DE
was 3.864 and that of PA to SA was 4.768, TTL coupling noise was suppressed to the greatest
extent. Control requirements were proposed for PC aberration, which contributes the most to
TTL coupling noise in the superposed aberration. With these aberration control requirements,
the detection requirements could be met with a wavefront error RMS value of A/20, which is 2.5
times wider than that required currently.

Based on this analysis, the optimal design for a space-based gravitational wave telescope was
proposed. The ratio of canceling aberration was approximately equal to the optimal aberration,
and the amplitude of superposed aberration met the control requirements. The maximum value
of the coupling coefficient did not exceed 6.9448 pm/urad within the +300-urad pointing jitter
range, and the RMS value of the total wavefront error of the system was relaxed to 0.0496 A.
These results provide an effective reference for subsequent research on suppressing TTL coupling
noise, thus leading to an improved design for space-based gravitational wave telescopes.
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