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Laser complex amplitude measurement using transverse
translation-defocus diversity phase retrieval

JIAHE MENG!, WENBO JING*, BINGKUN HUANG!, MEIHUI LIANG?, DONGIJIE ZHAQ? KAI YAQ?
School of Opto-electronic Engineering, Changchun University of Science and Technology, Jilin 130022, China
2School of Electronics and Information Engineering, Changchun University of Science and Technology, Jilin 130022,

China

In this paper, to effectively constrain the phase reconstruction, we demonstrate the use of Transverse Translation-Defocus
Diversity Phase Retrieval (TTDDPR)as an approach for measuring the phase of the laser. The decomposed sub apertures
are used to generate adequately sampled intensity patterns, a defocus plane is introduced to increase the amount of prior
information for phase reconstruction. An optimization constrained by their joint influence is then employed to retrieve the
phase. The simulation validation of the method is presented to measure the laser complex amplitude and the results
demonstrated the feasibility and precision of the proposed method.
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1. Introduction

The optical quality monitoring of laser beams requires
complex amplitude measurements. The laser complex ampli-
tude comprises two components: amplitude and phase. The
corresponding phase cannot be recorded by a digital camera,
the loss of phase information makes the laser complex am-
plitude reconstruction an ill-defined problem. The majority of
solutions to the phase reconstruction problem involve either
transforming a well-posed problem by introducing extra in-
formation or optimizing an ill-posed problem iteratively [1].

We can induce extra information to recover the phase,
such as the Shack-Hartmann wavefront sensor (SH-WFS)
[2-5], Holography [0-0] and the non-interferometric
Transport-of-intensity Equation (TIE) [9-12]. In contrast to
the method of phase recovery requiring extra information,
Phase Retrieval (PR) [13-16] offers an effective method that
can recover the phase distribution just from intensity-only
measurements. The PR offers advantages such as not requir-
ing additional optics to perform the measurement and the
capability to measure high-order continuous wavefront aber-
rations. The PR has created possibilities for emerging imag-
ing techniques [17,18], including computational and wave-
front sensing. To overcome two of the ambiguity problems
commonly associated with phase retrieval: defocus and twin
image, a translation diverse measurement [19-23] is added to
phase retrieval, which has been shown to make the problem

of image reconstruction by phase retrieval much more robust.

In this paper we aim to present an approach for laser
complex amplitude measurement using the TTDDPR, which
constrains the phase reconstruction to solve the ambiguity
problem of phase retrieval. A transversely translated sub ap-
erture and a defocus plane are used to record adequate inten-
sity information. The amplitude and phase of the laser are
then reconstructed using a nonlinear optimization algorithm
with the information. To decrease the likelihood of getting
trapped in local minima, we concurrently explore a global
initial value estimation algorithm based on the modified par-
ticle swarm optimization. The method is validated by simula-
tion, and analysis and discussion are conducted on the impact
of different aperture decomposition ways on the retrieval
method.

2. Method

The schematic diagram for the linear transformation of
complex amplitude based on TTDDPR is presented in Fig.
1(a). The measured aperture is decomposed into several sub
apertures, and the intensity information of each sub aperture
is obtained after the propagation of the optical field. Subse-
quently, the complex amplitude is reconstructed by a PR al-
gorithm.
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Fig. 1. Schematic diagram of TTDDPR: (a)Schematic diagram for linear transformation of complex amplitude based on TTDDPR. (b)
Schematic diagram of aperture decomposition with a colour bar indicating number of sub aperture positions overlapping the pupil
(colour online)

To effectively decompose the measured aperture, the
aperture decomposition principle shown in Fig. 1(b) is
provided to ensure that the entire measured aperture is
covered by sub apertures. We reasonably select the sub
aperture size based on the requirements of the optical sys-
tem to minimize the negative impact of diffraction effects
on information recovery. The measured aperture is divided
into S radial layers, with the central sub aperture as the Oth
layer. On each layer, the sub apertures are decomposed
into V parts along the circumferential angle.

The index of the sub aperture T is given by the following
equation

0, s=0
£= VAV +2V +3V +..+(s-1)V, s>0 @)

where s is the index of the sub aperture layer number
(0<s<S), Vvis the index of the sub aperture tangential cir-
cumference (1< v <sV). The centre offset coordinates of the
sub aperture is

0} = p, cos(0,) (2)
O) = p,sin(6,)
where p, is the polar radius of sub aperture centre coordi-

nates, &, is the angle of the centre coordinate of the subap-

erture. The complex amplitude of a sub aperture can be repre-
sented as

Uf(x,y):P(x—OTX,y—OTy)AP(x,y)

exp[ =g (x.)] ©

The pupil function of the offset sub aperture plane is

L (x-01) +(y-0) <D,/2

P(x-0!,y-0!)= (@)

0, (x-0) +(y-0!) >D,/2

where (OTX,OTV) is the centre offset coordinates of sub aper-
ture, D, is the diameter of the sub aperture which cannot be

longer than the measured aperture diameter D, 7 is the index

number of the subaperture. The distribution of the light field
from the measured aperture plane to the front end of the lens
U™, can be expressed as

U (xy)=OPM{U (x.y).d} ©)

where OPM{Uf(x, y),d} represents the propagation of a

free space light field over a distance of d for Uf (X, y) , using

the Shifted Band-limited Angular Spectrum (Shifted-BLASM)
method.
Neglecting the thickness of the lens, the field distribution

closely fitting the back end of the lens U™ is
U7 (6 y)=U7 (xy)a (xy) ©

where & (X, y) is the transmittance function of the focusing
lens, f is the focal length of the lens. The distribution of the field
u f,o from the back end of the lens to the actual focusing plane
is
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U, (x, y):OPM{UT'b(x, y),zo} @

where Z; denotes the effective focusing axial distance of the

laser through the lens. A defocusing measurement plane near
the actual focusing plane is added to provide more prior infor-
mation. The defocusing measurement plane field distribution

S .
Uy, is

UZ (xy)=OPM{UZ, (x.y).A2f (@)

where AZ denotes the defocused distance from the focusing
plane to the defocusing plane.

Due to its simplicity and effectiveness, the mean square
error is commonly used as the objective function for minimiza-
tion, and it is expressed as

y)-1Mxy) @

E= ii%lf,(x

7=0 i=0

and

(% y)=|U(x, y)|2 =U(x,y)U"(x,y) (10

where | denotes the index of the measurement plane, | (I =1)

denotes the number of defocused measurement planes,

ZW X,Y)|e

Al (6 y)+ A8,

Im (X,Y) is the measured intensity distribution in the meas-

urement plane and |i| (X,Yy) is the estimation of the intensity

distribution of the measurement plane.

To eliminate the influence of scaling on Eg. (9), we com-
pared the measured intensity distribution in the measurement
plane to the estimation of the intensity distribution of the meas-
urement plane using a normalized mean square error metric

15 () =12 ()]

1 r | xy
> (11)
Ny X[y

(xy)
The detector on the measurement plane is easily subjected
to noise during the measurement procedure, so the actual de-
tector intensity distribution can be modelled as

™(xy)=

M(xy)+n(x,y)+b (12)

where n(x,y) denotes the additive noise with a mean of

zero and b denotes additive signal bias.

In order to reduce the impact of noise on the perfor-
mance of the reconstruction optimization algorithm?” and
address any additional signal bias, the objective function is
ultimately modified to

)

(F+1 Z‘Z

where W_; are weighting terms, &, ; is the signal gain

factor and ﬁr,i is the additive signal bias factor.

We are tasked with minimising the value of E with
respect to experimental parameters. Nonlinear optimiza-
tion is performed using a Limited-memory BFGS
(L-BFGS) [24] optimizer for this work. To address the
issue of nonlinear optimization algorithms suffering from
the phase-stagnation problem with a limited initial guess,
the method, named EM-PSO algorithm [25-28] for Evolu-
tionary and Metropolis-Particle Swarm Optimization, is
introduced. The EM-PSO tends to converge faster and
requires fewer iterations to find a good global minimum,
the EM-PSO is less likely to get stuck in local minima
compared to traditional methods because it uses a popula-
tion of particles to explore the search space in parallel,

0 i=0 Z WZ',i (X’ y
(xy)

(13)

)| (xy)f

providing multiple opportunities to escape local traps. This
makes it well-suited for the phase retrieval problem, where
the initial phase is unknown and the optimization land-
scape is complex. The use of the EM-PSO algorithm to
obtain the initial iteration value for the L-BFGS algorithm
improves the convergence speed and precision of the
L-BFGS algorithm.

3. Simulation and analysis

Simulation is performed to validate the effectiveness
and precision of the laser complex amplitude retrieval
method. The main parameters used in the simulation tests
are shown in Table 1.
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Table 1. The basic parameters of simulation

Parameters Value
Wavelength (nm) 632.8
Aperture sampling diameter (pixel) 512
Image size (pixel) 1024x1024
Subapertures sampling diameter (pixel) 256
Distance between the aperture and the front end of the lens d (mm) 100
Aperture plane sampling spacing (um ) 5x5

37-term Zernike polynomials are used for recon-
structing the wavefront, with piston set to zero. The laser
complex amplitude is randomly generated as depicted in
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Fig. 2 (a) and (b). The measured aperture is divided into S
=1and V =12 as shown in Fig. 2 (c).
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Fig. 2. Simulation data: (a) Measured amplitude. (b) Measured phase. (c) Aperture decomposition principle (colour online)

The intensity data of the focusing and defocusing
measurement planes shown in Fig. 3 are generated ac-
cording to the Shifted-BLASM method. The Shifted
Band-limited Angular Spectrum method (Shifted-BLASM)
is an improved angular spectrum propagation algorithm
that enhances the accuracy and stability of wave propaga-
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tion simulations. By shifting the frequency spectrum, it
avoids aliasing effects and provides better performance for
large-angle propagation cases. The defocused distance
between the focusing measurement plane and the defocus-
ing measurement plane is set to 15mm.

C [ndCX

0

1(A)
05
0
pixel 0 256 512
(b)

Fig. 3. Intensity images: (a) Focusing plane intensity image with index 0. (b) Defocusing plane intensity image with index 0
(colour online)
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Before computing the phase retrieval error, we applied
phase unwrapping to both the recovered phase and the
ground truth to ensure that the error calculation is not af-
fected by phase wrapping.

The Relative Root Mean Square Error (RRMSE) is
used to measure the recovery precision of amplitude and
phase in laser complex amplitude measurement.

XZV‘,)IAR(X’y)—As(X’y)IZ

RRMSE,,,, =

%‘,)Iﬂs (x.y)|

(;y)|¢R (X! y) _¢s (X’ y)|2

(14)

RRMSE,,, =

where AR(x,y) and A (X, Y) respectively represent
the laser amplitude recovery value and the ground truth,
#:(X,y) and ¢ (X,y) represent the laser phase recovery

value and phase ground truth, respectively. The smaller the
RRMSE, the higher the recovery precision. In order to

p]‘(el.
1024

plxel.
1024

(><Zy:)|¢S (X’ y)|2

analyse the relationship between the different aperture
decomposition ways and the precision of laser complex
amplitude reconstruction, the measured aperture is de-
composed as shown in Fig. 4.
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Fig. 4. Different decomposition ways of measuring aperture: () S=1andV=12. (b)S=1andV=20.(c)S=2andV =12
(colour online)

Twenty sets of laser complex amplitudes are randomly
generated as the ground truth. In Fig. 5, as the aperture is
decomposed more finely, the precision and the stability of
laser complex amplitude measurement increases. The
RRMSE of amplitude and phase corresponding to S = 2
and V =12 is 0.00037 and 0.00016, respectively. It can be

seen that the precision of laser complex amplitude recon-
struction based on the TTDDPR is higher, and the recon-
struction stability is better than that based on the single
aperture method. This could be attributed to the aperture
decomposition providing more measurement data which
offer additional prior information.
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Fig. 5. RRMSE of laser complex amplitude in different aperture decomposition ways (colour online)
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Fig. 6 shows the performance comparison results of
PSO with different population sizes and the EM-PSO. The
comparison of Zernike coefficient errors emphasizes the

superior performance of the EM-PSO algorithm, particu-
larly in achieving accurate phase initial estimations.
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Fig. 6. Comparison of Zernike coefficient errors between PSO and EM-PSO: (a) Comparison of Zernike coefficient errors of amplitude.
(b) Comparison of Zernike coefficient errors of phase (colour online)

The EM-PSO-L-BFGS algorithm is used to globally op-
timize the laser complex amplitude, and the result is shown in
Fig. 7. It can be seen that the reconstructed amplitude and
phase of laser depart very little from the ground truth.

When S =1 and V = 12, the RRMSE of the amplitude and
phase between the ground truth map and the reconstructed
map are 0.00125 and 0.00114, respectively, confirming the
accuracy and efficiency of the method.
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Fig. 7. Results of laser complex amplitude reconstruction (colour online)
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4, Conclusion

We proposed a laser complex amplitude retrieval
method using the transverse translation-defocus diversity
for capturing intensity distributions from various subaper-
tures at focusing and defocusing measurement planes. To
avoid the problem of the L-BFGS algorithm getting stuck
in local minima, we introduced an EM-PSO-L-BFGS al-
gorithm. Simulation validated the effectiveness and preci-
sion of the method, demonstrating that for S =1 and V =
12, the RRMSE for the reconstructed laser amplitude and
phase can reach 0.00125 and 0.00114, respectively, vali-
dating the effectiveness and the precision of the proposed
approach.

There are limitations to this simulation-based study.
To further validate the effectiveness of the simulation re-
sults, the experimental verification is planned to be con-
ducted in future work. We believe that with experimental
validation, the proposed method will show great potential
in practical applications.
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