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Abstract. The multiple light scattering in biological tissues limits the measurement depth for traditional wavefront 
sensor. The attenuated ballistic light and the background noise caused by the diffuse light give low signal to noise 
ratio for wavefront measurement. To overcome this issue, we introduced a wavefront estimation method based on a 
ray tracing algorithm to overcome this issue. With the knowledge of the refractive index of the medium, the 
wavefront is estimated by calculating optical path length of rays from the target inside of the samples. This method 
can provide not only the information of spherical aberration from the refractive-index mismatch between the medium 
and biological sample but also other aberrations caused by the irregular interface between them. Simulations based on 
different configurations are demonstrated in this paper.  

1 Introduction  

As light passes through biological tissue, it can be 
absorbed, refracted and scattered, limiting the resolution 
and depth of optical imaging in biological tissues. 
Overcoming these challenges will benefit a wide range of 
applications from basic biological research to clinical 
investigations. Although scattering will exponentially 
reduce the intensity of ballistic light with the imaging 
increasing depth, correction of refractive aberration still 
benefits the imaging resolution and contrast [1,2]. 
Wavefront correction can dramatically reduce the 
surrounding lobes of the point spread function. The 
advantages of the large isoplanatic angle and fast 
correction speed make it suitable for live imaging.  
To correct the refractive aberration, Adaptive Optics 
(AO) with different strategies has been applied in optical 
microscopes [3]. However the performance of those 
systems relies heavily on the intensity of the ballistic 
light from the samples. In biological tissues, the ballistic 
light will be attenuated exponentially with increasing 
depth because of scattering. When using Shack-Hartmann 
wavefront sensing, the scattering will not only limit the 
amount of photons delivered to the guide-star, but also 
increase the background noise. In a recent study, near IR 
guide star has been used for a two photon microscope to 
extend the wavefront measurement depth [2]. 
Interferometric focusing has been also applied to a guide 
star to increase the SNR of the wavefront sensor [1].  
An alternative way to correct aberration in a thick 
biological tissue is to use wavefront sensorless method. 
Instead of measuring the wavefront directly, the optimal 
phase is retrieve by maximizing the detected signal from 
samples [4] or calculating from the optical model of the 

mediums [5,6,7].  The latter one becomes more useful 
when pushing imaging depth limit. The optical model for 
spherical aberration induced by refractive index (RI) 
mismatch between the medium and samples has been 
used to correction aberration in skin tissue, mouse brain 
tissue and of C. elegans [5,6,7]. Here we introduced a 
more general model which can take into account of the 
irregular interface.   

2 Methods  

The concept of wavefront calculation based on ray 
tracing method is shown in Fig. 1. Let’s suppose the 
mediums between the target and objective can be 
separated into multiple uniform layers. The RI of each 
layer is given or can be measured. The rays from the 
target inside the sample propagate to the objective 
through those layers. With the single layer, such as 
waster in case of water immersion objective, the light 
from the objective forms a perfect spherical wavefront 
and focuses at the point O0. From this point, a perfect 
reference sphere can be constructed with the radius of R, 
which is as shown in Fig. 1. Then the ideal optical path 
length (OPL) of each ray from O0 to the reference sphere 
through the single medium can be determined by  

ideal M
OPL n R�     (1) 

where nM is the RI of the top layer. The ray from the 
target is defined in a spherical coordinate as  
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where �� ���� � is azimuth angle and zenith angle. Then 
the optical aberration is calculated as the optical path 
difference between the ideal OPL and the real OPL of ray 
between the target and reference sphere,

1

OPD( , ) OPL OPL
M

i ideal j j ideal
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where Li is the OPL of the ray. nj is the RI of jth layer. lj is 
the length of the ray in j

th layer. The final wavefront in 
the pupil plane ( , )W r �� can be calculated from Eq. (2) by 
converting the spherical coordinate at the target point to 
the polar coordinate at the pupil plane. Suppose the ray 
l ( , )� � from the target intersects the reference plane at 
P(px py pz). Then the coordinat of ray in the pupil plane is 
given by

2 2
x y

r p p� �     (4)
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where px and py are x and y coordinates, respectively. If
the reference sphere is k

th surface, the intersection point 
Pk is calculated as 
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P P dl�� �     (5)

with
2 22 2

1 1 1( ) ( ) ( )
k k k k k k

k

l P l P l P R

d

l

� � �� � � �
�

� �

To calculate the OPL of rays in each layer, the ray tracing
algorithm is implemented to obtain the intersection point 
and the normal to the interface. The ray is described by 
the location of the ray origin and the direction vector. For 
the ray from the point Pk-1, any point on the kth ray can be 
defined as 

1k k
P P tl�� �    (6)

where t is the distance between P and Pk-1. For a flat 
surface, such as the surface of the coverslip, it can be 
defined as 

( ) 0
k k

P d N� ��    (7)
where Nk and dk are the surface normal to the intersection 
point of the kth surface and the optical axis. The 
intersection point Pk is given by
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For a more general quadric surface, the intersection point 
can be found by solving a quadratic equation [8]. At the 
interface between two layers with different RI, the 
refraction factor is calculated as [9]
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with 
1j j j

n n� ��

where nj is the refractive index of the jth layer. To 
evaluate the influence of  the specific aberrations, the 
wavefront estimation is fit by Zernike polynomials up to 
22 mode using the Least Square method. The Zernike 
polynomials used in this paper are show in Table 1.
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Figure 1. Wavefront calculation using the ray tracing 
method. n1, n2 and n3 are the RI of the three layers. O0 is 
the ideal focusing point. R is the radius of the reference 
sphere. l1, l2 and l3 are the rays in each layer. d1 and d2 are 
intersections between  the optical axis and each layer. 
The ray intersection with each layer is at P1, P2 and P3. Nj

is the normal to the surface. 

3 Simulation Results

To demonstrate the wavefront estimation in optical 
microscopy using the ray tracing method, three medias 
are constructed in the program with RI of 1.35, 1.52 and 
1.33 which corresponds to brain tissue, the cover glass 
and water. The thickness of the cover glass is set at 
0.17mm. A water immersion objective with NA 1.05 is
used in the simulation. 
3.1 Aberration induced from depth change
We first demonstrate the aberration calculation at 
different depths. Since most commercial objectives can 
correct the aberration from the coverslip, we subtract all 
the wavefront estimation at different imaging depths with 
the one at the bottom of the coverslip. The wavefront at 
1mm depth in the tissue is shown in Fig. 2(a). The 
coefficient value of the first 22 Zernike polynomial 
modes is shown in Fig. 2(b). As can be seen, the major 
aberrations are spherical aberrations, which include both 
primary and secondary spherical aberration. Fig. 2(c)
shows that the aberration changes linearly with the 
imaging depth, which agrees with previous research 
[10,11]
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Figure 2. Aberration induced from depth change. (a) The 
Wavefront at the depth of 1mm and (b) its first 22 
Zernike coefficient values. (c) The spherical aberration 
changes with the depth. The color scale in (a) is keyed to 
wavelength

3.2 Aberration induced from the coverslip tilt

The water immersion objective is highly sensitive to the 
tilt of the coverslip. A titled window in a convergent
beam generates coma and astigmatism aberrations. Using 
the correction collar on the objective lens, it is not 
possible to correct these aberrations. In this simulation, 
the cover slit is titled along x axis with a different angle. 
Fig. 3(a) shows the wavefront with a tilt angle of 1 
degree. Fig. 3 (b) shows that the major aberrations are 
coma, astigmatism and Trefoil x, where Coma x (Z7)
gives the greatest contribution. Fig. 3(c) shows the 
nonlinear relationship between the tilt angle and the six
main aberrations. 

(a)

(b) (c)

� �

Figure 3. Aberration induced from the coverslip tilt. (a) 
The Wavefront at the tilt angle of 1 degree and (b) its first 
22 Zernike coefficient value. (c) The aberrations change 
with the depth. The color scale in (a) is keyed to 
wavelength.

Table 1. Zernike polynomials used in this paper

3 Conclusions

In summary, this paper demonstrates a wavefront 
estimation method using a ray tracing algorithm. The 
wavefront is calculated by the OPL difference between a 
reference sphere and the real rays through different 
media. This method has potential to calculate the 
wavefront from more complex interfaces. The simulation 
shows the aberrations change with the image depth and 
tilt angle of the cover slit. The simulation results will be 
tested in a future experiment.
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