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Abstract— Imaging through diffusive media is a challenging 

problem, where the existing solutions heavily rely on digital 
computers to reconstruct distorted images. We provide a detailed 
analysis of a computer-free, all-optical imaging method for seeing 
through random, unknown phase diffusers using diffractive 
neural networks, covering different deep learning-based training 
strategies. By analyzing various diffractive networks designed to 
image through random diffusers with different correlation 
lengths, a trade-off between the image reconstruction fidelity and 
distortion reduction capability of the diffractive network was 
observed. During its training, random diffusers with a range of 
correlation lengths were used to improve the diffractive network’s 
generalization performance. Increasing the number of random 
diffusers used in each epoch reduced the overfitting of the 
diffractive network’s imaging performance to known diffusers. 
We also demonstrated that the use of additional diffractive layers 
improved the generalization capability to see through new, 
random diffusers. Finally, we introduced deliberate 
misalignments in training to “vaccinate” the network against 
random layer-to-layer shifts that might arise due to the imperfect 
assembly of the diffractive networks. These analyses provide a 
comprehensive guide in designing diffractive networks to see 
through random diffusers, which might profoundly impact many 
fields, such as biomedical imaging, atmospheric physics, and 
autonomous driving. 
 

Index Terms—computational imaging, deep learning, 
diffractive deep neural networks (D2NN), image reconstruction, 
imaging through diffusers, optical computing 
 

I. INTRODUCTION 

MAGING through diffusive media is one of the most 
important and challenging topics in computational 

imaging[1], [2] with a far-reaching impact in many different 
applications, such as biomedical imaging [3], atmospheric 
physics[4], and robotics[5]. If prior knowledge of a diffuser’s 
transmission matrix is accessible[6], [7], deconvolutional 
algorithms can be used to compute the original image. 
However, getting an accurate transmission matrix is hard to 
achieve in many cases[8]. Using guide-stars or reference 
objects, adaptive optics-based wavefront shaping techniques 
have been used to image through diffusers[9]. If only a single 

shot image is available, digital methods utilizing the memory 
effect of the diffusive medium can also be used to reconstruct 
an image of the sample[10]–[12]. With the resurgence of deep 
learning techniques, various new computational methods based 
on deep neural networks were also implemented [13]–[15], 
which were trained using random diffusers with a given 
correlation length to reconstruct the images of objects seen 
through unknown diffusers of the same correlation length.  

All these methods mentioned above require powerful digital 
computers to rapidly reconstruct unknown objects behind 
diffusers. As an alternative approach, we have recently reported 
an all-optical solution to instantly see through unknown phase 
diffusers using diffractive deep neural networks (D2NNs), 
without the need for any digital computer, memory, or external 
power, except for the illumination light[16]. This D2NN 
framework is an all-optical machine learning platform that 
computes the desired task between its input and output fields-
of-view (FOVs) using engineered light-matter interaction[17]. 
The information to be processed is encoded in the phase and/or 
amplitude of the incident complex optical field of the diffractive 
network, which is composed of successive transmission and/or 
reflection surfaces. Each of these diffractive surfaces is 
composed of, e.g., tens of thousands of independent field 
modulation units (termed diffractive neurons) designed using 
deep learning and error back-propagation methods to optimize 
the amplitude and/or phase profile of the diffractive layers. 
Together with the free-space propagation in between, these 
diffractive layers collectively map the input optical field to the 
desired output profile, which is determined by the task or 
training loss function. Diffractive networks have been 
successfully implemented for e.g., object recognition [17]–[19], 
hologram reconstruction[20], quantitative phase imaging 
(QPI)[21], single-pixel machine vision[22], performing logic 
operations[23] and designing a cascadable NAND gat e[24]. 
Extensions of the D2NN framework to utilize broadband input 
light were also demonstrated to design non-intuitive optical 
components for, e.g., spatially-controlled wavelength division 
multiplexing, spectral filter design[25], and pulse shaping[26]. 
Recently, an on-site programmable D2NN platform based on a 
digital-coding metasurface array was also demonstrated[27]. 

In our previous work, we experimentally demonstrated the 
capability to instantly see unknown objects through randomly-
generated unknown phase diffusers using diffractive networks 
operating at the THz part of the spectrum[16]. In each training 
epoch of one of these D2NN designs, the images of handwritten 
digits from the MNIST dataset[28] were distorted by n different 
random diffusers with the same correlation length L1. After 
being trained for 100 epochs and seeing N=100n different 
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randomly generated phase diffusers, the four-layered diffractive 
network was trained to map an unknown, random diffuser-
distorted optical field onto an output intensity profile that 
matches the original distortion-free image. Most importantly, 
the converged network was proven to instantly image through 
new random diffusers that were never seen in the training 
process, as long as the correlation lengths of the new diffusers 
L2 was ≥L1[16]. We also showed that the trained diffractive 
optical network converged to a general-purpose imager with a 
strong resilience against random distortions from the diffusers 
and worked as an imager with and without the presence of 
diffusers. Compared to traditional learning-based or iterative 
image reconstruction algorithms implemented on digital 
computers, a diffractive network does not require computing 
power except for the illumination light, and completes its image 
reconstruction task instantly as the input light passes through a 
thin diffractive volume. 

This paper presents a detailed analysis of diffractive neural 
networks for imaging through diffusers and explores different 
training strategies and design parameters (see Fig. 1). To better 
understand the generalization capabilities of a trained 
diffractive network to image unknown objects through random 
unknown diffusers, we trained several diffractive networks 
using diffusers with different correlation lengths L1 and tested 
them with new, unknown diffusers with a large range of 
correlation lengths covering both L2 < L1 and L2 ≥ L1. We 
demonstrated that the trained diffractive networks could see 
through new random diffusers with a different statistical 
distribution from those used in training. This analysis also 
revealed a trade-off mechanism between the reconstruction 
fidelity and the distortion reduction capability of trained 
diffractive networks. This trade-off mechanism casts its 
signature by reducing or increasing the density of a group of 
circular phase islands that appear in each diffractive layer, 
which collectively help the image formation process by having 
a laterally aligned phase array, one diffractive layer following 
the next one. We also found out that a larger L1 during the 
training process increased the density of these circular phase 
islands per optimized diffractive layer, which improved the 
general imaging quality of the diffractive network, but reduced 
its resilience to random distortions due to unknown diffusers. 

We also demonstrated that an increased number (n) of 
training diffusers used in each epoch would help improve the 
network’s generalization ability, especially for imaging through 
diffusers with larger L1. Additionally, the overfitting of trained 
diffractive networks to known diffusers was also mitigated by 
increasing the total number (N) of training diffusers used 
through all the epochs. Although diffractive networks are 
composed of linear optical materials, their generalization 
capability is improved by increasing the number of diffractive 
layers, providing better image reconstruction performance 
through random diffusers. Finally, we also demonstrated a 
‘vaccination’ method to increase the resilience of the diffractive 
network’s image reconstruction performance to potential 
misalignments; we achieved this misalignment resilient 
imaging performance by introducing random lateral and axial 
shifts on successive diffractive layers during the training phase 

[29]. The overall analysis provided in this work presents a 
comprehensive guide for designing various computational 
imaging systems based on diffractive networks and might be 
useful for numerous fields, including, e.g., biomedical imaging, 
microscopy, atmospheric sciences, autonomous vehicles, and 
robotics. 

II. RESULTS AND DISCUSSIONS  

A. Design of diffractive neural networks for seeing through 
random diffusers 

Various diffractive neural networks were designed to see 
through random, unknown diffusers to further explore the 
design space of this all-optical computational imaging platform. 
A randomly-selected amplitude-encoded object to be imaged 
was placed at 53λ in front of a random phase diffuser, where λ 
is the wavelength of the illumination source. The diffractive 
networks were composed of 4 successive trainable diffractive 
layers (Fig. 1), with an axial distance of 2.7λ in between. The 
output image plane was designed to be 9.3λ away from the last 
diffractive layer. To build the generalization ability to see 
through unknown random diffusers, we introduced multiple 
random diffusers in the training stage of each diffractive 
network. During the training phase, n uniquely different phase 
diffusers, each with a correlation length of L1, were randomly 
generated to start an epoch. In each training iteration, a batch of 
B objects from the MNIST handwritten digit dataset was 
separately propagated to the diffuser plane. The optical field of 
each object was numerically duplicated into n different 
channels, one for each random phase diffuser. The resulting 
Bൈn optical fields were independently forward propagated 
through successive diffractive layers to reach the output plane, 
where their intensity profiles were collected and compared with 
the distortion-free input handwritten digits. A training cost 
function combining a structural loss term and energy efficiency 
penalty was used to train each diffractive network (see the 
Methods section). An epoch is marked as finished when all the 
55k images in the MNIST dataset were exhausted. The training 
stopped after 100 epochs when the diffractive network has 
‘seen’ N=100n different random diffusers. After its training, the 
converged diffractive network can blindly image unknown new 
objects through both the known diffusers (used during the 
training phase) as well as new random diffusers that were never 
seen by the network. The Pearson Correlation Coefficient 
(PCC) [16] was used as our figure of merit for quantifying the 
quality of the all-optically reconstructed D2NN images of 
unknown objects hidden through unknown random diffusers. 

B. Generalization of diffractive neural networks to unknown 
random diffusers 

To explore the generalization ability of diffractive networks 
for imaging through random diffusers, we first designed six 
different diffractive networks using training diffusers with 
correlation lengths L1 of 5λ, 7.5λ, 10λ, 12.5λ, 15λ, and 17.5λ, 
and blindly tested them by hiding the objects behind random, 
new diffusers with a correlation length of L2, where L1 and L2 
are not necessarily equal to each other (Fig. 2(a)). Each one of 
these trained diffractive networks occupied a ‘fading memory’ 
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that strongly overfitted to the last n diffusers ([N-n+1 : N] 
diffusers) used in training while also treating earlier training 
diffusers similar to randomly selected new diffusers[16]. To 
demonstrate and quantify this behavior, the average PCC values 
corresponding to the image reconstructions performed through 
the last n diffusers (blue crosses in Fig 2(b), PCCN), the former 
n diffusers ([N-2n+1 : N-n] diffusers, red crosses in Fig 2(b), 
PCCN-1), and 20 new randomly selected diffusers with L2=L1 
(green circles, PCCtest) are compared in Fig. 2(b). An apparent 
increase in the reconstruction PCC values can be observed 
when L1 is increased during the training. Furthermore, the 
performance gap between the average PCC values of known 
and new diffusers increased as L1 was reduced. For example, 
for the diffractive network trained with L1=17.5λ random 
diffusers, PCCN was calculated to be 0.866, while PCCN-

1=0.850 and PCCtest=0.847 when tested with L2=L1=17.5λ. On 
the other hand, the diffractive network trained with finer 
random diffusers (L1=5λ) yielded PCCN=0.656, PCCN-1=0.608, 
and PCCtest=0.545 when tested with L2=L1=5λ. This increased 
performance gap reflects the challenge generated by finer phase 
diffusers with a smaller correlation length, which is also evident 
in the lens-based imaging results summarized in the last column 
of Fig. 2(c). 

A diffractive network trained with L1 diffusers can also be 
used to image objects hidden by new diffusers with a different 
correlation length L2, i.e., L1≠L2. We tested each of our trained 
diffractive networks (L1 = 5λ, 7.5λ, 10λ, 12.5λ, 15λ, and 17.5λ) 
with six different groups of new random phase diffusers, L2=5λ, 
7.5λ, 10λ, 12.5λ, 15λ, and 17.5λ, using 20 randomly selected 
diffusers in each group. The average D2NN image 
reconstruction PCC values over these test diffusers are reported 
in green circles in Fig. 2(b). Example images at the output FOV 
of the corresponding D2NN are also displayed in Fig. 2(c) to 
visualize the all-optical reconstruction fidelity.  

All these trained diffractive networks, regardless of the value 
of L1 used in training, provided a better image reconstruction 
when L2 increases, evident from the PCC curves and the 
example images shown in Fig. 2. This improvement is in line 
with the fact that diffusers with larger L2 values generate less 
distortion, creating a simpler reconstruction task for the 
diffractive network. In the same figure, we also showed the 
diffractive network reconstruction results when no diffuser is 
present. In fact, the best image reconstruction quality for each 
diffractive design was achieved without diffusers being present, 
illustrating that each diffractive design converged to a general-
purpose imager, resilient to phase distortions due to random 
diffusers.  

If we pay attention to each curve reported in Fig. 2(b), 
compared with PCCtest values under L2=L1, a marginal 
improvement was observed when L2>L1, but a drastic drop 
appeared when L2<L1. The image reconstruction quality did not 
improve much when testing with L2>L1, while the speckle noise 
increased, and the reconstructions became worse when L2<L1. 
This behavior indicates that the trained diffractive networks 
suffer a trade-off between image reconstruction fidelity and 
distortion reduction capability. To shed more light on the 
mechanism of this trade-off, we examined the converged 

diffractive networks trained with different L1 values (see Fig. 
3). A characteristic phase pattern was observed for all the 
designed diffractive layers, even though they were trained with 
diffusers of varying L1 values. These spatial patterns consisted 
of relatively smooth, circular phase islands surrounded by 
rapidly changing diffractive neurons, which collectively 
contributed to the reconstruction of the images distorted by 
random diffusers. The specific functions of these circular phase 
islands are better illustrated in Fig. 3, where we reconstructed 
an unknown object without a diffuser, through a known diffuser 
and through a new random diffuser (L2=L1) using different 
diffractive networks trained with L1=5λ, 10λ, and 15λ; in 
different rows for each case shown in Fig. 3, we applied 
different levels of pruning to isolate different spatial features to 
allow them to work separately. As shown in the first rows of 
Figs. 3(a)-(c), all the trained diffractive networks can image 
unknown objects through both known and new diffusers and 
also successfully reconstruct an image when the diffuser is 
absent. In the second rows of Figs. 3(a)-(c), we show the results 
when we pruned all the diffractive neurons outside of the 
circular phase islands in each diffractive layer, i.e., retaining the 
modulation of the circular phase islands and setting other 
regions of the diffractive layer to have zero relative phase 
modulation. Using only the circular phase islands, all three 
diffractive networks can still image the object without any 
diffuser present. This indicates that the main function of these 
circular phase islands that are laterally self-aligned (matching 
their relative positions across different layers) is image 
formation between the input and output FOVs of the diffractive 
network. On the other hand, using only these circular phase 
islands per diffractive later, the image reconstruction 
performance through random diffusers got worse, as illustrated 
in Fig. 3. Reducing the level of pruning to include the 
diffractive neurons outside of the phase islands improved the 
diffractive network’s resilience to distortions generated by 
random diffusers, as illustrated in the third rows of Figs. 3(a)-
(c). By keeping all the diffractive features within a circular 
aperture of 80λ on each layer, the image reconstruction fidelity 
improved to a level close to the original diffractive design, 
where all the neurons are accessible. Based on this analysis 
detailed above, we can conclude that the self-aligned circular 
phase islands and the rapidly changing diffractive features 
surrounding them have different functions in a diffractive 
imager: the circular phase islands aim to map the object/input 
FOV of the diffractive network to the output FOV, whereas the 
rapidly changing diffractive phase features around these phase 
islands aim to get rid of the distortions caused by random 
diffusers, by coupling the electromagnetic waves that mainly 
carry the distortion information outside of the receptive field of 
the successive diffractive layer(s). 

Another interesting observation that one can make is that the 
L1 values used in training guided the diffractive network 
designs to distribute and self-align their circular phase islands 
differently. To shed more light, we counted the number of these 
self-aligned phase islands on each diffractive layer (see 
Methods section for details) for different L1 values. For each 
diffractive network design, the mean and the standard deviation 
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of the number of phase islands among its four diffractive layers 
were calculated (plotted in Fig. 4(a)). Based on this analysis, we 
observe that the number of phase islands increases with larger 
L1, which implies that a diffractive network needs less of the 
rapidly changing diffractive phase features for imaging weakly 
distorted objects under a large correlation length. In this case, 
the diffractive network optimization prefers to use its 
diffractive neuron budget more for building self-aligned phase 
islands that are densely packed per diffractive layer to improve 
its image quality at the output. In the opposite case of using 
smaller L1 values during the training, the diffractive networks 
are optimized to mitigate and suppress the wave distortion 
caused by random phase diffusers, and therefore the network 
prefers to have more of the rapidly changing diffractive phase 
features at the cost of reducing the density of the self-aligned 
phase islands per layer. 

To better quantify this trade-off mechanism, we calculated 
the diffractive mask vacancy ratio (see Fig. 4 and the Methods 
section), which describes the percentage of the diffractive 
pixels/neurons that do not belong to the self-aligned phase 
islands on each diffractive layer. Figure 4 illustrates that a larger 
L1 during the training phase leads to diffractive layer designs 
with smaller but denser phase islands aiming to improve the 
image quality at the output; on the other hand, a smaller L1 

during the training leads to an increase in the mask vacancy 
since the network prefers to have more of the rapidly changing 
diffractive phase features per layer to couple out the distorted 
waves and mitigate the presence of the stronger random phase 
diffusers hiding the objects. 

These results demonstrate that, after its training, the 
diffractive network converges to a general imager design with 
strong resilience to diffuser-generated distortions. In fact, going 
beyond its training, the diffractive network can also blindly 
image new types of objects through unknown random diffusers. 
To shed more light on this, we used our diffractive network 
model trained with 𝐿ଵ ൌ 10𝜆  random diffusers to image 
overlapping letters and fashion products (which were never 
used during the training) through both known random diffusers 
and new random diffusers with 𝐿ଶ ൌ 𝐿ଵ ൌ 10𝜆 . These 
diffractive imaging results are reported in the Appendix, Figure 
A1. Although the diffractive network was trained only using the 
MNIST dataset, its all-optical reconstructions still present a 
good fidelity for imaging spatially overlapping letters and 
fashion product images. 

C. Improved training strategies with better generalization  

Each of the diffractive networks reported in the previous 
sections was trained with random diffusers following the same 
statistical distribution, i.e., the correlation lengths L1 for all the 
training diffusers were kept the same. Diversifying the training 
diffusers to cover a set of different L1 values can improve the 
generalization ability of the resulting diffractive network. To 
explore this, we implemented two methods: the first was to use 
random training diffusers with several distinct L1 values. As an 
example, we trained diffractive networks with L1∈{7.5λ, 10λ, 
12.5λ} and L1∈{10λ, 12.5λ, 15λ}. In the second method, we 
trained networks with random diffusers whose correlation 

lengths were randomly selected from a uniform distribution, 
i.e., L1∈U[7.5λ, 12.5λ], L1∈U[10λ, 15λ],  and L1∈U[5λ, 17.5λ]; 
see the Methods section for details. After being trained for 100 
epochs, we analyzed the image reconstruction performance of 
each one of these diffractive networks for seeing through 
known and new random diffusers, the results of which are 
shown in Fig. 5. Compared to the diffractive networks trained 
with a single L1 value, for example, L1=10λ, using diffusers 
with both finer and coarser grain sizes during the training phase 
provided a better balance between the output image quality and 
distortion reduction. The “vanilla” diffractive network trained 
with L1=10λ yielded a PCCtest=0.709 for L2=L1, while the 
networks trained with L1∈{7.5λ, 10λ, 12.5λ} (L1∈U[7.5λ, 
12.5λ]) achieved PCCtest values of 0.733 (0.743) when tested 
with L2=10λ random diffusers, demonstrating better image 
reconstruction performance. More importantly, this new 
training strategy also improved the reconstruction fidelity for 
seeing through random diffusers that are outside the range of 
L1. The original vanilla diffractive network trained with L1=10λ 
yielded PCCtest=0 .503 when tested with L2=5λ random 
diffusers and PCCtest=0.757 for L2=17.5λ. These PCC values 
raised to 0.515/0.520 (L2=5λ) and 0.783/0.786 (L2=17.5λ) using 
diffractive networks trained with L1 ∈ {7.5λ, 10λ, 12.5λ}/ 
L1∈U[7.5λ, 12.5λ], respectively. As another example, using the 
diffractive network trained with L1=10λ as a baseline, 
broadening L1 to cover up to 15λ diffusers during the training 
phase raised the PCCtest (L2=17.5λ) from 0.757 to 0.82 0 or 
0.823 using L1 ∈ {10λ, 12.5λ, 15λ} or L1 ∈ U[10λ, 15λ], 
respectively. The PCCtest under L2=5λ random diffusers, 
however, dropped from 0.503 to 0.493 and 0.489, using 
L1∈{10λ, 12.5λ, 15λ} or L1∈U[10λ, 15λ], respectively. 

D. An increase in the number of random training diffusers 
helps generalization  

 Another degree of freedom that can be used to optimize a 
network’s generalization performance is the number of 
diffusers n used in each training epoch. To explore the impact 
of n, we first trained three diffractive networks using n=10, 20, 
and 40 diffusers (L1=10λ) and blindly tested them using 
randomly selected diffusers with various L2 values (first three 
columns in Fig. 6(a)). The total number of random diffusers 
used in the training stage (N) was kept unchanged, i.e., N = 
2000. Therefore, the total training epochs were 200, 100, and 
50 for these three diffractive networks trained using n=10, 20, 
and 40 diffusers, respectively. This varying number of training 
epochs led to a bias since the network trained with a smaller n 
achieved a better imaging performance through L2>10λ 
diffusers; this is expected since the networks with a smaller n 
went through more optimization steps through a larger number 
of epochs. Next, we used n=40 diffusers in each epoch and 
trained the corresponding diffractive network for 100 epochs 
(fourth column in Fig. 6(a)), i.e., N=4000 randomly selected 
training diffusers were used in total to form a fair comparison. 
A further performance improvement for imaging through new 
diffusers with various L2 values was observed against the n=40, 
N=2000 diffractive network. The positive impact of n can also 
be seen by comparing n=40, N=4000 diffractive network 
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results with those of n=20, N=2000 diffractive network (Fig. 6).  
Same as what we observed in the previous subsections, the 

diffractive networks trained in these examples still 
‘remembered’ the last [N-n+1: N] diffusers, achieving better 
image reconstruction through those known diffusers of the last 
epoch compared to new, unknown diffusers (see the blue 
crosses in Fig. 6(a)). To shed more light on this, we quantified 
this memory effect by defining a PCC overfitting rate as: 

𝑃𝐶𝐶 𝑂𝑣𝑒𝑟𝑓𝑖𝑡𝑡𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 ൌ
𝑃𝐶𝐶ே െ 𝑃𝐶𝐶௧௘௦௧

𝑃𝐶𝐶ே
, 

where PCCtest is calculated for the new random diffusers with 
L2= L1=10λ (Fig. 6(c)). As illustrated in Fig. 6(c), the PCC 
overfitting rate decreased with a larger n when N was kept the 
same, and a larger N further decreased the PCC overfitting rate 
for the same n, illustrating the improved generalization 
capability of the diffractive network.  

E. Training initialization 

 The diffractive networks reported in the previous 
subsections were trained from scratch, where each diffractive 
layer had a uniform, zero-phase modulation at the 
beginning/initialization. The initialization strategy is in general 
important for successful training of digital neural networks[30], 
[31], and similarly for diffractive networks[18], [32], [33]. To 
evaluate the impact of diffractive layer initialization, we first 
trained a diffractive network from scratch to image handwritten 
digits without any diffusers. The diffractive layers obtained 
after 50 epochs were then used to initialize the optimization of 
a second diffractive network that was trained for another 100 
epochs to image through random phase diffusers (see Figs. 7(a) 
and 7(b) for the resulting diffractive layers). The diffractive 
layers after the transfer learning step look very similar to the 
resulting diffractive layers with zero phase initialization, 
showing similar characteristic patterns with the circular phase 
islands surrounded by the high spatial frequency diffractive 
neurons (see Fig. 7(b)). Despite this similarity, the transfer-
learned phase islands appear sparser compared to the diffractive 
layers from zero-phase initialization. However, this sparsity of 
the circular phase islands in each diffractive layer did not 
degrade the imaging performance. In contrast, the diffractive 
network that is transfer-learned from a diffuser-free design 
achieved a slightly better imaging performance, as illustrated in 
Fig. 7(c). This means that the prior knowledge of a diffractive 
imaging system that is transfer-learned as an initial condition 
guided the diffractive network optimization to arrive at a more 
optimal solution to image objects hidden through unknown 
random diffusers, exemplifying the importance of the 
diffractive layer initialization during the learning process. 

F. Impact of the network depth: Imaging performance 
through unknown random diffusers improves for deeper 
diffractive networks 

Next, we compared the generalization ability of diffractive 
networks with different numbers of diffractive layers (see Fig. 
8). All these diffractive networks were trained with L1=10λ 
diffusers and tested with different L2 values, and the 
corresponding image reconstruction PCC values of each 

diffractive network are reported in Fig. 8(a). These results 
confirm the depth advantage of diffractive networks: single-
layer and two-layer networks have relatively low PCC values 
in their image reconstruction, and the imaging performance 
improves as we increase the number of diffractive layers. For 
example, for the most challenging case of L2=5λ, the 
reconstructed images of one-, two-, or three-layer diffractive 
networks were hard to distinguish the objects due to strong 
speckle patterns. However, using four or five diffractive layers, 
handwritten digits were recognizable, although these diffractive 
networks were only trained with L1=10λ diffusers. On the other 
hand, for the single-layer and two-layer diffractive networks, 
even the easiest task of imaging objects through L2=17.5λ 
random diffusers turned out to be challenging, as illustrated in 
Fig. 8. These results indicate the depth advantage of diffractive 
networks that favor distributing the available diffractive 

neurons into deeper architectures, one layer following 
another[34]. 

G. Mitigating misalignments and imperfections through 
diffractive network vaccination 

Experimental demonstrations of deeper diffractive networks 
can be challenging due to fabrication inaccuracies and 
mechanical misalignments. To mitigate potential 
misalignments and their negative impact on diffractive 
inference, we adopted a training strategy termed 
“vaccination”[29], which randomly shifts the diffractive layers 
(on purpose) during the training process to increase the 
resilience of the diffractive network against random physical 
misalignments. To implement vaccination for imaging through 
random diffusers, we introduced a uniformly distributed 
random 3D displacement vector ሺ 𝑫 ൌ  ൫𝐷௫,  𝐷௬,  𝐷௭൯ሻ for each 
diffractive layer, and designed four different vaccinated 
diffractive networks with L1=10λ using varying levels of layer 
displacements; see Fig. 9(a). The maximum amount of 
mechanical shift allowed along the corresponding axes was 
selected as 𝚫𝒙,𝒕𝒓 ൌ 𝚫𝒚,𝒕𝒓 ൌ 𝚫𝒛,𝒕𝒓 ൌ 0λ, 0.5λ, 1.0λ , and 2.0λ , 
respectively, i.e., 
 𝐷௫ ~ UሺെΔ௫,௧௥ ,Δ௫,௧௥ሻ ,  𝐷௬ ~ U൫െΔ௬,௧௥ ,Δ௬,௧௥൯  and 
𝐷௭ ~ UሺെΔ௭,௧௥,Δ௭,௧௥ሻ; see the Methods section for details. After 
the training process, the vaccinated models were blindly tested 
with multiple levels of random displacements and the image 
reconstruction fidelity of these vaccinated diffractive networks 
to image objects through L2=10λ diffusers is reported in Fig. 
9(a). For the diffractive network trained without any random 
physical shifts (i.e., non-vaccinated), a quick drop in the image 
reconstruction quality appears when random shifts are 
introduced in the positions of the diffractive layers. For 
example, for the non-vaccinated diffractive network, the all-
optically reconstructed images of handwritten digit ‘3’ are hard 
to recognize due to speckle patterns for Δ௧௘௦௧ larger than 1λ (see 
the first column in Fig. 9(b)). As for the diffractive network 
trained with 𝚫𝒙,𝒕𝒓 ൌ 𝚫𝒚,𝒕𝒓 ൌ 𝚫𝒛,𝒕𝒓 ൌ 1λ , the image 
reconstruction was more robust to misalignments (third column 
in Fig. 9(b)), maintaining acceptable imaging performance even 
if the testing shifts were much larger than the training. A similar 
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misalignment resilience was also observed for the diffractive 
network trained with 𝚫𝒙,𝒕𝒓 ൌ 𝚫𝒚,𝒕𝒓 ൌ 𝚫𝒛,𝒕𝒓 ൌ 2λ (see Fig. 9). 

Besides mechanical misalignments, other sources of 
fabrication imperfections that might occur at experimental 
testing could also be mitigated by statistically including the 
corresponding perturbations during the training phase. For the 
sake of this discussion, we use 3D printing as an example 
fabrication modality to illustrate this point, given its cost-
effectiveness and wide accessibility. 3D printers fabricate a 
diffractive layer with multiple material slices, each having a 
finite thickness. Therefore, the printed diffractive layer can only 
provide several discrete modulation values within the designed 
phase modulation range, leading to quantization errors. A 
solution to this could be restricting the diffractive neurons’ 
heights to a set of discrete values during the training process 
based on the 3D printer’s properties so that the resulting 
neurons can be accurately fabricated. Potential variations might 
also exist on the 3D printed layer thickness, generating random 
phase noise for each diffractive layer. The distribution of such 
random thickness fluctuations due to fabrication imperfections 
could be modeled by printing the same diffractive layer design 
multiple times using the same 3D printer and measuring the 
resulting surface profiles using a high-resolution instrument, 
e.g., a profilometer. By comparing the measurements with the 
designed values, the error distribution can be approximated, 
based on which the same level of random perturbations can be 
introduced during the training stage to improve the diffractive 
network’s error tolerance.  

Apart from the potential errors introduced during the 
mechanical fabrication and alignment, the modeling errors of 
the forward propagation model can also impact experiments. 
The simulation pixel width and the simulation window size are 
the two major factors in minimizing the modeling errors. First, 

each simulation pixel width should be ൑
ఒ

ଶ
 to provide an 

adequate spatial sampling rate to cover all the propagating 
modes in free-space. Note that this does not restrict the 
diffractive neuron’s feature size, and an array of simulation 
pixels can represent each diffractive neuron. Second, with a 
fixed simulation pixel size, a larger simulation window (i.e., 
more simulation pixels) provides a finer spatial frequency 
resolution, which allows for a more accurate light propagation 
model using the angular spectrum approach. Using a smaller 
simulation pixel size and a larger computing window, the 
forward propagation model of the D2NN framework can be 
sufficiently accurate. 

III. METHODS 

A. Random diffuser design 

We used a phase-only mask to model a random phase 
diffuser, whose transmittance 𝑡஽ሺ𝑥,𝑦ሻ  is defined by the 
refractive index difference (Δ𝑛) between air and the diffuser 
material, and a random height-map 𝐷ሺ𝑥,𝑦ሻ  at the diffuser 
plane, i.e., 

𝑡஽ሺ𝑥,𝑦ሻ ൌ 𝑒𝑥𝑝 ቆ𝑗
2𝜋Δ𝑛
𝜆

𝐷ሺ𝑥,𝑦ሻቇ ሺ1ሻ 

where 𝑗 ൌ √െ1 and λ is the illumination wavelength. The 
random height-map 𝐷ሺ𝑥,𝑦ሻ is defined as  

𝐷ሺ𝑥,𝑦ሻ ൌ 𝑊ሺ𝑥,𝑦ሻ ∗ 𝐾ሺσሻ ሺ2ሻ 
where 𝑊ሺ𝑥,𝑦ሻ follows a normal distribution with a mean μ 

and a standard deviation σ଴, i.e. 
𝑊ሺ𝑥,𝑦ሻ ∼ 𝒩ሺμ,σ଴

ଶሻ ሺ3ሻ 
𝐾ሺσሻ  is a zero-mean Gaussian smoothing kernel with a 

standard deviation of σ, and ‘ ∗ ’ denotes the 2D convolution 
operation. The phase-autocorrelation function 𝑅ௗሺ𝑥,𝑦ሻ  of a 
random diffuser is related to the correlation length 𝐿, and can 
be described as[35]: 

𝑅ௗሺ𝑥,𝑦ሻ ൌ expሺെ𝜋ሺ𝑥ଶ ൅ 𝑦ଶሻ/𝐿ଶሻ ሺ4ሻ 
In this work, for μ ൌ 25λ, σ଴ ൌ 8𝜆 and σ ൌ 4λ, we verified 

the average correlation length as 𝐿 ∼ 10λ  based on 2000 
randomly generated diffusers using the phase-autocorrelation 
function. We accordingly modified the σ values to generate the 
corresponding diffusers for the other correlation lengths used in 
this work. 

We used three strategies to train our diffractive optical 
networks: (i) using a fixed L1 for all the random diffusers, (ii) 
using L1 selected from a set of discrete values, and (iii) using L1 
selected uniformly from a continuous range of values. For the 
training strategy using three discrete L1 values, each one of the 
n diffusers was randomly assigned with a correlation length. 
For those designs where L1 covers a continuous range, we first 
split the range into n uniform intervals and selected a 
correlation length from each interval uniformly to generate the 
corresponding diffuser. The sequence of the generated random 
diffusers was shuffled, and therefore the diffusers’ correlation 
lengths were not monotonically increasing or decreasing during 
the optimization iterations. 

B. Forward propagation model  

Free space light propagation between the diffractive layers 
was calculated using the Rayleigh-Sommerfeld equation[17], 
which can be expressed as: 

𝑤ሺ𝑥,𝑦, 𝑧ሻ ൌ
𝑧
𝑟ଶ
൬

1
2π𝑟ଶ

൅
1
𝑗λ
൰ 𝑒𝑥𝑝 ൬

𝑗2π𝑟
λ

൰ ሺ5ሻ 

where 𝑟 ൌ ඥ𝑥ଶ ൅ 𝑦ଶ ൅ 𝑧ଶ.  
A random phase diffuser located at 𝑧଴  introduces a phase 

distortion 𝑡஽ሺ𝑥,𝑦ሻ. Considering a plane wave that was incident 
at an amplitude-modulated image hሺ𝑥,𝑦, 𝑧 ൌ 0ሻ positioned at 
𝑧 ൌ 0, we formulated the distorted image right after the diffuser 
as[35]: 

𝑢଴ሺ𝑥,𝑦, 𝑧଴ሻ ൌ 𝑡஽ሺ𝑥,𝑦ሻ ⋅ ሾℎሺ𝑥,𝑦, 0ሻ ∗ 𝑤ሺ𝑥,𝑦, 𝑧଴ሻሿ ሺ6ሻ 
This distorted field was used as the input field of subsequent 

diffractive layers. We modeled the diffractive layers as thin 
phase elements, and the transmittance of layer 𝑚 located at 𝑧 ൌ
𝑧௠ can be formulated as: 

𝑡௠ ൌ exp൫𝑗ϕሺ𝑥,𝑦, 𝑧௠ሻ൯ ሺ7ሻ 
The optical field 𝑢௠ሺ𝑥,𝑦, 𝑧௠ሻ  right after the 𝑚௧௛  the 

diffractive layer at 𝑧 ൌ 𝑧௠ can be written as: 
𝑢௠ሺ𝑥,𝑦, 𝑧௠ሻ ൌ 𝑡௠ሺ𝑥,𝑦, 𝑧௠ሻ ⋅

ሾ𝑢௠ିଵሺ𝑥,𝑦, 𝑧௠ିଵሻ ∗ 𝑤ሺ𝑥,𝑦,Δ𝑧௠ሻሿ ሺ8ሻ
 

where Δ𝑧௠ ൌ 𝑧௠ െ 𝑧௠ିଵ is the axial distance between two 
successive diffractive layers, which was selected as 2.7λ in this 
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paper. After being modulated by all the 𝑀 diffractive layers, the 
optical field was collected at an output plane which was Δ𝑧ௗ ൌ
9.3λ away from the last diffractive layer. Then, the intensity of 
the optical field was used as the output of the network: 

𝑜ሺ𝑥,𝑦ሻ ൌ |𝑢ெ ∗ 𝑤ሺ𝑥,𝑦,Δ𝑧ௗሻ|ଶ ሺ9ሻ 

C. Numerical implementation 

The input field of the diffractive neural networks in this paper 
was assumed to be a coherent illumination with a wavelength 
of λ ൎ 0.75 𝑚𝑚. Each diffractive layer contained 240 ൈ 240 
diffractive neurons with a pixel size of 0.3 mm and only 
modulated the phase of the incident light field. During the 
training process, samples from the MNIST training dataset were 
first bilinearly interpolated from 28 ൈ 28 pixels to 160 ൈ 160, 
and padded with zeros to 240 ൈ 240 pixels. In each training 
batch, 𝐵 ൌ 10  different MNIST images were sampled 
randomly. Besides, each input object ℎ௕ሺ𝑥,𝑦ሻ in a batch was 
numerically duplicated 𝑛 times and separately perturbed by a 
set of 𝑛 randomly selected diffusers. Therefore, 𝐵 ൈ 𝑛 different 
optical fields were obtained, and these distorted fields were 
individually forward propagated through the diffractive 
network. At the output plane, which was 160 ൈ 160  pixels 
large, we got 𝐵 ൈ 𝑛  different intensity patterns: 𝑜ଵଵ, … , 𝑜஻௡ , 
which were used for the loss function calculation: 

𝐿𝑜𝑠𝑠 ൌ
∑ ሾെ𝑃ሺ𝑜௕௜ ,ℎ௕ሻ ൅ 𝐸ሺ𝑜௕௜ ,ℎ௕ሻሿ
௕ୀ஻,௜ୀ௡
௕,௜ୀଵ,ଵ

𝐵 ൈ 𝑛
ሺ10ሻ 

where 𝑃ሺ𝑜௕௜ ,ℎ௕ሻ is the PCC between the output intensity 
image and its ground truth image ℎ௕ . 𝐸ሺ𝑜௕௜ ,ℎ௕ሻ  denotes an 
energy efficiency-related regularization term, defined as: 

𝐸ሺ𝑜௕௜ ,ℎ௕ሻ ൌ
∑ ൫α൫1 െ ℎ௕෢൯ ⋅ 𝑜௕௜ െ βℎ௕෢ ⋅ 𝑜௕௜൯௫,௬

∑ ℎ௕෢௫,௬
ሺ11ሻ 

where ℎ௕෢ is a binary mask indicating the transmittance area 
on the input object, defined as: 

ℎ௕෢ሺ𝑥,𝑦ሻ ൌ ൜
1, 𝑓𝑜𝑟 ሺ𝑥,𝑦ሻ 𝑖𝑓 ℎ௕ሺ𝑥,𝑦ሻ ൐ 0
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

ሺ12ሻ 

where α  and β  are hyper-parameters set to be 1 and 0.5, 
respectively. 

 The calculated loss value was then backpropagated to 
update the pixel phase modulation values using the Adam 
optimizer[36] with a decaying learning rate of 𝐿𝑟 ൌ
0.99௘௣௢௖௛ ൈ 10ିଷ , where 𝑒𝑝𝑜𝑐ℎ  refers to the current epoch 
number. 

Our models were trained using Python (v3.6.13) and 
TensorFlow (v1.15.0, Google Inc.) with a GeForce GTX 1080 
Ti graphical processing unit (GPU, Nvidia Inc.), an Intel® 
Core™ i7-7700K central processing unit (CPU, Intel Inc.) and 
64 GB of RAM, running the Windows 10 operating system 
(Microsoft). Training a typical diffractive neural network 
model takes ~36 h to complete with 100 epochs and n=20 
diffusers per epoch. 

D. Phase island extraction and mask vacancy ratio 
calculation 

 We created a MATLAB program to extract the self-
aligned circular phase islands in each layer. We first applied a 
cosine function to the phase profile. Then we binarized the 

image and performed the morphological close operation to get 
the outlines of the phase islands. The mis-detected regions were 
manually removed. For the phase island number calculation, we 
applied morphological erosion to the previously calculated 
binary result to separate the phase islands. The number and size 
of the phase islands were calculated using conventional 
connected component analysis. The mask vacancy ratio (𝑉௅భ) 
over four layers of a diffractive neural network designed with 
L1 diffusers was calculated as: 

𝑉௅భ ൌ෍ቆ1 െ
∑ 𝑠௜௜∈௉ಽభ,ೕ

240 ൈ 240
ቇ /෍ቆ1 െ

∑ 𝑠௜௜∈௉భబ,ೕ

240 ൈ 240
ቇ

ସ

௝ୀଵ

ସ

௝ୀଵ

ሺ13ሻ. 

where 𝑷𝑳𝟏,𝒋  denotes all the phase islands detected on the 𝒋𝒕𝒉 
layer of a diffractive neural network trained with 𝑳𝟏  diffusers, 
each of which has 𝒔𝒊 pixels.   

E. Image contrast enhancement 

We digitally enhanced the contrast of all the images using a 
built-in MATLAB function (𝑖𝑚𝑎𝑑𝑗𝑢𝑠𝑡) for visualization. By 
default, the function saturated the bottom 1% and the top 1% of 
all pixel values. Besides, all the quantitative analyses were 
based on raw image data. 

F. Lens-based imaging system simulation 

We simulated a Fresnel lens-based imaging system serving 
as a comparison to evaluate how a random diffuser affects the 
output image; see, e.g., Fig. 1(b). The designed lens had a focal 
length (f) of 145.6λ  and a pupil diameter of 104λ . The 
transmission coefficient of the lens 𝑡௅ was formulated as: 

𝑡௅ሺΔ𝑥,Δ𝑦ሻ ൌ 𝐴ሺΔ𝑥,Δ𝑦ሻ𝑒𝑥𝑝 ൬െ𝑗
𝜋
𝜆𝑓

ሺΔ𝑥ଶ ൅ Δ𝑦ଶሻ൰ ሺ14ሻ 

where Δ𝑥 and Δ𝑦 denote the distance from the center of the 
lens in lateral coordinates. 𝐴ሺΔ𝑥,Δ𝑦ሻ is the amplitude function, 
i.e., 

𝐴ሺΔ𝑥,Δ𝑦ሻ ൌ ቊ1, ඥΔ𝑥ଶ ൅ Δ𝑦ଶ ൏ 52λ
0, otherwise

ሺ15ሻ 

The lens was 2𝑓ሺ291.2λሻ away from the input object. Using 
the angular spectrum method, the light from the input object 
was propagated to the random diffuser plane (𝑧଴ ൌ 53λ). Then 
the light field was distorted by the random phase diffuser and 
propagated to the lens plane. After passing through the lens, and 
applying the angular spectrum method again, the resulting 
complex field was propagated to the image plane (2𝑓 behind 
the lens). The intensity pattern at the image plane was regarded 
as the output image, created by an aberration-free lens through 
a random phase diffuser. 

G. Vaccination  

During the training process of a vaccinated diffractive 
network, a uniformly distributed random 3D displacement 𝑫 ൌ
 ൫𝐷௫,  𝐷௬,  𝐷௭൯ was added to each diffractive layer, i.e., 

𝐷௫ ~ UሺെΔ௫,௧௥ ,Δ௫,௧௥ሻ 
𝐷௬ ~ U൫െΔ௬,௧௥ ,Δ௬,௧௥൯ ሺ16ሻ 
𝐷௭ ~ UሺെΔ௭,௧௥ ,Δ௭,௧௥ሻ 

where 𝐷௫ denotes the left-right displacement of a layer, 𝐷௬ 
denotes the up-down displacement of a layer, 𝐷௭  denotes the 
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displacement of the layer-to-layer distance (i.e., Δ𝑧௠), and ∆∗ 
represents the maximum amount of physical shift allowed along 
the corresponding axis, limiting the upper and lower bound of 
the uniform distribution. In the training process, the vaccination 
amount was selected to be  Δ௫,௧௥ ൌ Δ௬,௧௥ ൌ  Δ௭,௧௥ ൌ 0, Δ௫,௧௥ ൌ

Δ௬,௧௥ ൌ  Δ௭,௧௥ ൌ
ଵ

ଶ
𝜆 , Δ௫,௧௥ ൌ Δ௬,௧௥ ൌ  Δ௭,௧௥ ൌ 𝜆 , and Δ௫,௧௥ ൌ

Δ௬,௧௥ ൌ  Δ௭,௧௥ ൌ 2𝜆, respectively, representing different levels 
of estimated uncertainty during the experimental 
implementations. Note that 𝐷௫,  𝐷௬, and 𝐷௭ of each diffractive 
layer were independently sampled from the given uniform 
random distributions. Except for the different amounts of 
random misalignments, all the other parameters were kept the 
same throughout the training process.  

After the training process was completed, the vaccinated 
models were blindly tested with multiple levels of 
displacements over the MNIST test images. During each test, a 
fixed displacement value Δ௧௘௦௧ was applied to the system so that 
the lateral displacements ൫𝐷௫,  𝐷௬൯  of the four consecutive 
diffractive layers were set as ሺെΔ௧௘௦௧ ,െΔ௧௘௦௧ሻ, ሺെΔ௧௘௦௧,Δ௧௘௦௧ሻ, 
ሺΔ௧௘௦௧ ,Δ௧௘௦௧ሻ, and ሺΔ௧௘௦௧ ,െΔ௧௘௦௧ሻ respectively to simulate the 
worst-case scenarios. The displacement of the layer-to-layer 
distance 𝐷௭ was set to Δ௧௘௦௧. In other words, the four diffractive 
layers were laterally shifted toward the four corners, and the 
layer-to-layer distance between any two consecutive layers was 
increased by Δ௧௘௦௧. Each diffractive network model was tested 

with Δ௧௘௦௧ ൌ 0, Δ௧௘௦௧ ൌ
ଵ

ଶ
𝜆, Δ௧௘௦௧ ൌ 𝜆, Δ௧௘௦௧ ൌ

ଷ

ଶ
𝜆, and Δ௧௘௦௧ ൌ

2𝜆 , respectively. For each model tested with each level of 
displacement, an average PCC value between the ground truth 
and the output images was calculated to evaluate the model’s 
performance when misalignments were present. 

APPENDIX  

Appendix includes Figure A1. 

 
Figure A1.  Generalization of the diffractive network to image new types of 

objects (never used in the training) through random phase diffusers. The 
diffractive network trained with L1 =10λ random diffusers using only MNIST 
handwritten digits was used to image overlapping letters and fashion products 
through both known and L2 =10λ new random diffusers. Lens-based imaging 

results were also provided for comparison. 

ACKNOWLEDGMENTS 

The Ozcan Research Lab at UCLA acknowledges the support 

of ONR (Office of Naval Research). 
 

REFERENCES 
[1] V. Ntziachristos, “Going deeper than microscopy: the optical imaging 

frontier in biology,” Nat. Methods, vol. 7, no. 8, pp. 603–614, Aug. 2010, 
doi: 10.1038/nmeth.1483. 

[2] S. Popoff, G. Lerosey, M. Fink, A. C. Boccara, and S. Gigan, “Image 
transmission through an opaque material,” Nat. Commun., vol. 1, no. 1, p. 
81, Dec. 2010, doi: 10.1038/ncomms1078. 

[3] M. Jang, H. Ruan, I. M. Vellekoop, B. Judkewitz, E. Chung, and C. Yang, 
“Relation between speckle decorrelation and optical phase conjugation 
(OPC)-based turbidity suppression through dynamic scattering media: a 
study on in vivo mouse skin,” Biomed. Opt. Express, vol. 6, no. 1, p. 72, 
Jan. 2015, doi: 10.1364/BOE.6.000072. 

[4] S. G. Narasimhan and S. K. Nayar, “Contrast restoration of weather 
degraded images,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 25, no. 
6, pp. 713–724, Jun. 2003, doi: 10.1109/TPAMI.2003.1201821. 

[5] Z. Hao, S. You, Y. Li, K. Li, and F. Lu, “Learning From Synthetic 
Photorealistic Raindrop for Single Image Raindrop Removal,” in 2019 
IEEE/CVF International Conference on Computer Vision Workshop 
(ICCVW), Seoul, Korea (South), Oct. 2019, pp. 4340–4349. doi: 
10.1109/ICCVW.2019.00534. 

[6] S. M. Popoff, G. Lerosey, R. Carminati, M. Fink, A. C. Boccara, and S. 
Gigan, “Measuring the Transmission Matrix in Optics: An Approach to 
the Study and Control of Light Propagation in Disordered Media,” Phys. 
Rev. Lett., vol. 104, no. 10, p. 100601, Mar. 2010, doi: 
10.1103/PhysRevLett.104.100601. 

[7] M. Kim, W. Choi, Y. Choi, C. Yoon, and W. Choi, “Transmission matrix 
of a scattering medium and its applications in biophotonics,” Opt. 
Express, vol. 23, no. 10, p. 12648, May 2015, doi: 
10.1364/OE.23.012648. 

[8] D. B. Conkey, A. M. Caravaca-Aguirre, and R. Piestun, “High-speed 
scattering medium characterization with application to focusing light 
through turbid media,” Opt. Express, vol. 20, no. 2, pp. 1733–1740, Jan. 
2012, doi: 10.1364/OE.20.001733. 

[9] J. Li, D. R. Beaulieu, H. Paudel, R. Barankov, T. G. Bifano, and J. Mertz, 
“Conjugate adaptive optics in widefield microscopy with an extended-
source wavefront sensor,” Optica, vol. 2, no. 8, pp. 682–688, Aug. 2015, 
doi: 10.1364/OPTICA.2.000682. 

[10] E. Edrei and G. Scarcelli, “Memory-effect based deconvolution 
microscopy for super-resolution imaging through scattering media,” Sci. 
Rep., vol. 6, no. 1, p. 33558, Dec. 2016, doi: 10.1038/srep33558. 

[11] Eric Markley, J. Tamir, E. Bostan, M. Lustig, and L. Waller, “Memory-
Efficient Learning for Large-Scale Computational Imaging,” IEEE Trans. 
Comput. Imaging, vol. 6, pp. 1403–1414, 2020, doi: 
10.1109/TCI.2020.3025735. 

[12] I. Freund, M. Rosenbluh, and S. Feng, “Memory Effects in Propagation 
of Optical Waves through Disordered Media,” Phys. Rev. Lett., vol. 61, 
no. 20, pp. 2328–2331, Nov. 1988, doi: 10.1103/PhysRevLett.61.2328. 

[13] Y. Li, Y. Xue, and L. Tian, “Deep speckle correlation: a deep learning 
approach toward scalable imaging through scattering media,” Optica, vol. 
5, no. 10, p. 1181, Oct. 2018, doi: 10.1364/OPTICA.5.001181. 

[14] S. Li, M. Deng, J. Lee, A. Sinha, and G. Barbastathis, “Imaging through 
glass diffusers using densely connected convolutional networks,” Optica, 
vol. 5, no. 7, p. 803, Jul. 2018, doi: 10.1364/OPTICA.5.000803. 

[15] M. Yang, Z.-H. Liu, Z.-D. Cheng, J.-S. Xu, C.-F. Li, and G.-C. Guo, 
“Deep hybrid scattering image learning,” J. Phys. Appl. Phys., vol. 52, no. 
11, p. 115105, Mar. 2019, doi: 10.1088/1361-6463/aafa3c. 

[16] Y. Luo et al., “Computational imaging without a computer: seeing 
through random diffusers at the speed of light,” eLight, vol. 2, no. 1, p. 4, 
Jan. 2022, doi: 10.1186/s43593-022-00012-4. 

[17] X. Lin et al., “All-optical machine learning using diffractive deep neural 
networks,” Science, vol. 361, no. 6406, p. 1004, Sep. 2018, doi: 
10.1126/science.aat8084. 

[18] D. Mengu, Y. Luo, Y. Rivenson, and A. Ozcan, “Analysis of Diffractive 
Optical Neural Networks and Their Integration With Electronic Neural 
Networks,” IEEE J. Sel. Top. Quantum Electron., vol. 26, no. 1, pp. 1–14, 
Jan. 2020, doi: 10.1109/JSTQE.2019.2921376. 

[19] M. S. S. Rahman, J. Li, D. Mengu, Y. Rivenson, and A. Ozcan, “Ensemble 
learning of diffractive optical networks,” Light Sci. Appl., vol. 10, no. 14, 
Jan. 2021, doi: 10.1038/s41377-020-00446-w. 

This article has been accepted for publication in IEEE Journal of Selected Topics in Quantum Electronics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2022.3194574

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UCLA Library. Downloaded on July 29,2022 at 23:53:46 UTC from IEEE Xplore.  Restrictions apply. 



9 
 

[20] M. S. S. Rahman and A. Ozcan, “Computer-Free, All-Optical 
Reconstruction of Holograms Using Diffractive Networks,” ACS 
Photonics, vol. 8, no. 11, pp. 3375–3384, Nov. 2021, doi: 
10.1021/acsphotonics.1c01365. 

[21] D. Mengu and A. Ozcan, “All-Optical Phase Recovery: Diffractive 
Computing for Quantitative Phase Imaging,” Adv. Opt. Mater., p. 
2200281, doi: 10.1002/adom.202200281. 

[22] J. Li et al., “Spectrally encoded single-pixel machine vision using 
diffractive networks,” Sci. Adv., vol. 7, no. 13, p. eabd7690, Mar. 2021, 
doi: 10.1126/sciadv.abd7690. 

[23] C. Qian et al., “Performing optical logic operations by a diffractive neural 
network,” Light Sci. Appl., vol. 9, no. 1, Dec. 2020, doi: 10.1038/s41377-
020-0303-2. 

[24] Y. Luo, D. Mengu, and A. Ozcan, “Cascadable all-optical NAND gates 
using diffractive networks,” Sci. Rep., vol. 12, no. 7121, May 2022, doi: 
10.1038/s41598-022-11331-4. 

[25] Y. Luo et al., “Design of task-specific optical systems using broadband 
diffractive neural networks,” Light Sci. Appl., vol. 8, no. 1, pp. 1–14, Dec. 
2019, doi: 10.1038/s41377-019-0223-1. 

[26] M. Veli et al., “Terahertz pulse shaping using diffractive surfaces,” Nat. 
Commun., vol. 12, no. 37, Jan. 2021, doi: 10.1038/s41467-020-20268-z. 

[27] C. Liu et al., “A programmable diffractive deep neural network based on 
a digital-coding metasurface array,” Nat. Electron., vol. 5, no. 2, pp. 113–
122, Feb. 2022, doi: 10.1038/s41928-022-00719-9. 

[28] Y. LeCun et al., “Handwritten Digit Recognition with a Back-Propagation 
Network,” in Advances in Neural Information Processing Systems 2, D. 
S. Touretzky, Ed. Morgan-Kaufmann, 1990, pp. 396–404. Accessed: 
Aug. 04, 2020. 

[29] D. Mengu, Y. Zhao, N. T. Yardimci, Y. Rivenson, M. Jarrahi, and A. 
Ozcan, “Misalignment resilient diffractive optical networks,” 
Nanophotonics, vol. 9, no. 13, Jul. 2020, doi: 10.1515/nanoph-2020-0291. 

[30] I. Sutskever, J. Martens, G. Dahl, and G. Hinton, “On the importance of 
initialization and momentum in deep learning,” in Proceedings of the 30th 
International Conference on Machine Learning, May 2013, pp. 1139–
1147. Accessed: Apr. 25, 2022. 

[31] B. Hanin and D. Rolnick, “How to Start Training: The Effect of 
Initialization and Architecture,” in Advances in Neural Information 
Processing Systems, 2018, vol. 31. Accessed: Apr. 28, 2022. 

[32] Y. Wu, V. Boominathan, H. Chen, A. Sankaranarayanan, and A. 
Veeraraghavan, “PhaseCam3D — Learning Phase Masks for Passive 
Single View Depth Estimation,” in 2019 IEEE International Conference 
on Computational Photography (ICCP), 2019, pp. 1–12. doi: 
10.1109/ICCPHOT.2019.8747330. 

[33] S.-H. Baek et al., “Single-shot Hyperspectral-Depth Imaging with 
Learned Diffractive Optics,” ArXiv200900463 Cs Eess, Aug. 2021, 
Accessed: Mar. 17, 2022. [Online]. Available: 
http://arxiv.org/abs/2009.00463 

[34] O. Kulce, D. Mengu, Y. Rivenson, and A. Ozcan, “All-optical 
information-processing capacity of diffractive surfaces,” Light Sci. Appl., 
vol. 10, no. 25, Jan. 2021, doi: 10.1038/s41377-020-00439-9. 

[35] S. Lowenthal and D. Joyeux, “Speckle Removal by a Slowly Moving 
Diffuser Associated with a Motionless Diffuser,” J. Opt. Soc. Am., vol. 
61, no. 7, p. 847, Jul. 1971, doi: 10.1364/JOSA.61.000847. 

[36] D. P. Kingma and J. Ba, “Adam: A Method for Stochastic Optimization,” 
ArXiv14126980 Cs, Dec. 2014, Accessed: Jun. 16, 2018. [Online]. 
Available: http://arxiv.org/abs/1412.6980 

 

 

Yuhang Li received his B.S. degree in 

optical science and engineering from 

Zhejiang University, Hangzhou, China, 

in 2021. He is currently working toward 

his Ph.D. degree in Electrical and 

Computer Department at the University of California, Los 

Angeles, CA, USA. His work focuses on the development of 

computational imaging, machine learning and optics. 

 

Yi Luo received his B.S. degree in 

measurement, control technology and 

instrumentation from Tsinghua 

University, Beijing, China, in 2016. He is 

currently working toward his Ph.D. 

degree in Bioengineering Department at the University of 

California, Los Angeles, CA, USA. His work focuses on the 

development of computational imaging and sensing platforms. 

 

Bijie Bai received her B.S. degree in 

measurement, control technology and 

instrumentation from Tsinghua 

University, Beijing, China, in 2018. She is 

currently working toward her PhD. degree 

in Electrical and Computer Engineering Department, 

University of California, Los Angeles, CA, USA. Her research 

focuses on computational imaging for biomedical applications, 

machine learning and optics. 

 

Dr. Aydogan Ozcan is the Chancellor’s 

Professor and the Volgenau Chair for 

Engineering Innovation at UCLA and an 

HHMI Professor with the Howard Hughes 

Medical Institute, leading the Bio- and 

Nano-Photonics Laboratory at UCLA 

School of Engineering and is also the Associate Director of the 

California NanoSystems Institute. Dr. Ozcan is elected Fellow 

of the National Academy of Inventors (NAI) and holds >55 

issued/granted patents and is also the author of one book and 

the co-author of >800 peer-reviewed publications in major 

scientific journals and conferences. Dr. Ozcan is the founder 

and a member of the Board of Directors of Lucendi Inc., Hana 

Diagnostics, Pictor Labs, as well as Holomic/Cellmic LLC, 

which was named a Technology Pioneer by The World 

Economic Forum in 2015. Dr. Ozcan is also a Fellow of the 

American Association for the Advancement of Science 

(AAAS), the International Photonics Society (SPIE), the 

Optical Society of America (OSA), the American Institute for 

Medical and Biological Engineering (AIMBE), the Institute of 

Electrical and Electronics Engineers (IEEE), the Royal Society 

of Chemistry (RSC), the American Physical Society (APS) and 

the Guggenheim Foundation, and has received major awards 

This article has been accepted for publication in IEEE Journal of Selected Topics in Quantum Electronics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2022.3194574

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UCLA Library. Downloaded on July 29,2022 at 23:53:46 UTC from IEEE Xplore.  Restrictions apply. 



10 
 

including the Presidential Early Career Award for Scientists 

and Engineers, International Commission for Optics (ICO) 

Prize, Joseph Fraunhofer Award & Robert M. Burley Prize 

(Optica), Biophotonics Technology Innovator Award (SPIE), 

Rahmi M. Koc Science Medal, International Photonics Society 

Early Career Achievement Award (SPIE), Army Young 

Investigator Award, NSF CAREER Award, NIH Director’s 

New Innovator Award, Navy Young Investigator Award, 

IEEE Photonics Society Young Investigator Award and 

Distinguished Lecturer Award, National Geographic 

Emerging Explorer Award, National Academy of Engineering 

The Grainger Foundation Frontiers of Engineering Award and 

MIT’s TR35 Award for his seminal contributions to 

computational imaging, sensing and diagnostics. Dr. Ozcan is 

also listed as a Highly Cited Researcher by Web of Science, 

Clarivate.

  

This article has been accepted for publication in IEEE Journal of Selected Topics in Quantum Electronics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2022.3194574

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UCLA Library. Downloaded on July 29,2022 at 23:53:46 UTC from IEEE Xplore.  Restrictions apply. 



11 
 

FIGURES AND FIGURE CAPTIONS 

 
Figure 1. All-optical imaging through diffusers using diffractive networks. (a) Schematic of a four-layered diffractive network trained to all-optically 

reconstruct the input field-of-view seen through an unknown random diffuser.  (b) Sample images, seen through known and new diffusers (L1=L2=10λ) using a 

perfect lens and a trained diffractive optical network.  (c) Imaging unknown objects through unknown, new diffusers with correlation lengths of L2=5λ, 7.5λ, 10λ, 

12.5λ, 15λ, and 17.5λ, using a diffractive optical network trained with L1=10λ. The contrast of the images was enhanced for visualization (see the Methods section 

for details). 
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Figure 2. Imaging through random diffusers with different correlation lengths. (a)Training and design schematic of a 4-layered diffractive optical network 

seeing through new, random phase diffusers. (b) PCC values of diffractive neural networks trained with L1=5λ, 7.5λ, 10λ, 12.5λ, 15λ, and 17.5λ random diffusers 

and tested with new, random phase diffusers with correlation lengths L2=5λ, 7.5λ, 10λ, 12.5λ, 15λ, and 17.5λ. (c) Visualization of the results in (b). The last column: 

imaging through the same random diffusers using a perfect lens. Last row: imaging without a diffuser. The contrast of the images was enhanced for visualization 

(see the Methods section for details). 
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Figure 3. Comparison of diffractive network output images under different levels of pruning. The diffractive layers trained with correlation lengths of L1=5λ 

(a), 10λ(b), and 15λ(c) were pruned by different levels. In each panel: top row: the original layers of a trained diffractive network and its reconstruction results 

under different conditions; second row: the diffractive layers where all the neurons outside of the phase islands are pruned; third row: diffractive layers where all 

the neurons within a circular aperture of 80𝜆 were kept. (d) The diffractive network trained and tested without any diffusers. The contrast of the images was 

enhanced for visualization (see the Methods section for details). 
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Figure 4. Quantification of the circular phase islands within the diffractive layers. (a) The number of the phase islands and the mask vacancy ratio of the 

diffractive layers trained with different random phase diffusers (𝐿ଵ ൌ 5𝜆,  7.5𝜆,  10𝜆,  12.5𝜆,  15𝜆 and 17.5). The error bars reflect the standard deviations of the 

values among four diffractive layers within each diffractive network design. (b) Corresponding diffractive layer phase profiles of the converged diffractive 

networks.  
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Figure 5. Improved training strategies with better generalization. (a) PCC values of various diffractive neural networks trained and tested with different L1, L2 

combinations. (b) Example images seen through new random diffusers using the diffractive networks in (a). The contrast of the images was enhanced for 

visualization (see the Methods section for details). 
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Figure 6. An increase in the number of random training diffusers helps generalization. (a) PCC values of the diffractive neural networks trained with different 

combinations of n and N. (b) Example images seen through new random diffusers using the diffractive networks in (a). (c) PCC overfitting rate for the four 

diffractive networks trained with different combinations of n and N. The contrast of the images was enhanced for visualization (see the Methods section for details). 
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Figure 7. Impact of diffractive layer initialization. (a) Schematic of transfer learning from a diffractive design trained without any diffusers. (b) The diffractive 

layers trained without diffusers (used as initial condition, top row), the diffractive layers after transfer learning (middle row), and the diffractive layers trained with 

zero-phase initialization (bottom row). The diffractive neural networks that aim to see through random diffusers were trained with 𝐿ଵ ൌ 10𝜆. (c) Visualization and 
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PCC values of the diffractive networks tested under Lଶ: 5𝜆,  7.5𝜆, 10𝜆,  12.5𝜆,  15𝜆 and 17.5𝜆. The contrast of the images was enhanced for visualization (see the 

Methods section for details). 
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Figure 8. Depth feature of diffractive optical networks. (a) PCC values of diffractive neural networks with 1, 2, 3, 4 and 5 layers, trained with random phase 

diffusers, 𝐿ଵ ൌ 10𝜆. All the resulting diffractive models were tested with new phase diffusers with correlation lengths of  Lଶ: 5𝜆,  7.5𝜆, 10𝜆,  12.5𝜆,  15𝜆 and 17.5𝜆. 

(b) Visualization of the results in (a). The contrast of the images was enhanced for visualization (see the Methods section for details). 
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Figure 9. Vaccinated diffractive neural networks. (a) The image reconstruction PCC values of diffractive neural networks trained with different levels of 

vaccination against physical misalignments. Insert: a schematic of the diffractive layer misalignment. (b) Visualization of results in (a) with 𝛥௧௘௦௧ ൌ

0.0𝜆,   0.5𝜆,   1.0𝜆,   1.5𝜆 and 2,0𝜆. The contrast of the images was enhanced for visualization (see the Methods section for details). 
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