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We report the use of Time Multiplexing Super Resolution (TMSR) to reduce significantly speckle noise in spectral imaging microscopy of unstained 

thin blood smear samples of malaria-infected blood. The method is based on combining speckle illumination with a moving array serving as an 

encoding mask. We propose the use of a new encoding mask to improve the performance of the conventional TMSR method. The new mask is a 

two-dimensional generalisation of the one-dimensional Ipatov code. The mask is projected on the object and 13 low-resolution images captured 

and subsequently decoded properly using the same array. The low contrast images are added and extracted from the resulting reconstruction, giv-

ing a super-resolved, high-contrast image. The Ipatov filter used in this work performs better than the Barker filter.

Keywords: image contrast, time multiplexing, transfer function, super resolution, image processing, blood smear, multispectral, speckle 
reduction, diffraction, malaria

Introduction
Malaria is the leading cause of death in Africa. However, 
the malaria diagnosis method remains manual and time 
consuming. In the microscopy of blood smear samples, 
combining spectral imaging and image processing can 
lead to faster and more accurate diagnoses of diseases 
such as malaria. However, the coherent nature of lasers 

used in sample illumination leads to low contrast images, 
due to the addition of speckle patterns in the red blood 
cell images. Spatial resolution in optical microscopy is 
also limited by diffraction.1 Several techniques have been 
developed to reduce speckle noise and improve spatial 
resolution. Time multiplexing super resolution (TMSR), 
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for example, produces images that are resolved beyond 
the diffraction limit.

The original concept of TMSR suggested by Françon2 
uses two scanning pinholes to encode and decode the 
information embedded in the object. One pinhole is 
placed on the plane of the object to encode the infor-
mation, while the other decodes the information on the 
image plane. Other approaches have been developed 
using different masks to improve the spatial resolution of 
images.3–9 The nature and properties of the mask play an 
important role in image reconstruction. Some approaches 
have taken advantage of speckle illumination to improve 
spatial resolution in optical microscopy.  In this paper, we 
propose a binary transmission 2D Ipatov-based array as 
an encoding and decoding mask for image reconstruction. 
The method relies on the autocorrelation (AC) of the mask.

Multispectral microscopy is a technique that exploits 
spectral and spatial information resulting from light–
matter interaction. Several studies have reported the use 
of multispectral microscopy in the detection of malaria 
without fluorescent labelling of cells10,11 and the early 
detection of plant diseases.12,13 However, there is a need 
to improve spatial resolution and noise performance in 
these systems. We, therefore, present an implementa-
tion of a TMSR-based microscopy system that seeks to 
improve thin blood smear image contrast via a multispec-
tral approach.

Materials and methods
Experimental setup
The experimental setup (Figure 1) is a laboratory-assem-
bled optical horizontal microscope configured to work in 
transmission mode. The sample object was a thin blood 
smear illuminated by two wavelengths: λ = 405 nm and 
λ = 638 nm. The light was structured with two different 
gratings: a Barker grating and the proposed Ipatov grating. 

The mask was projected on the sample and shifted later-
ally using the spatial light modulator (SLM) (Holoeye 
LC-R720). An 8-bit monochrome 1024 × 1280-pixel 
CMOS camera (Thorlabs DCC1545M) with a pixel size 
of 5.2 × 5.2 µm was used to acquire the images. Thirteen 
low-resolution images were recorded for different posi-
tions of the mask for each wavelength.

Sample preparation
For the study of red blood cells, thin blood smears were 
prepared on silica slides measuring 75 × 25 × 1 mm using 
the standard procedure.14 In conventional blood smear 
preparation, cells are labelled with May–Grünwald Giemsa 
(MGG). However, our samples were made without MGG. 
Unstained blood smears are preferred for microscopic 
imaging because they preserve the intrinsic optical prop-
erties of red blood cell components for analysis.

Ipatov-based array
A binary transmission 1D Ipatov-based code is used in 
radar systems.15 The longest reported Ipatov code is 13 
bits long [1110010111110]. This code exhibits a two-
valued cyclic AC and can be generalised into a 2D array 
as follows. Each row in the array is shifted five pixels to 
the right relative to the previous row.9 This gives the 
pattern shown in Figure 2(a). The resulting cyclic AC of 
the 13 × 13 array is shown in Figure 2(b). The cyclic AC 
has 13 peaks equal to 1, with a distance of (13)1/2 sepa-
rating every two peaks.

Measurement procedure
The main idea was to capture blood smear images for 
different phases of the mask. The phase shifts were 

Figure 1. Experimental setup: L, lens; M, mirror; SLM, 
spatial light modulator.

Figure 2. (a) 13 × 13 Ipatov-based array, where each row 
is a five-pixel shift of the previous row; (b) cyclic AC of 
the 13 × 13, Ipatov-based array. Pixel values: white, 1; 
grey, 2/3; black, 0.

(a) (b)
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achieved by moving the mask in the lateral direction 
using a SLM. This was done under electronic control to 
ensure speedy and precise image acquisition. The sample 
was kept static at all times.

The images were acquired and processed as follows. 
A blood smear image was recorded for the first posi-
tion of the mask. This position was taken to be the 
reference position for all translations of the mask. 
The mask was then shifted by 20 ° using the SLM and 
another image recorded. These steps were repeated 
for mask phase values between 0 ° and 240 ° in incre-
ments of 20 °, giving a total of 13 low-resolution 
images. Each of the images was multiplied by the 
previous mask, and the resulting images were added 
together for reconstruction. An image of the sample 
without the mask was also recorded. This entire 
process was replicated for each of the wavelengths 
(405 nm and 638 nm).

Time multiplexing super resolution technique
This technique uses two gratings. One was placed 
in front of the object [s1(x,y)] to encode the infor-
mation and the other near the detector or added 
digitally through an algorithm [s2(x,y)] for decoding. 
During the process, 13 low-resolution images were 
acquired as the mask was shifted in a lateral direction. 
These images were then added and removed from 
the reconstruction to give a high-resolution image. 
The technique was applied for each of the two wave-
lengths. i.e. 405 nm and 638 nm.

If ɛ represents the displacement of the mask, we define 
Oɛ(x,y) to be the intensity for one single frame in the 
camera, g(x,y) the input object intensity, O(x,y) the recon-
structed image and h(x,y) the point spread function (PSF). 
We then have:9
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where * denotes convolution.
The decoding process involves multiplying each image 

by the decoding mask s2, followed by progressive integra-
tion over the time.
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Since the masks are time-dependent, and assuming s1 
and s2 are the same array (i.e., s1 = s2 = M), we have:
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where k is a constant. It then follows that:
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If that the PSF is smaller than the distance between 
two peaks, then:

	 ( ( ) ( )O , )  g , h 0,0 k LRIx y x y= + 	 (8)

where LRI stands for “low-resolution image”. This means 
that to get a high-resolution image, the low-resolution 
image must be subtracted from the reconstruction.

Results and discussion
Images of unstained thin blood smears were captured using 
the laboratory-assembled microscope shown in Figure 1. 
This was done in the transmission mode at wavelengths of 
405 nm and 638 nm. This choice is not fortuitous because 
according to the work of Dabo et al.,16 these wavelengths 
are characteristic of the malaria parasite. Ipatov and Barker 
masks (filters) were both used for low-resolution image 
acquisition. The reconstructed “Ipatov filter” and “Barker 
filter” images are presented and discussed next.

Wavelength λ = 405 nm
Figure 3 shows images that were acquired with 405 nm 
laser illumination. The low-resolution image of Figure 3(a) 
was acquired without mask projection. The image shown 
in Figure 3(b) was reconstructed using the Barker-filter-
acquired images. It is sharper and has better contrast 
than that of Figure 3(a) but the close up reveals that it 
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is blurred. Figure 3(c) shows the image reconstructed 
using the Ipatov-filter-acquired images. This image is 
clearer and the cell core is visible (see close up). It has an 
improved contrast, a background free of speckle and a 
visible cell edge.

The following metrics were computed to help with 
analysis of the reconstructed images:
	�Mean squared error (MSE). The mean squared error 
between the original image and reconstructed image 
is expressed as:
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	 where g(a,b) is the original low-resolution image and 
( )ĝ ,a b  is the reconstructed super resolved image.

	� Peak signal-to-noise ratio (PSNR) defined as:
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 
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	 (10)

	� Root Mean Square Error (RMSE). RMSE =  MSE 	 (11)
	� Standard deviation (SD)
Table 1 shows the computed parameters for recon-

structed images based on Barker and Ipatov filters for 
λ = 405 nm.

Note that PSNR for the Ipatov-filtered image is higher 
than that of the Barker-filtered image by a margin of 
0.0331 dB. The Ipatov-filtered image also has lower 
values of the errors MSE and RMSE (by 0.0812 dB and 
0.0125 dB, respectively). The SD of the Ipatov-filtered 
image is 0.0083 less than that of the Barker-filtered 
one. According to Singh and Goyal,17 a high value of 

Figure 3. Transmission images using λ = 405 nm. (a) Original blood smear image, (b) image of blood smear enhanced by 
Barker filter, (c) image of blood smear enhanced by Ipatov filter.

Objective parameters PSNR MSE RMSE SD
Barker filter 37.8788 10.6808 3.2682 1.0950
Ipatov filter 37.9119 10.5996 3.2557 1.1033

Table 1. Comparison of PSNR, MSE, RMSE and SD for λ = 405 nm.
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PSNR indicates that the image is more detailed. Superior 
quality images will have low MSE and low RMSE. A high 
SD suggests a high contrast in an image. The results in 
Table 1 are proof that the use of the Ipatov filter results 
in better image resolution and contrast than the Barker 
filter.

Wavelength λ = 638 nm
Figure 4 (a) shows the low-resolution image without 
mask projection with illumination at λ = 638 nm. The 
image in Figure 4(b), which was reconstructed from 
Barker-filter-acquired images, is sharper and has better 
contrast than that of Figure 4(a). Figure 4(c) shows the 
image reconstructed using Ipatov-filter-acquired images. 
This image is brighter, has visible contours and an 
enhanced contrast. Speckle noise has been completely 
eliminated.

The contrast improvement is clearly visible, not only in 
the white marked bars, but also in the image background. 
The Ipatov-filtered image has better contrast that the one 
that based on the Barker filter.

Table 2 shows the computed parameters for recon-
structed images based on Barker and Ipatov filters for 
λ = 638 nm.

The PSNR value of the Ipatov-filtered image is higher 
than that of the Barker-filtered image by a margin of 
0.0292 dB. The MSE and RMSE for the Ipatov-filtered 
image are also less by 0.1210 dB and 0.0142 dB, respec-
tively. The SD of the Ipatov-filtered image exceeds that of 
the Barker-filtered image by 0.0238.

For both wavelengths, the reconstruction performed 
with an Ipatov filter gives better results than the one 
that uses the Barker filter because of the autocorrelation 
property.

Objective parameters PSNR MSE RMSE SD
Barker filter 35.6150 17.9881 4.2412 1.2432
Ipatov filter 35.6442 17.8671 4.2270 1.2670

Table 2. Comparison of PSNR, MSE, RMSE and SD for λ = 638 nm.

Figure 4. Transmission images using λ = 638 nm. (a) Original blood smear image, (b) image of blood smear enhanced by 
Barker filter, (c) image of blood smear enhanced by Ipatov filter.
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Conclusion
In this paper, we propose an application of TMSR to thin 
blood smear image enhancement. Two distinct masks, 
the proposed Ipatov mask and a Barker mask, were used 
to enhance the contrast of the reconstructed image. The 
masks have autocorrelation properties. The results show 
that both masks increase the contrast of the image, but 
the Ipatov filter performs better than the Barker filter. 
The images obtained by applying the TMSR method are 
without speckle noise and individual red blood cells are 
distinguishable. The improvement reported in this paper 
will result in better analyses of multispectral images. This 
will lead to a more accurate diagnosis of malaria, one of 
the leading causes of death in Africa.
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