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Abstract:  Satellite images are used in many applications such 

as geosciences studies, astronomy, and geographical information 

systems. One of the most important quality factors in images 

comes from its resolution. Interpolation in image processing is a 

well-known method to increase the resolution of a digital image. 

Interpolation has been widely used in many image-processing 

applications such as facial reconstruction, multiple-description 

coding, and resolution enhancement. In this project, we propose a 

new satellite image resolution enhancement technique based on 

the interpolation of the high-frequency sub bands obtained by 

discrete wavelet transform (DWT) and the input image. The 

proposed resolution enhancement technique uses DWT to 

decompose the input image into different subbands. Then, the 

high-frequency subband images and the input low-resolution 

image have been interpolated, followed by combining all these 

images to generate a new resolution-enhanced image by using 

inverse DWT. In order to achieve a sharper image, an 

intermediate stage for estimating the high-frequency sub bands 

has been proposed. The proposed technique has been tested on 

satellite benchmark images. The quantitative (peak 

signal-to-noise ratio and root mean square error) and visual 

results show the superiority of the proposed technique over the 

conventional and state-of-art image resolution enhancement 

techniques.  

IndexTerms— Discrete wavelet transform (DWT), 

interpolation, satellite image resolution enhancement, wavelet 

zero padding.(keywords) 

I. INTRODUCTION: 

Resolution of an image has been always an important issue 

in many image and video-processing applications, such as 

video resolution enhancement, feature extraction, and satellite 

image resolution enhancement. Interpolation in image 

processing is a method to increase the number of pixels in a 

digital image. Interpolation has been widely used in many 

image processing applications, such as facial reconstruction, 

multiple description coding, and image resolution 

enhancement. The interpolation-based image resolution 

enhancement has been used for a long time and many 

interpolation techniques have been developed to increase the 

quality of this task. There are three well-known interpolation 

techniques, namely, nearest neighbor, bilinear, and bicubic. 

Bicubic interpolation is more sophisticated than the other two 

techniques and produces smoother edges. Wavelets are also 

playing a significant role in many image-processing 

applications. 

The 2-D wavelet decomposition of an image is performed 

by applying the 1-D discrete wavelet transform (DWT) along 

the rows of the image first, and then the results are ecomposed 

along the columns. This operation results in four decomposed 

sub band images referred to low-low (LL) low-high (LH), 

high-low (HL), and high-high (HH). The frequency 

components of those sub bands cover the full frequency 
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spectrum of the original image. Theoretically, a filter bank 

shown in Fig. 1 should operate on the image in order to 

generate different sub band frequency images. Fig. 2 shows 

different sub bands of a satellite image where the top left 

image is the LL sub band, and the bottom right image is the 

HH sub band. Image resolution using wavelets is a relatively 

new subject and recently many new algorithms have been 

proposed. Carey et al have attempted to estimate the unknown 

details of wavelet coefficients in an effort to improve the 

sharpness of the reconstructed images. Their estimation was 

carried out by investigating the evolution of wavelet 

transform extreme among the same type of sub bands. Edges 

identified by an edge detection algorithm in lower frequency 

sub bands were used to prepare a model for estimating edges 

in higher frequency sub bands and only the coefficients with 

significant values were estimated as the evolution of the 

wavelet coefficients. In many researches, hidden Markov has 

been also implemented in order to estimate the coefficients. In 

this paper, we propose a resolution-enhancement technique 

using interpolated DWT high-frequency sub band images and 

the input low-resolution image. Inverse DWT (IDWT) has 

been applied to combine all these images to generate the final 

resolution-enhanced image. In order to achieve a sharper 

image, we propose to use an intermediate stage for estimating 

the high- frequency sub bands by utilizing the difference 

image obtained by subtracting the input image and its 

interpolated LL sub band. The proposed technique has been 

compared with standard interpolation techniques, wavelet 

zero padding (WZP), where the unknown coefficients in 

high-frequency subbands are replaced with zeros, and 

state-of-art techniques, such as WZP and cycle- spinning 

(CS), and previously introduced complex wavelet transform 

(CWT)-based image resolution enhancement. It is necessary 

to recall that in this paper the resolution enhancement is used 

as a process that enlarges the given input in the way that the 

output is sharper. The performance of the proposed technique 

over performs all available state-of-art methods for image 

resolution enhancement. The visual and quantitative results 

are given in the results and discussions section. In all steps of 

the proposed satellite image resolution enhancement 

technique, Daubechies (db.9/7) wavelet transform as mother 

wavelet function and bicubic interpolation as interpolation 

technique have been used. The paper is organized as follows. 

Section II gives an overview on the state-of-art image 

resolution enhancement techniques used for comparison 

purposes. Section III introduces the proposed wavelet based 

resolution enhancement technique. Section IV discusses the 

qualitative and quantitative results of the proposed method 

with the conventional and state-of-art resolution enhancement 

techniques. Conclusions are given in the final section. 
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Fig 1. Block diagram of DWT filter banks of level 1 

 

 
Fig 2. LL, LH, HL, and HH subbands of a satellite 

image obtained 
 

 
 

Fig 3. Block diagram of the WZP- and CS-based image 

resolution enhancement. 

 
Fig 4. Block diagram of the proposed resolution 

enhancement algorithm. 

II.  WAVELET-BASEDIMAGE RESOLUTION 

ENHANCEMENT 

There are several methods which have been used for 

satellite image resolution enhancement. In this paper, we have 

used two state-of-art techniques for comparison purposes. 

The first one is WZP and CS, and the second one is the 

previously introduced CWT-based image resolution 

enhancement. 

A.  CS Based Image Resolution Enhancement: 

This method adopts the CS methodology in the wavelet 

domain. The algorithm consists of two main steps as follows: 

1)  An initial approximation to the unknown high resolution 

image is generated using wavelet domain zero padding 

(WZP). 

2)  The cycle-spinning methodology is adopted to operate 

the following tasks:  

 a) A number of low resolution images are generated from 

the obtained estimated high resolution image in part(1) 

by spatial shifting, wavelet transforming, and discarding 

the high frequency sub-bands.   

b) The WZP processing is applied to all those low 

resolution images yielding N high resolution images. 

c)  These intermediated high resolution images are 

re-aligned and averaged to give the final high resolution 

reconstructed image. Fig. 3 shows the block diagram of 

the WZP- and CS-based image super resolution. 

B. CWT-Based Image Resolution Enhancement 

In this technique, dual-tree CWT (DT-CWT) is used to 

decompose an input image into different sub   band images.  

DT- CWT is used to decompose an input    low-resolution 

image into different sub bands. Then,    the high-frequency 

sub band images and the input   image are interpolated, 

followed by combining all these images to generate a new 

high-resolution image by using inverse DT-CWT. The 

resolution enhancement is achieved by using directional 

selectivity provided by the CWT, where the high-frequency 

sub bands in six different directions contribute to the 

sharpness of the high-frequency details, such as edges. Details 

of this technique are shown in Fig. 4, where the enlargement 

factor through the resolution enhancement is α. 

III. DWT-BASEDRESOLUTION ENHANCEMENT 

As it was mentioned before, resolution is an important 

feature in satellite imaging, which makes the resolution 

enhancement of such images to be of vital importance as 

increasing the resolution of these images will directly affect 

the performance of the system using these images as input. 

The main loss of an image after being resolution enhanced by 

applying interpolation is on its high-frequency components, 

which is due to the smoothing caused by interpolation. Hence, 

in order to increase the quality of the enhanced image, 

preserving the edges is essential. In this paper, DWT has been 

employed in order to preserve the high-frequency components 

of the image. DWT separates the image into different sub 

band images, namely, LL, LH, HL, and HH. High frequency 

sub bands contain the high-frequency component of the 

image. The interpolation can be applied to these four sub band 

images. In the wavelet domain, the low-resolution image is 

obtained by low-pass filtering of the high-resolution image. 

The low-resolution image (LL sub band), without 

quantization (i.e., with double-precision pixel values) is used 

as the input for the proposed resolution enhancement process. 

In other words, low-frequency sub band images are the low 

resolution of the original image. Therefore, instead of using 

low-frequency sub band images, which contains less 

information than the original input image, we are using this 

input image through the interpolation process. Hence, the 

input low-resolution image is interpolated with the half of the 

interpolation factor, α/2, used to interpolate the 

high-frequency sub bands, as shown in Fig. 5. In order to 

preserve more edge information, i.e., obtaining a sharper 

enhanced image, we have proposed an intermediate stage in 

high-frequency sub band interpolation process.  
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As shown in Fig. 5, the low-resolution input satellite image 

and the interpolated LL image with factor 2 are highly 

correlated. The difference between the LL sub band image 

and the low-resolution input image are in their high-frequency 

components. Hence, this difference image can be use in the 

intermediate process to correct the estimated high-frequency 

components. This estimation is performed by interpolating 

the high-frequency sub bands by factor 2 and then including 

the difference image (which is high-frequency components on 

low-resolution input image) into the estimated high-frequency 

images, followed by another interpolation with factorα/2 in 

order to reach the required size for IDWT process. The 

intermediate process of adding the difference image, 

containing high-frequency components, generates 

significantly sharper and clearer final image. This sharpness is 

boosted by the fact that, the interpolation of isolated 

high-frequency components in HH, HL, and LH will preserve 

more high-frequency components than interpolating the 

low-resolution image directly. Figs. 6 and 7(a)–(c) show the 

difference between the high-resolution images with the 

enhanced image by using the proposed resolution 

enhancement technique, the difference obtained by using 

bicubic interpolation directly, and the difference image with 

WZP- and CS-based image resolution enhancement 

technique, respectively. Figs. 6 and 7(a) shows that more 

high-frequency components have been preserved in the 

proposed technique. 

 

 
Fig 5.Block diagram of proposed resolution enhancement 

algorithm. 
 

 
Fig 6. Difference between (d) the original 

high-resolution satellite image and (a) the proposed 

enhanced image, (b) the standard bicubic interpolation, 

and(c) the WZP- and CS-based image resolution 

enhancement technique. 

 
Fig 7. Difference between (d) the original 

high-resolution satellite image and (a)the proposed 

enhanced image, (b) the standard bicubic interpolation, 

and(c) the WZP- and CS-based image resolution 

enhancement technique. 

Peak signal-to-noise ratio (PSNR) and root mean square 

error (RMSE) have been implemented in order to obtain some 

quantitative results for comparison. PSNR can be obtained by 

using the following formula. PSNR = 10log10 (R
2
/MSE)    (1) 

Where R is the maximum fluctuation in the input image 

(255 in here as the images are represented by 8 bit, i.e., 8-bit 

grayscale representation have been used—radiometric 

resolution is 8 bit); and MSE is   Representing   the 

MSE=∑I,j(Iin(i,j)-Iorg(i,j))
2
/MxN   (2) 

MSE between the given input image I in and the original 

image I org which can be obtained by the following   Where M 

and N are the size of the images. Clearly, RMSE is the square 

root of MSE, hence it can be calculated by the following. 

RMSE=√∑I,j(Iin(i,j)-Iorg(i,j))
2
/MxN  (3) 

Table I is showing the comparison between the proposed 

method using Daubechies (db.9/7) wavelet transform with 

bicubic interpolation and some state-of-art resolution 

enhancement techniques, such as WZP, WZP and CS 

super-resolution technique [17], and also the formerly 

proposed resolution enhancement technique [3] by means of 

calculating PSNR. Table II is showing the comparison 

between the proposed method using Daubechies (db.9/7) 

wavelet transform with bicubic interpolation and 

aforementioned conventional and state-of-art techniques by 

means of RMSE. The results in Table II are correlated with 

the results in Table I, which is expected due to the definition 

of the PSNR in (1). Overall, the results in Tables I and II show 

that the proposed method over performs the aforementioned 

state-of-art and conventional techniques. In order to show the 

improvement obtained by the proposed satellite image 

resolution enhancement from information content point of 

view, the entropy of Figs. 8(1) and (2) have been calculated. 

 
Fig 8.(a)Low-resolution image obtained from down 

sampling of the high-resolution satellite image through 2 

cascaded DWT, (b) original high-resolution satellite 

image, (c) bicubic interpolation-based resolution Fig. 
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10.(a)Low-resolution image obtained from down 

sampling of the high-resolution satellite image through 2 

cascaded DWT, (b) original high-resolution satellite 

image, (c) bicubic interpolation-based resolution 

enhancement,(d) WZP, (e) WZP and CS technique, (f) the 

proposed image resolution enhancement technique, and 

(g) the difference between the original high-resolution 

satellite image and the image enhanced by the proposed 

technique with enlargement from 128×128 to 512×512. 
 

TABLE   I 

PSNR (DECIBELS) RESULTS FOR RESOLUTION 

ENHANCEMENT FROM 128×128TO 512×512(α=4) FOR 

THE PROPOSED TECHNIQUE COMPARED WITH 

CONVENTIONAL AND SOME STATE-OF-ART 

TECHNIQUES 

 
 

TABLE II 

RMSE RESULTS FOR RESOLUTION ENHANCEMENT 

FROM 128×128TO 512×512(α=4) FOR THE PROPOSED 

TECHNIQUE COMPARED WITH CONVENTIONAL AND 

SOME STATE-OF-ART TECHNIQUES 

 

 
 

TABLE III 

ENTROPY RESULTS FOR RESOLUTION 

ENHANCEMENT FROM 128×128 TO 512×512(α=4) FOR 

THE PROPOSED TECHNIQUE COMPARED WITH 

PREVIOUSLY INTRODUCED RESOLUTION 

ENHANCEMENT TECHNIQUE [3], AS WELL AS 

LOW-RESOLUTION AND HIGH-RESOLUTION ORIGINAL 

 
TABLE IV 

PSNR (DECIBELS) RESULTS FOR RESOLUTION 

ENHANCEMENT FROM 128×128TO 512×512(α=4) USING 

THE PROPOSED TECHNIQUE FOR THE QUANTIZED 

INPUT IMAGES (8-BIT UNSIGNED INTEGER), 

COMPARED WITH CONVENTIONAL AND SOME 

STATE-OF-ART TECHNIQUES 

 

TABLE V 

MSE RESULTS FOR RESOLUTION ENHANCEMENT FROM 

128×128TO 512×512(α=4) USING THE PROPOSED 

TECHNIQUE FOR THE QUANTIZED INPUT IMAGES 

(8-BIT UNSIGNED INTEGER), COMPARED WITH 

CONVENTIONAL AND SOME STATE-OF-ART 

TECHNIQUES 

 
TABLE VI 

RMSE RESULTS FOR RESOLUTION ENHANCEMENT 

FROM 128×128TO 512×512(α=4) USING THE PROPOSED 

TECHNIQUE FOR THE QUANTIZED INPUT IMAGES 

(8-BIT UNSIGNED INTEGER), COMPARED WITH 

CONVENTIONAL AND SOME STATE-OF-ART 

TECHNIQUES 

 

 
Fig 9. (a) Quantized low-resolution image, (b) original 

high-resolution satellite image, (c) bicubic 

interpolation-based resolution enhancement (d) WZP, (e) 

WZP and CS technique, (f) the proposed image resolution 

enhancement technique, with enlargement from 128×128 

to 512×512. 

Table III is showing these entropy values. As expected, 

highest level of information content is embedded in the 

original images. The main reason of having the relatively high 

information content level of the images generated by the 

proposed method is due to the fact that the unquantized input 

LL-sub band images contain most of the information of the 

original high-resolution image. This approach can be 

tolerated in some applications where there is no limitation in 

the number of bits for the representation of floating point 

numbers. The results are confirming the expectation of 

performance drop on the proposed algorithm due to the loss of 

information contained in the floating points. The visual results 
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corresponding to the quantized input image given in Fig. 

9(2-a) are given in Fig. 9. 

IV. CONCLUSION 

This paper has proposed a new resolution enhancement 

technique based on the interpolation of the high-frequency 

sub band images obtained by DWT and the input image. The 

proposed technique has been tested on well-known 

benchmark images, where their PSNR and RMSE and visual 

results show the superiority of the proposed technique over 

the conventional and state-of-art image resolution 

enhancement techniques. The PSNR improvement of the 

proposed technique is up to 7.19dB compared with the 

standard bicubic interpolation. 
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