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ABSTRACT The hardware and software of a telecommunication system designed for the transmission of adaptively scaled 
digital images has been developed. The system consists of transmission and reception subsystems. The hardware of the 
transmission subsystem includes a USB video camera, a microcomputer Raspberry Pi3 and a Raspberry Pi3 radio module. The 
hardware of the reception subsystem includes a radio module nRF24L01 # 2, a microcontroller Funduino Uno and a computer. 
The radio module Funduino Uno has a relatively low transmission speed, but provides low power consumption. The system 
software has been developed in Python and C++. In the transmission subsystem, the image from the video camera is read 
using the program cam2nrf, its scale is reduced by interpolation and the reduced image is transmitted via radio module # 1. 
In the reception subsystem, the reduced image is read via radio module # 2, its scale is increased by interpolation. Image 
scaling is performed using bilinear or bicubic interpolation. The program nrf_rx, which runs on the Funduino Uno 
microcontroller, is used to receive wireless data using the radio module nRF24L01. The program recv_img, which runs on the 
computer, reads the image from the microcontroller Funduino Uno, scales, visualizes and saves it. Scaling adaptability is 
ensured by choosing the image interpolation algorithm depending on its average spatial period TCR, which is calculated based 
on the Fourier power spectrum of the original image. For values TCR < 4.5 pixels, bilinear interpolation is performed, and 
otherwise bicubic interpolation is performed. Testing of the telecommunication system for transmitting real images shows 
its operability. By reducing the image size by a factor of 2, the transmission time is reduced by a factor of 4 with a slight 
decrease in the visual quality of the resulting image. Such image scaling is especially effective when transmitting images over 
low-bandwidth channels. The developed hardware and software can be used in `Internet of Things systems for image 
transmission. 

KEYWORDS telecommunication systems, digital image scaling, interpolation algorithms, video camera, Internet of Things. 
 

I. INTRODUCTION 
odern telecommunication systems are often used 
to transmit both individual images and frames of 
a video stream. Image transmission is important, 

in particular, in video surveillance and remote control 
systems [1-3]. In the case of using low-bandwidth 
communication channels, an effective way to reduce traffic 
in the system is to transmit images at a reduced scale [1, 4]. 
In such telecommunication systems, on the transmitting 
side, the original fRGB color images are read from video 
cameras and scaled to smaller fRGBs images, which are 
transmitted over telecommunication channels. 

On the receiving side, fRGBs images are read and 
scaled to fRGBs2 images, the size of which is equal to the 
size of fRGB. Bilinear and bicubic interpolation 
algorithms [5, 6] are often used for image scaling, which 
have low computational complexity and high performance, 
compared to nonlinear interpolation algorithms [7, 8] and 
artificial neural networks (ANN) [9-14]. In addition, image 
scaling using ANN is characterized by quite high visual 
quality, but also a high probability of artifacts. 

The problem is that image interpolation algorithms 
have relatively low accuracy. This leads to the appearance 
of characteristic defects in images, in particular, blurring of 
contours and loss of detail [15, 16]. Analysis of the results 
of image scaling shows that scaling errors depend not only 
on the interpolation algorithm, but also on the spatial 
distribution of image brightness. Therefore, the goal of this 

work is relevant, which is to develop a telecommunication 
system for transmitting adaptively scaled digital images. 
Scaling adaptability is ensured by choosing an 
interpolation algorithm depending on the spatial 
distribution of image brightness, which is described by its 
average spatial period. 

II. STRUCTURE AND HARDWARE                                                  
OF THE TELECOMMUNICATIONS SYSTEM 

The structure of the developed telecommunication 
system is described by a diagram (Fig. 1), which consists 
of transmission and reception subsystems. The initial 
images of the studied objects are read using a USB video 
camera [17] connected to a Raspberry Pi3 microcomputer. 
Reading of fRGB color images from the video camera is 
performed by the program cam2nrf in Python, which also 
performs scaling of fRGB images into smaller fRGBs 
images (with a scaling factor Sc1, for example Sc1 = 0.5). 

Digital color images are processed programmatically as 
arrays fRGB(i, k, c), where i = 0,..., M-1; k = 0,..., N-1; 
c = 0,..., QC-1; M is the image size in height (in pixels), N 
is the image size in width, QC = 3 is the number of color 
channels (RGB) [2]. The image scale is reduced by the 
interpolation algorithm. After that, the fRGBs images are 
transmitted via telecommunication channels by the 
program cam2nrf. For remote signal transmission, radio 
modules nRF24L01 # 1 and # 2 were used on the 
transmitting and receiving sides, respectively (Fig. 2). 
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FIG. 1. Structural diagram of a telecommunications system. 

 
FIG. 2. Implementation of the transmission subsystem: video 
camera (right), Raspberry Pi3 microcomputer and nRF24L01 
radio module # 1 (top left). 

On the receiving side, the fRGBs images are read from 
radio module #2 using the microcontroller Funduino Uno 
(Fig. 3) under the control of the program nrf_rx (in C++). 
The Funduino Uno is physically connected to the computer 
via a USB port, but the image is transferred from the device 
to the computer via a virtual serial port in software. 

The fRGBs images are read in the computer by the 
recv_img program (in Python), which also scales the 
fRGBs images to fRGBs2 images (scale factor Sc2, e.g. 
Sc2 = 2). 

 

 
FIG. 3. Implementation of the reception subsystem: nRF24L01 
radio module # 2 (right), Funduino Uno microcontroller. 

The nRF24L01 radio module operates at a frequency of 
2.4 GHz and supports data transfer rates of up to 2 Mbps in 
transmitter or receiver mode (at a distance of up to 520 m). 
At a distance of up to 1000 m, the transmission rate via the 
radio module is 250 Kbit/s. The radio module is controlled 
using the SPI protocol and consumes a small current (up to 
115 mA) at a supply voltage of 3.6 V. When transmitted 
via the radio module, data is divided into packets of 
32 bytes. 

III. TELECOMMUNICATIONS SYSTEM SOFTWARE 
In the cam2nrf program (transmission subsystem), 

reading images as frames of a video stream from a USB 
video camera is performed using the OpenCV library. By 
default, the program saves images in JPEG format (for data 
compression purposes). The degree of image compression 
depends on their resolution, noise level [18], requirements 
for visual image quality, and other factors. The nRF24L01 
wireless radio module # 1 is controlled using the RF24 
software module. Reading, processing, and transmitting 
images in the cam2nrf program is divided into the 
following stages: 
1. Reading the image from the video camera. 
2. Reducing the image size. 
3. Converting the image to JPEG format. 
4. Sending the image via the nRF24L01 radio module 

(first the file size is sent, and then in the loop the image 
fragments are sent as 32-byte packets). 

The nrf_rx program, which runs on the Funduino Uno 
microcontroller, is used to receive wireless data using the 
nRF24L01 #2 radio module, setting it to receiver mode. 
The nrf_rx program waits for radio signals to be received 
and displays the received data in the Serial Monitor. The 
radio signal power can be set in the range from 
RF24_PA_MIN to RF24_PA_MAX, where the 
RF24_PA_LOW value provides minimal power 
consumption. The transmission speeds are set from the 
following list: 250kbps, 1Mbps, 2Mbps. 

In the recv_img program (reception subsystem), which 
is executed on the computer, reading an image from the 
Funduino Uno microcontroller is divided into the 
following stages: 
1. Waiting for a header with the image size. 
2. Reading image packets. 
3. Decoding the received packets into an image. 
4. Zooming the image (for example, 2 times). 
5. Visualizing and saving the image. 

Ideally, the original fRGB (Fig. 4) and the scaled 
fRGBs2 image should match. However, due to scaling, 
differences are observed between the images. The scaling 
error was calculated from the difference between the fRGB 
and fRGBs2 images as the root mean square error (RMSE) 
according to the equation: 
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where ΔfRGB = fRGB(i, k, c) – fRGBs2(i, k, c); i = 0,..., M-1; 
k = 0,..., N-1; c = 0,..., QC-1; M is the image size in height; 
N is the image size in width; QC = 3 is the number of color 
channels. 
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FIG. 4. Initial fRGB image. 

The choice of interpolation algorithm (bilinear or 
bicubic) when changing the image scale is the scaling error 
RMSE (1) and is performed taking into account its average 
spatial period TCR, which is calculated based on the 
Fourier power spectrum PS [19, 20] of the image fn, which 
is obtained from the initial fRGB. A square grayscale image 
fn with dimensions Md × Nd pixels is used, where 
Md = Nd = min(M, N). The power spectrum PS (Fig. 5) is 
calculated as the square of the modulus of the centered 
Fourier spectrum of the image fn. The power spectrum is 
calculated as an array PS(m, n), where m is the number 
(index) of the spatial frequency in height, n is the frequency 
number in width, m = 0, 1, ..., Md-1; n = 0, 1, ..., Nd-1. 

Based on the power spectrum PS, its averaged radial 
profile PR (d) is calculated, where d = 0, 1, ..., NR-1, where 
NR = [Md/2]+1 (Fig. 6). The radial profile PR(d) describes 
the dependence of the amplitudes of the PS spectrum 
(averaged over all directions) on the frequency numbers d. 
The frequency numbers d are defined as integer values of 
the distances from the elements of the PS spectrum to its 
center. 

The value of PR(d) is calculated as the arithmetic mean 
of the coefficients of the power spectrum PS(m, n), for 
which the distance to the center of the spectrum is equal to 
d. The radial spatial frequency vr is calculated through its 
number d by the formula: 
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r N
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v .             (2) 

The average spatial frequency vCR of the image is 
calculated based on a given interval ([NR ∙ 0.25]  ≤ d ≤ NR) 
for the radial profile PR(d) as its center of gravity. The 
average spatial period TCR of the image is calculated by 
the formula: 
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The TCR period is calculated by the cam2nrf program 
after reading the image from the video camera and 
transmitted to the receiving side.  

By studying a series of images [21, 22], it was found 
that for values of the period TCR < 4.5 pixels, a smaller 
interpolation error is provided by bilinear interpolation, 
and otherwise by bicubic interpolation. 

For a series of images of the same type, the TCR period 
can be calculated only once. 

 
FIG. 5. Fourier power spectrum PS image fn (in logarithmic 
scale). 

 
FIG. 6. Radial profile PR for the power spectrum. 

IV. TELECOMMUNICATIONS SYSTEM TESTING 
A telecommunication system for transmitting 

adaptively scaled digital images was tested using the 
example of reading the initial fRGB image (Fig. 4). Based 
on the initial image, a reduced-scale fRGBs image was 
calculated (Fig. 7a). The fRGBs image was sent via the 
radio channel of the telecommunication system, after 
which it was converted into an enlarged fRGBs2 image on 
the receiving side (Fig. 7b). 

For the studied image, the average spatial period 
TCR = 5.96 > 4.5 pixels, therefore, the bicubic 
interpolation algorithm was chosen. The root mean square 
scaling error RMSE (1) for bicubic interpolation is 0.0187, 
which is significantly less than RMSE = 0.0279 for bilinear 
interpolation. The higher accuracy of bicubic interpolation 
for this case is illustrated by the profiles of the original 
fRGB and scaled fRGBs2 images (Fig. 8). In the case of 
bicubic interpolation, the profile of the scaled image differs 
less from the profile of the original. 

At a transmission rate of 1 Mbit/s, the transmission time 
of an image of 640 × 480 pixels is 12 s. By reducing the 
image size by a factor of 2 (when transmitting in a 
telecommunication system), the transmission time is 
reduced by a factor of 4. The results of the research showed 
that the image after reduction and enlargement of the scale 
is restored with satisfactory quality, i.e. the developed 
telecommunication system is operational. 
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a) 

          
b) 

FIG. 7. Down-scale fRGBs image (a) and up-scale fRGBs2 image (b). 

 
a) 

 
b) 

FIG. 8. Profiles z(k) for the red color channel of the original image 
fRGB and the scaled image fRGBs2: (a) scaling is performed 
using the bilinear interpolation algorithm; (b) scaling is 
performed using the bicubic interpolation algorithm; ip is the 
number of the image pixel row. 

V. CONCLUSION 
The hardware and software of the telecommunication 

system for transmitting adaptively scaled digital images 
has been developed. The hardware of the system includes 
a video camera, a Raspberry Pi3 microcomputer and 
nRF24L01 radio modules # 1 and # 2, a Funduino Uno 
microcontroller and a computer. The system software is 
developed in Python and C++. 

The image scaling was performed using bilinear or 
bicubic interpolation algorithms. Scaling adaptability was 
implemented by selecting the image interpolation 
algorithm depending on its average spatial period. It was 
found that for period values TCR < 4.5 pixels, bilinear 
interpolation provides a smaller interpolation error, and in 
other cases, bicubic interpolation. 

By reducing the image size during transmission by 
2 times, the transmission time was reduced by 4 times, 
while the visual quality of the resulting image decreased 
slightly. 

The developed hardware and software can be used to 
transmit images between Internet of Things devices in 
wireless systems, for example, in smart robots, drones, or 
in video surveillance systems. 
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Телекомунікаційна система для передавання 
адаптивно масштабованих цифрових зображень 
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АНОТАЦІЯ Розроблено апаратно-програмне забезпечення телекомунікаційної системи, яка призначена для 
передавання адаптивно масштабованих цифрових зображень. Система складається з підсистем передачі та прийому. 
Апаратне забезпечення підсистеми передачі містить USB-відеокамеру, мікрокомп’ютер Raspberry Pi3 та радіомодуль 
nRF24L01 №1. Апаратне забезпечення підсистеми прийому містить радіомодуль nRF24L01 №2, мікроконтролер 
Funduino Uno та комп’ютер. Радіомодуль nRF24L01 має відносно низьку швидкість передачі, але забезпечує низьке 
енергоспоживання. Розроблено програмне забезпечення системи на мові Python та C++. У підсистемі передачі за 
допомогою програми cam2nrf зчитується зображення з відеокамери, зменшується його масштаб методом інтерполяції 
і виконується передача зменшеного зображення через радіомодуль №1. У підсистемі прийому зчитується зменшене 
зображення через радіомодуль №2, збільшується його масштаб методом інтерполяції. Зміна масштабу зображень 
виконується методом білінійної або бікубічної інтерполяції. Програма nrf_rx, яка виконується на мікроконтролері 
Funduino Uno, використовується для прийому бездротових даних за допомогою радіомодуля nRF24L01. У програмі 
recv_img, яка виконується на компʼютері, виконується зчитування зображення з мікроконтролера Funduino Uno, його 
масштабування, візуалізація та збереження. Адаптивність масштабування забезпечується за рахунок вибору 
алгоритму інтерполяції зображення залежно від його середнього просторового періоду TCR, який обчислюється на 
основі енергетичного спектру Фурʼє початкового зображення. Для значень періоду TCR < 4.5 пікселів виконується 
білінійна інтерполяція, а в іншому випадку – бікубічна. Тестування  телекомунікаційної системи для передаванні 
реальних зображень показано її працездатність. За рахунок зменшення розміру зображення у 2 рази час передачі 
зменшується у 4 рази при незначному зниженні візуальної якості зображення-результату. Таке масштабування 
зображень особливо ефективне при передачі зображень через канали з низькою пропускною здатністю. Розроблене 
апаратно-програмне забезпечення може використовуватися в системах Інтернету речей для передачі зображень. 

КЛЮЧОВІ СЛОВА телекомунікаційні системи, масштабування цифрових зображень, алгоритми інтерполяції, 
відеокамера, Інтернет речей.  
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