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Abstract:  

The concept of 2-D barcodes is of great relevance 

for use in wireless data transmission between 

handheld electronic devices. In this study, a new 

approach for data modulation in 2-D barcodes is 

introduced, and its performance is evaluated in 

comparison to other standard methods of barcode 

modulation. In this new approach, orthogonal 

frequency-division multiplexing (OFDM) modulation 

is used together with differential phase shift keying 

(DPSK) over adjacent frequency domain elements. A 

specific aim of this study is to establish a system that 

is proven tolerant to camera movements, picture 

blur, and light leakage within neighboring pixels of 

an LCD. 
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1. Introduction 
 

BARCODES have played a great role in 

facilitating numerous identification processes since 

their invention in 1952. In fact barcode is a simple 

and cost-effective method of storing machine 

readable digital data on paper or product packages. 

As pressing needs to transfer even more data faster 

and with high reliability have emerged, there have 

been many improvements that were made on the 

original barcode design. Invention of two 

dimensional (2D) or matrix barcodes opened a new 

front for these cost-effective codes and their 

application in more complex data transfer scenarios 

like storing contact information, URLs among other 

things, in which QR codes have become increasingly 

popular. A comparison of 2D barcode performance 

in camera phone applications. Much of the efforts in 

matrix barcode development have been dedicated to 

barcodes displayed on a piece of paper as that is the 

way they are normally used.  

Much of the efforts in matrix barcode development 

have been dedicated to barcodes displayed on a piece 

of paper as that is the way they are normally used. 

With the replacement of books with tablets and e-

Book readers one could contemplate that 

replacement of the paper with LCD may open 

another promising front for broader applications of 

2D barcodes as a mean of data transfer. Moreover 

unlike the static paper, the LCD may display time-

varying barcodes for the eventual transfer of streams 

of data to the receiving electronic device(s) as 

depicted in Fig. 1. 

 

 

 
 

Fig 1. An illustration of  transmission od data 

betwwen two handheld camera-phones using a 

sequence of 2D barcodes. 

 

This idea has been implemented in [4] 

where transmission of data between two cell phones 

through a series of 2D QR codes is studied, 

achieving bit rates of under 10 kbps for state of the 

art mobile devices. Later the idea was further 

developed in [5] in which a computer monitor and a 
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digital camera are used for transmission and 

reception with bit rates of more than 14 Mbps 

achieved in docked transmitter and receiver 

conditions over distances of up to 4 meters. 

However, this rate drops to just over 2 Mbps when 

the distance is increased to 14 meters. The superior 

performance of the later implementation is achieved 

using a more effective modulation and coding 

scheme for mitigation of image blur and pixel to 

pixel light leakage. The general idea is to use the 

inverse Fourier transform (IFT) of data like OFDM 

to modulate LCD pixels. While image blur and light 

leakage greatly reduce the performance of QR 

decoders they have a limited effect on OFDM 

modulation. Furthermore their performance 

degradation is confined to known portions of the 

decoded data. This prior knowledge on non-uniform 

error probability may be used for adaptive error 

correction coding based on data region as in [5]. 

There is an increasing interest in design and 

implementation of LCD-Camera based 

communication systems as indicated in [6]–[8]. This 

would require additional investigations in 

determining optimal modulation and demodulation 

schemes for this type of innovative communications 

medium. The OFDM modulation uses orthogonal 

frequency subcarriers to transfer data and can 

confine image blur, which is essentially a low pass 

filter, to high frequency components such that low 

frequency data bits are transmitted intact. This 

method requires high phase coherency to detect the 

data bits correctly 

 

 

 

Fig. 2  Diagram Of The Algorithms Used For Data    

Transfer. 

2. Data Transfer Capacity 

 There are many factors affecting the amount 

of data that can be extracted from a particular LCD, 

some of them depend on the LCD design itself and 

others on the camera working as the receiver. 

Moreover, there are some limitations due to the 

system’s processing capability and power 

consumption. Although in practice, it might be 

challenging to obtain a fair assessment of the 

system’s performance, it is important to know what 

affects the transfer rate and what can be done about 

each limiting factor in this data transmission 

medium. The data capacity of an LCD may be 

calculated by considering for instance the maximum 

number of bits in a raw image as shown on the LCD.  

 

A. Camera Limitations 

  
A digital camera could be considered as a 

device which digitally samples a 2D signal. For 

correct sampling of consecutive frames in time, 

camera capture rate should be 2 times the display 

refresh rate (RD) unless there is a synchronization 

system in place to activate the camera shutter when 

the image is stabilized on the display (exactly 

between frame changes). As it is not normally the 

case, if the camera capture rate is for example RC=8 

Hz then the display refresh rate could not exceed 4 

Hz. To satisfy the Nyquist criteria for image 

resolution, each pixel of the image shown on the 

LCD should be sampled by 2 or more pixels in the 

camera [12]. The image sensor uses limited number 

of bits per channel for conversion of each color pixel, 

resulting into quantization noise. To limit the effect 

of this noise on the overall detection performance it 

should be maintained 6-10 db below system noise 

level. 

 

B. Power Limitations 

  The capacity of every communication 

channel depends on the power of the signal sent 

through that medium as predicted by Shannon 

theorem [15], and in this case the power would be 

limited by the intensity of light an LCD can generate. 

Increasing this intensity would improve signal to 

interference and noise ratio (SINR) in the receiver. 

Like RF power transmitters, LCD displays are 

limited in terms of the maximum power leading to 

the Peak to Average Power Ratio (PAPR) limitation, 

which is a common challenge for OFDM signals. 

When maximum available intensity is fixed, higher 

PAPR yields lower average intensity and thus lower 

SINR. Therefore transmission of OFDM signals over 

an LCD requires a trade-off between the average 

power transmitted and the resulting distortion due to 

clipping of the peaks, another issue that is addressed 

in this study. DPSK modulation would still be 
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superior when the same method of PAPR reduction 

is used. 

C. Inter-Symbol Interference (ISI)  

 When a barcode is printed on paper, a white 

pixel does not affect its neighboring black pixels 

provided that the print quality is good and the 

resolution is high enough. On the other hand, when 

data is shown on an LCD, light that is passing 

through white pixels may leak into neighboring black 

pixels making them look gray. The straightforward 

solution to this problem is to increase the size of the 

pixels so that they have minimal effects on each 

other. This is called barcode granularity in QR 

coding [2]. On a lower level this is exactly the way a 

printed barcode is generated, where each printed dot 

is not corresponding to a data symbol but rather 

many printer dots contribute to a single black 

symbol. Moreover, any movements between camera 

and LCD during the capture of an image for barcode 

processing results in motion blur which is translated 

into ISI. As neighboring pixels affect each other in 

the captured image. At first this effect might not be 

evident based on common experiments with 2D 

barcodes like QR codes. These codes are decoded 

successfully without major efforts in terms of 

stability of code or camera. 

 

D. Interference, Distortion, and Noise  
 

When a camera is used to take a picture of a 

2D barcode, certain image artifacts could impact the 

result of data extraction method. These artifacts are 

mainly due to the following: 

 

 

                                  Table I 

 Read Rate Of QR Codes In Docked And Handheld 

Conditions 
 

QR 

Version 

V1 V6 V11 V16 V21 

QR Code 21*21 41*41 61*61 81*81 101*101 

Docked 100% 100% 97% 99% 10% 

Handheld 100% 100% 84% 71% 6% 

 

 

• distance and angle between camera and LCD    

   (perspective distortion); 

• camera and subject relative motion; 

• out of focus lens;  

• compression distortions;  

• unwanted ambient light sources;  

• dirt and permanent marks on the LCD; 

• noise (primarily additive Gaussian noise) 

 

 

3.  DPSK-OFDM 

 
While LCD technology is improving on 

pixel to pixel isolation, some of the image capture 

distortions still remain, causing neighboring pixels of 

the barcode mix up in the image and resulting in 

some kind of Inter Symbol Interference. The main 

idea in resolving this problem is to interpret the 

barcode image as a wireless radio signal for which 

ISI reduction techniques have already been proven 

successful. One of the best and most feasible 

modulation methods capable of coping with severe 

conditions in band limited communication channels 

is the so-called Orthogonal Frequency Division 

Multiplexing or OFDM [22]. The general idea is that 

when dealing with band-limited, power-constrained, 

multipath channels, it is more efficient to transfer a 

bunch of narrow-band signals in parallel instead of a 

single high bandwidth signal. 

 

A. Similarities of Barcode and Wireless RF 

Channel  
  

 For simplicity each 2D image is 

reformulated into a 1D row vector containing all 

pixels in the 2D image. Each row can be considered 

as a time domain signal which has Pulse Amplitude 

Modulation (zeros are black and ones are white 

pixels). Consider taking a picture of this single row, 

in a band limited channel which has a combination of 

camera focus problems, resolution limitations, light 

leakage from white to black pixels, among other 

things. Moreover in a multipath channel in which the 

camera moves during image capture and mixes up 

the image of several neighboring pixels, the resulting 

image will suffer from high ISI. To solve these 

problems in a time domain radio signal, OFDM 

method is used to essentially divide the channel into 

multiple orthogonal low bandwidth channels and the 

low rate data is sent into these channels in parallel. 

When using OFDM for transmission of data 

as images, all the channel equalization computations 

should be based on a single OFDM frame due to the 

independent channel response between subsequent 

frames, unless the frame rate is very high. In fact 

each frame is distorted by LCD-Camera relative 

motion during its own capture time. To mitigate this 

problem the phase difference between adjacent 

elements is used to convey data. Using DPSK 
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modulation prior to applying the inverse Fourier 

transform in OFDM modulation, data would not have 

to be stored in the absolute phase of the received 

elements but rather in its phase difference to the 

neighboring element, which eliminates the 

requirement for channel estimation and equalization 

if the channel response does not vary abruptly 

between adjacent subcarriers. 

 

 

B. Transmitter  
One of the advantages of using OFDM is its 

effective computation method which uses the Inverse 

Fast Fourier Transform (IFFT) to modulate input 

data into orthogonal frequencies. The modulated 

signal should be real-valued in order to be shown on 

an LCD, so the input to the IFFT algorithm should 

have Hermitian symmetry 

 

 
C. Cyclic Extension  

OFDM systems require cyclic extension to 

prevent inter carrier interference (ICI) [27]. To be 

sufficient, the length of the added cyclic extension 

must be more than the time spread of the channel. In 

case of the 2D barcode, periodic extension of the 

image generated by 2D-IFFT is required to prevent 

ICI. The length of this extension is determined by the 

impulse response of the channel, which in turn 

depends on the image blur and the amount of 

movement anticipated between LCD and camera. 

However, since in this study the channel response is 

modeled in the frequency domain, frequency domain 

filtering [12] is applied on the barcode, and effective 

cyclic extension is achieved by frequency domain 

multiplication which results in time domain cyclic 

convolution. Hence in all the following simulations 

the length of the cyclic extension is the same for 

DPSK-OFDM and QPSK-OFDM ensuring ICI 

elimination in the longest channel responses 

simulated. 

 

D. Receiver  
After displaying the generated image of the 

receiver uses its camera for sampling and registering 

the acquired image so that a fairly acceptable copy of 

Da is created at the receiver end. The effects of 

interference, noise and distortions encountered in this 

step are addressed in the simulation section. To 

obtain the transmitted data successfully, the 

following steps should be taken into consideration at 

the receiver end:  

Image Capture: Digital camera and display 

systems have a limited refresh rate which tends to be 

more than 23 Hz for different standards. In a 

synchronous system the camera can capture each 

displayed frame at the exact moment when it is fully 

stable. However if the receiver does not know when 

a new frame is ready on the display, the sampling 

rate should be at least twice the display rate to ensure 

capture of at least one acceptable frame. Moreover 

the relative distance and angle between camera and 

display is bounded by the Nyquist criteria where 

each pixel on the display frame should map into a 

minimum of 2*2 block in the camera.  

Image Registration: The first step in 

processing the captured image is to extract the 

displayed image from background which depends on 

predefined finder patterns put into the image. For 

example, data matrix guidance lines are used in [5]. 

Because measurement errors in finder pattern 

location and perspective correction errors are not part 

of this study, the simulated images and their distorted 

received signals are ideally registered isolating the 

effects of blur and camera movement on error rate of 

different schemes. 

 FFT: Applying Fast Fourier Transform on 

the registered image results in frequency domain data 

which is comprised of the differential phase 

modulated elements stored in matrix.  

DPSK Demodulation: The original 

constellation mapped data can be extracted using 

phase differences between respective elements, but 

first data corresponding to regions 1 and 2 should be 

concatenated together to form matrix 

 

E. Error Correction  
Error correction coding is often used in 

communication systems to correct for the different 

number of bits lost in the transmission process. For 

example, Reed-Solomon (RS) coding is used in QR 

codes, where depending on the level of error 

correction used, error rates of 7% up to 30% can be 

corrected at the receiver end [2]. While the selection 

of error correction coding has a great influence on 

the overall performance of the communication 

system, they are generally used on top of the 

modulation-demodulation scheme and after source 

coding. Therefore, based on the achievable error 

rates without error correction coding, one can select 

an appropriate coding scheme to create a reliable 

communication channel. As a result, when 

considering the BER performance plots provided in 

the simulation section (IV), it should be noted that 

error rates in excess of 30% are not correctable even 

with the most redundant RS codes de- fined in [2] 
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and would consequently be considered a non-reliable 

channel for this kind of transmission. 

 

F. Computational Complexity  
An important issue regarding the 

applicability of such a system would be the 

computational power required to implement the 

system. Although a thorough investigation of such 

requirements and any optimization process can be 

subject to further study, it should be noted that the 

proposed DQPSK-OFDM system has a limited 

processing overhead compared to the equivalent 

QPSK-OFDM system which is already implemented 

and tested. More specifically, on the transmitter side, 

although the differential modulation is described by 

complex multiplications, it can be easily 

implemented using a small look-up table taking 

current phase and data to be modulated as inputs 

 

 

4.  SIMULATION  
Current 2D barcodes use PAM as the 

preferred modulation method [2]. To compare them 

with the proposed modulator and demodulator, both 

systems are implemented in MATLAB. A Simple 

PAM modulator which translates bits into light and 

dark pixels of an image is compared to the proposed 

DPSK-OFDM method which uses the described 

algorithm for modulation and demodulation. 

Furthermore, the performance of QPSK-OFDM [28], 

which is essentially the same as 4-QAM (Quadrature 

Amplitude Modulation) OFDM used in PixNet [5], is 

compared to the proposed DPSK-OFDM system. 

The main parameters that are considered include:  

• noise and clip ratio; 

• low pass filtering;  

• camera movement. 

 To study the effect of each of these 

parameters, first a random data stream is modulated 

to the displayed image using the algorithm under 

test. Then a controlled distortion is applied to the 

image before passing it to the receiver. The bit 

stream at the output of the decoder is compared to 

the input random stream to count for erroneous bits. 

This process is repeated several times using various 

random data streams and the same amount of 

distortion. The average result would be the bit error 

rate corresponding to that particular situation and 

assumed distortion. The process is then repeated for 

another distortion amount resulting in a plot for bit 

error rate against distortion. 

 

 

 

A. Noise and Clip Ratio  

In a barcode setup where PAM is used to 

modulate data onto image pixels, the average power 

is maximized. Consider the maximum amplitude 

driving a fully ―on‖ pixel is Ap leading to a 

transmitted energy of  Pp. 

 

B. Low Pass Filtering  

Inter symbol interference and out of focus 

lens may be modeled by applying low pass filtering 

on the captured image. To simulate this out of focus 

effect, the Butterworth low pass filter in the 

frequency domain is used with various cutoff 

frequencies and the resulting BER is measured. 

Equation (6) defines the applied filter. 

 

C. Camera Movement  

Assuming linear image motion in and 

directions and instantaneous shutter opening and 

closing, the motion may be modeled by the following 

transfer function as described. 

 

 

5. CONCLUSION AND FUTURE   

WORK 
 In this paper Differential Phase Shift 

Keying was combined with Orthogonal Frequency 

Division Multiplexing in order to modulate data 

stream into visual two dimensional barcodes. It was 

shown that QPSK-OFDM modulation has serious 

shortcomings in the mitigation of camera LCD 

movements where the phase of each element changes 

continuously. On the other hand, addition of a 

differential phase modulator before OFDM to 

modulate the data stream into phase differences of 

adjacent elements (DPSK-OFDM) causes the motion 

effect to increasingly weaken because of its gradual 

change from element to element, contributing to a 

small deviation from the ideal phase in the received 

signal. It was observed that under relative LCD-

camera motions that generate error rates in excess of 

30% in PAM and QPSK-OFDM, the proposed 

system of DPSK-OFDM will maintain an error rate 

less than 8% which is practically correctable using 

error correction coding. Future inquiries in a 

resolution to this problem have to address the best 

choice of differential pattern to optimize 

performance for various motion scenarios. Moreover, 

extension of the current two-bit per symbol 

constellations increases data transfer capacity, and its 

BER performance evaluation would be required. 

Nevertheless, a study on the effect of perspective 
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correction errors on the BER performance of this 

algorithm compared to the other ones could augment 

our understanding of its applicability to real world 

scenarios. 
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