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 In the context of cognitive radio (CR) or various military and civilian 

applications, modulation recognition (MR) is one of the most popular 

technical processes in the field of communication system recognition, by 

which the modulation type of the unknown received signal can be identified 

automatically by estimating one or more parameters of the modulated signal. 

This paper presents the performance evaluation of the new proposed blind 

system recognition method using only a particular property of the second-

order statistics of the orthogonal frequency division multiplexing (OFDM) 

modulated signal. The effectiveness of the proposed method is illustrated 

using the implementation on universal software radio peripheral (USRP) 

platform. A comparison with computer simulations using MATLAB software 

is also performed, emphasizing the good performances of the method while 

the results obtained are close. We show the efficiency and behavior of the 

proposed method in the context of wireless communication systems based on 

OFDM modulation (3GPP/LTE, WiMAX, DVBT-2K, IEEE 802.22-1K, 

IEEE 802.22-2K, IEEE 802.22-4K). The proposed method can detect OFDM 

signals among other digital signals in a systematic and intelligent way even 

with low SNR values (when approaching to SNR=-2 dB, the decision criteria 

tends towards 0). 
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1. INTRODUCTION 

Digital communication systems have undergone rapid development in recent years, prompting 

scientists and innovators to conceive new antennas [1] and more advanced digital communication techniques 

to increase the effective capacity of wireless systems. Among these techniques, modulation recognition (MR) 

is one of the most widespread techniques and plays an influential role in a diversity of civilian and military 

applications, particularly in the monitoring and control of broadcasting activities, radar system, electronic 

warfare, spectrum monitoring, management and cognitive radio. However, the only problem was the almost 

total occupation of the spectral resource managed by regulatory agencies. It has been noticed that many 

frequencies are unoccupied during the day when they are officially allocated to primary systems such as 

television (TV) [2] and could be used by secondary wireless systems such as 3GPP/LTE, WiMAX, Wi-Fi, as 

https://creativecommons.org/licenses/by-sa/4.0/
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a good optimization to use the spectrum resource. Hence, the concept of cognitive radio (CR) [3], [4] is 

considered as an approach to be exploited for dynamic spectrum access implementation and which allows us 

to avoid interference with primary users. This is why cognitive radio has been considered as a key solution 

for the future of wireless communication systems by having the ability to intelligently detect the environment 

and autonomously adapt its transmission so as not to interfere with the main users. Different Spectrum 

Sensing detection techniques [5]-[10] have been developed and used to extract information. In practice, it 

means that it is necessary to know the current type of standard before classifying it on each frequency band 

on which it could communicate with the receiver. Nevertheless, most of the current systems are based on 

digital modulation techniques such as OFDM, and the wireless industry expressed a high interest in OFDM 

technology, due to the following benefits of OFDM, including optimal use of the allocated frequency band, 

high-speed data transmission, elimination of point noise phenomena, immunity to multipath fading and 

simplicity of equalization [11], [12]. The OFDM technique has been integrated in a variety of applications 

and standards, such as IEEE 802.11a [13] and IEEE 802.16a [14]. In addition, the burgeoning OFDM 

wireless communication technology presents a new challenge to smart radio designers, which is the 

recognition of digital systems based on OFDM multi-carrier modulation. The methods studied in [15]-[18] 

have made it possible to classify automatically the digital modulations without a priori knowledge of the 

parameters of the received signal by forced estimation of the signal and noise power, carrier frequency 

recovery and the recovery of symbol timing and carrier information, respectively. Most of the proposed 

algorithms are based on signal models cyclostationarity [19]-[26]. Some of them used the cyclic prefix (CP) 

as a parameter inducing cyclic statistics obtained by the properties of the autocorrelation function [19]-[27]. 

There are also others that require the detection of cyclostationary signatures as a feature consciously 

embedded in digital communication signals by focusing on OFDM and represented as a unique identifier [22] 

by sending redundant message symbols on multiple subcarriers, on the other hand the pilot-induced cyclic 

statistics have been reported in [22].  

This paper proposes a new method based only on particular properties of the second-order statistics 

that characterizes the properties of the received signal as a measuring instrument. In other words, it is to 

define a new decision criterion that gives us an optimal solution by which systems based on OFDM 

modulation can be distinguished from other modulation types. The recognition performance of the proposed 

algorithm is implemented through an additive white Gaussian noise (AWGN) channel into numerical 

computations using MATLAB and experimental measurements using NI USRP hardware devices and NI 

LabVIEW platform. The main objective of this work is then to evaluate the performance of the proposed 

method in a context close to reality. 

The rest of this paper is organized as follows. OFDM signal model and its recognition approach 

based on the correlation function are introduced in section 2. Implementation details using NI USRP-2930 

are presented in section 3. Simulation and experimental results of the implementation process are given and 

explained in section 4, and conclusions are drawn in section 5.  

 

 

2. SIGNAL MODEL AND SECOND-ORDER STATISTICS 

In this section, we present briefly the definition of the transmitted and received signal for multi-

carrier modulation (OFDM), in addition to the approach used under the second-order statistics properties. 

 

2.1. OFDM signal model 

The transmitted continuous-time OFDM signal is written as follows [19]: 

 

𝑥𝑂𝐹𝐷𝑀(𝑡) =
1

√𝑁
∑ ∑ 𝑎𝑘,𝑛𝑒

−2𝑖𝜋
𝑛(𝑡−𝐷𝑇𝑐−𝑘𝑇𝑠)

𝑁𝑇𝑐 𝑔𝑡𝑟(𝑡 − 𝑘𝑇𝑠),𝑁−1
𝑛=0

𝐾−1
𝑘=0  (1) 

 

where {ak,n} represents the data symbols of the unknown information data of subcarrier n and k OFDM block 

and which are assumed to be zero-mean and be independent and identically distributed random variables. K 

is the number of OFDM symbols, N is the number of subcarriers and Tc is the chip duration where 1/Tc 

represents the information symbol rate in the absence of guard interval. NTc is the intercarrier spacing(useful 

part of OFDM signal). DTc represents the length of the cyclic prefix, Ts=(N+D)Tc is the OFDM symbol 

interval (total duration), and gtr(t) is the overall impulse response of the transmit filter that is assumed to be 

equal to 1 if  𝑡 ∈ [0, 𝑇𝑠] and 0 otherwise. 

At the receive-side, the continuous-time baseband OFDM signal equivalent can be represented as: 
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𝑟𝑂𝐹𝐷𝑀(𝑡)   =   
𝑒2𝑖𝜋𝛿𝑓𝑡

√𝑁
∑ ∑ ∑ 𝜆𝑙𝑒

2𝑖𝜋𝑛
𝜏𝑙

𝑁𝑇𝑐

𝑁−1

𝑛=0

𝐾−1

𝑘=0

𝐿

𝑙=1

 𝑎𝑘,𝑛𝑒
−2𝑖𝜋

𝑛(𝑡−𝐷𝑇𝑐−𝑘𝑇𝑠)
𝑁𝑇𝑐 𝑔(𝑡 − 𝜏𝑙 − 𝑘𝑇𝑠)       (2) 

 + 𝜔(𝑡), 
 

where L is the number of paths performed when the transmitted signal passes through a multipath fading 

channel. The amplitude and the delay of the lth path are respectively denoted by 𝛌l and 𝜏𝑙.  ω(t) is a zero-mean 

complex Gaussian noise with variance 𝜎𝑛
2 and where 𝛿𝑓 is the offset frequency due to local oscillator drift or 

Doppler effect [19]. The received continuous time OFDM signal 𝑟𝑂𝐹𝐷𝑀(𝑡)is sampled at the sampling 

frequency Fe=1/Te and Te is the sampling period. Let 𝑀 = ⌊𝑇0/𝑇𝑒⌋ the number of samples received where T0 

is the duration of the observation window and ⌊. ⌋ represents the integer part operator. The discrete-time 

OFDM received signal is denoted by 𝑟𝑂𝐹𝐷𝑀[𝑚] = 𝑟𝑂𝐹𝐷𝑀(𝑚𝑇𝑒) and is written as: 

 

𝑟𝑂𝐹𝐷𝑀[𝑚] =
1

√𝑁
∑ ∑ ∑ 𝜆𝑙𝑒

2𝑖𝜋𝑛
𝜏𝑙

𝑁𝑇𝑐

𝑁−1

𝑛=0

𝐾−1

𝑘=0

𝐿

𝑙=1

 𝑎𝑘,𝑛𝑒
−2𝑖𝜋𝑛𝑚

𝑇𝑒
𝑁𝑇𝑐 𝑒

2𝑖𝜋(𝑘+1)
𝐷𝑇𝑐
𝑁𝑇𝑐 𝑔𝑡𝑟(𝑚𝑇𝑒 − 𝜏𝑙 − 𝑘(𝑁 + 𝐷)𝑇𝑐) 

(3) 

× 𝑒2𝑖𝜋∆𝑓𝑚 + 𝑊[𝑚], 
 

with W[m]=ω(mTe), and Δf=δfTe the normalized carrier frequency offset. 

 

2.2.  Recognition of OFDM systems approach 

In this section, we present a proposed blind method for recognition of OFDM signal using only a 

proprietie of the second-order statistics as shown in Figure 1 in order to define the decision criteria which 

lead us to quickly recognize the OFDM signal against other signal types, in the context of Gaussian channel 

and perfect time and frequency synchronization (L=1; 𝛌l=1; 𝜏𝑙 = 0; 𝛿𝑓 = 0). The correlation function of the 

discrete-time OFDM received signal described in (3) can be expressed as (4): 

 

𝐶𝑟
𝑂𝐹𝐷𝑀[𝑚, 𝑝] = 𝔼⟦𝑟𝑂𝐹𝐷𝑀[𝑚]𝑟𝑂𝐹𝐷𝑀

∗ [𝑚 − 𝑝]⟧ = 

𝜎𝑎
2

𝑁
∑ ∑ 𝑒

−𝑖2𝜋𝑛
𝑇𝑒

𝑁𝑇𝑐
𝑝

𝑁−1

𝑛=0

𝐾−1

𝑘=0

𝐶𝑔
𝑡𝑟 (𝑚 − 𝑘

𝑇𝑠

𝑇𝑒

 , 𝑝) + 𝜎𝑛
2𝛿[𝑝], 

(4) 

 

where the superscript (.)* means the conjugate operator, 𝜎𝑎
2 = 𝔼|𝑎𝑘,𝑛|2 is the variance of the symbol ak,n, 

𝐶𝑔
𝑡𝑟 (𝑚 − 𝑘

𝑇𝑠

𝑇𝑒
 , 𝑝) = 𝔼 |𝑔𝑡𝑟(𝑚 − 𝑘

𝑇𝑠

𝑇𝑒
)𝑔𝑡𝑟∗(𝑚 − 𝑘

𝑇𝑠

𝑇𝑒
− 𝑝)|, 𝛿[𝑝] = {  

1      𝑖𝑓 𝑝 = 0 ;
0 𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒.

, and 𝜎𝑛
2 the variance of 

the Gaussian noise which is written as (5): 

 

𝜎𝑛
2 =

𝑇𝑐

𝑇𝑒

1

𝑀
∑ |∑ 𝜆𝑙𝑥𝑂𝐹𝐷𝑀(𝑚𝑇𝑒 − 𝜏𝑙)

𝐿
𝑙=1 |210−

𝑆𝑁𝑅

10
𝑀−1
𝑚=0  (5) 

 

The mean correlation function is written as (6): 

 

𝐶𝑟𝑂𝐹𝐷𝑀
[𝑝] = ∑ 𝐶𝑟

𝑂𝐹𝐷𝑀[𝑚, 𝑝]

𝑚

= ∑  𝐶𝑟
𝑂𝐹𝐷𝑀[𝑘𝑇𝑠]𝛿[𝑝 − 𝑘𝑇𝑠]

𝐾−1

𝑘=0

 

+𝐶𝑟
𝑂𝐹𝐷𝑀[(𝑘 + 1)𝑇𝑢]𝛿[𝑝 − (𝑘 + 1)𝑇𝑢] + 𝐶𝑟

𝑂𝐹𝐷𝑀[−(𝑘 + 1)𝑇𝑢]𝛿[𝑝 + (𝑘 + 1)𝑇𝑢] 

(6) 

 

where 𝑇𝑢 =
𝑁𝑇𝑐

𝑇𝑒
 denotes the number of samples in the useful part of the OFDM symbol. 

For k block of an OFDM signal, the elementary correlation function can be expressed as (7): 

 

𝐶𝑟𝑂𝐹𝐷𝑀

(𝑘) [𝑝] =  𝐶𝑟
𝑂𝐹𝐷𝑀[𝑘𝑇𝑠]𝛿[𝑝 − 𝑘𝑇𝑠] + 𝐶𝑟

𝑂𝐹𝐷𝑀[(𝑘 + 1)𝑇𝑢]𝛿[𝑝 − (𝑘 + 1)𝑇𝑢] 

+𝐶𝑟
𝑂𝐹𝐷𝑀[−(𝑘 + 1)𝑇𝑢]𝛿[𝑝 + (𝑘 + 1)𝑇𝑢] 

(7) 

 

In Figure 1, the mean correlation function 𝐶𝑟𝑂𝐹𝐷𝑀
[𝑝] of all considered systems (3GPP(LTE), 

WiMAX (IEEE 802.16), DVB-T 2K, IEEE 802.22-1K, IEEE 802.22-2K, IEEE 802.22-4K) is displayed. 
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Figure 1. The modulus of mean correlation function of 3GPP (LTE), WiMAX (IEEE 802.16), DVB-T 2K, 

IEEE 802.22-1K, IEEE 802.22-2K, and IEEE 802.22-4K 

 

 

It is clear from this figure, the correlation function possesses a peak at τ = Tu= NTc (the useful part 

of OFDM signal): We found 6.666.10-5 (resp. 8.96.10-5, 2.24.10-4, 1.28.10-4, 2.56.10-4 and 5.12.10-4) for 

3GPP (resp. WiMAX, DVBT-2K, IEEE 802.22-1K, IEEE 802.22-2K, and IEEE 802.22-4K). We exploit this 

feature to propose a new method of an OFDM-based system recognition. The recognition of OFDM relative 

to other modulated digital signals can be formulated by 𝜉 (defined as the geometric over the arithmetic mean 

of the sequence |𝑓(𝑘)|): 
 

𝜉 =
(∏ |𝑓(𝑘)|𝛾𝑘𝐾−1

𝑘=0
)

1
𝛤

1

𝛤
∑ 𝛾𝑘|𝑓(𝑘)|

𝐾−1
𝑘=0

 , 𝛤 = ∑ 𝛾𝑘𝐾−1
𝑘=0 =

1−𝛾𝐾

1−𝛾
 , (8) 

 

with 𝑓(𝑘) = max
𝑝>0

| 𝐶𝑟𝑂𝐹𝐷𝑀

(𝑘) [𝑝]|
2
, 0 ≤ 𝛾 ≤ 1 , and ξ can be shown that: 

 

{
0 ≤ 𝜉 ≤ 1                                                    

𝜉 = 1 ⇔  |𝑓(𝑘)| = |𝑓(𝑘′)|  ∀ 𝑘, 𝑘′          

 

The Decision criteria can be then expressed as (9): 

 

   𝐷𝑐 = |1 − 𝜉|
𝑂𝐹𝐷𝑀

≶
𝑂𝑡ℎ𝑒𝑟

𝜂 , (9) 

 

where η is the predefined decision threshold for the OFDM and other modulated digital signals, and is given 

by [10]: 
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𝜂 = 𝜎𝑛
2 (

𝑄−1(𝑃𝑓𝑎)

√𝑆
+ 1), (10) 

 

with 𝜎𝑛
2 is the variance of AWGN channel, 𝑃𝑓𝑎 is the false alarm probability targeted by 𝜂, S corresponds to 

the length of the observation sequence of signal, and 𝑄−1(. ) is the inverse Gaussian Q-function. Then the 

block-diagram for the modulation recognition of OFDM signal is shown in Figure 2. 

 

 

 
 

Figure 2. Block-diagram of proposed recognition system 

 

 

3. IMPLEMENTATION ENVIRONMENT 

In this section, we used as an implementation environment a software defined radio (SDR) platform 

in form of a NI USRP-2930 prototype able to transmit and receive radio frequency (RF) signals across a real 

time, paired with NI labVIEW 2017 and MATLAB R2016b software which are installed on a desktop 

computer, and connected through a RJ45 Gigabit Ethernet cable as shown in Figure 3. 

 

 

 
 

Figure 3. Simplified Overview of a SDR Setup Built Around an NI USRP-2930 

 

 

3.1.  NI USRP-2930 

The USRP-2930 is a tunable radio frequency (RF) transceiver with a high-speed analog-to-digital 

converter and digital-to-analog converter for streaming baseband I and Q signals to a host PC over 1 Gigabit 

Ethernet. The NI USRP-2930 model enables to transmit and receive RF signals across a frequency range 

from 50 MHz up to 2.2 GHz with an instantaneous Real-Time bandwidth of 20 MHz (with 16-bit samples 

width) or 40 MHz (with 8-bit samples width), and it gives us the ability to use it in the following 

communications applications such as: broadcast FM; low-power unlicensed devices on industrial, scientific, 

and medical (ISM) bands; cell phone; GPS. It also included GPS-Disciplined oscillator (GPSDO) with PPS 

accuracy of ±50 ns [28]. 

 

3.2.  Transmitter/receiver 

The programming and design are realized in LabVIEW 2017 in order to control the NI USRP-2930 

hardware. In Figure 4, the front panel of the transmitter VI contains two parts, the left part is composed of 

two tabs, one for the parameters of the USRP, input parameters of the generated signal to be transmitted, and 

the second tab “Debug” for the errors detected during the sending operation, the second part displays the 

power spectrum model of OFDM signal transmitted. All baseband I/Q transmitted signals expressed in 

samples per second (S/s) are synthesized by the host computer and fed to the USRP-2930 at up to 400 KS/s 

over Gigabit Ethernet when represented with 16-bits (8-bits each for the I and Q components). The resulting 

analog signals are then mixed up to 200 MHz carrier frequency. 
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At the receive-side, the front panel of the receiver VI as shown in Figure 5, has two parts, the left 

part contains two tabs, the first tab is especially for the USRP settings which are the same as the transmitter 

parameters except that the antenna is set to RX2, in addition to the results obtained by our method such as the 

value of the decision criteria (Dc), and the detection probability (PD) depending on the False-alarm 

Probability (Pfa), the value of the Signal-to-noise ratio (SNR) and number of realizations, the second tab 

“Debug” displays the errors detected during reception. The right part of the front panel displays the power 

spectrum model of the received OFDM signal with a certain noise level added at the top (red color, SNR=  

-10 dB) and without noise at the bottom (white color). 

 

 

 
 

Figure 4. Transmitter VI front panel for OFDM signal 

 

 

 
 

Figure 5. Receiver VI front panel for OFDM signal 

 

 

3.3.  Parameters 

The following Tables 1 and 2 provide the characteristics of the USRP Software-defined radio and 

the parameters used in the MATLAB simulation and the USRP implementation: 
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Table 1. NI USRP-2930 characteristics 
Parameter Value 

Frequency Range 50 MHz to 2.2 GHz 

Software Adjustable Frequency 
Step 

< 1 kHz 

Gain Range 0 dB to 31 dB 

Software Adjustable Output 

Power Step 

1.0 dB 

Number of antenna connection 
ports 

3: GPS, TX1/RX1, RX2 

Maximum Input Power (Pin) 0 dBm 

Maximum Output Power (Pout) 15 dBm to 20 dBm 
Digital to Analog Conversion 

(DAC) 

2 channels, 400 MS/s, 16 

bits 

Analog to Digital Conversion 
(ADC) 

2 channels, 100 MS/s, 14 
bits 

Instantaneous Real-Time 

Bandwidth 

20 MHz (16-bit samples), 

40 MHz (8-bit samples) 
 

Table 2. Simulation and implementation parameters 
Parameter Value 

IQ Rate 400k 

Carrier frequency 200 MHz 
Gain  0 dB  

Active antennas TX1/RX1 

Number of Symbols (K) 20 
Number of Subcarriers 

(N) 

64 

Cyclic Prefix (DTc) 4 
Transmitted System 

 

 
 

3GPP(LTE), WiMAX 

(IEEE 802.16), DVB-T 

2K, IEEE 802.22-1K, 
IEEE 802.22-2K, IEEE 

802.22-4K 

Pfa  0.1 

SNR Range -20 dB to 10 dB 

Number of realizations 2000 
 

 

 

4. RESULTS AND DISCUSSION 

In this section, we display the experimental results of the implementation of OFDM signal 

recognition based on the correlation approach using the NI USRP-2930 platform, the displayed results are 

averaged over 2000 realizations. We have generated an OFDM signal randomly from six OFDM standards, 

3GPP(LTE), WiMAX (IEEE 802.16), DVB-T 2K, IEEE 802.22-1K, IEEE 802.22-2K, and IEEE 802.22-4K. 

The signal is modulated by N=64 subcarriers uncoded QPSK, the length of the cyclic prefix (CP) is fixed at 

4 with K=20 symbols available at the OFDM receiver. In practice, the performance of our method can only 

be observed through the detection value below the threshold η depending of SNR and Pfa parameters given by 

(9) in order to distinguish an OFDM signal from another type of digital signal. The chip duration Tc of 

OFDM symbol for each standard system is stocked in our database. 

In Figure 6, we plot the decision criteria versus the SNR for OFDM signals of the six standards 

mentioned above. As we can notice when approaching to SNR=-2 dB, the decision criteria tends towards 0, 

which shows the good performance of the proposed method to detect the OFDM signal successfully. 

Moreover, the MATLAB simulation results and the USRP implementation measurements are closer to each 

other. 

 

 

 
 

Figure 6. Detection criteria (Dc) vs. SNR for OFDM signals 
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Figure 7 illustrates the probability of detection versus SNR for the six standards based on OFDM 

modulation. We plot the detection probability defined by 𝑃𝐷 = 𝑃(𝐷𝑐 < 𝜂|𝑂𝐹𝐷𝑀), where 𝐷𝑐  is the decision 

criteria (9) and 𝜂 is the threshold (10). We notice that our method demonstrates always a strong performance 

to detect OFDM signals among other digital signals in a systematic and intelligent way even with low SNR 

values. We can also see as illustrated in the figures that the curves obtained by MATLAB simulation and 

implementation measurements on the USRP software defined radio have the same behavior and are more 

closely related to each other. 

 

 

 
 

Figure 7. Detection probability (PD) of recognition OFDM systems vs. SNR 

 

 

5. CONCLUSION 

The proposed method described in this paper allows us to recognize OFDM signal used by the 

wireless standards present in a Radio Frequency (RF) receiver by using only a particular property of the 

second-order statistics. We have analyzed mathematically and numerically through a series of equations and 

simulation results that illustrate the efficiency and performance of the proposed method. Compared to the 

literature, we have also considered more realistic situations since several recognition methods for wireless 

communication systems have been presented considering only synthetic models. For that, we have set up a 

test platform based on the USRP software defined radio to generate real OFDM signals. The performance of 

our method is illustrated by a real implementation using NI USRP-2930 hardware device, which provides 

good experimental results that are closer to those of Monte Carlo simulations executed by MATLAB 

software. Moreover, the method shows that it is absolutely robust and more efficient in low SNR values. The 

future work will be to propose a method to discriminate standards between them. We will also study the 

contribution of artificial intelligence in the context of cognitive radio. 
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