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Abstract--Cognitive Radio (CR) systems which employ Direct 

Conversion Receivers (DCR) are susceptible to nonlinearities in 

the receiver path, especially when strong interferes exist. This 

paper aims to model the combined effect of RF nonlinearities, 

baseband nonlinearities and I/Q imbalances in wideband CR 

receivers when strong interferers exist. The analysis presented 

in this paper is based on considering a cascade of memoryless 

nonlinearities that model RF nonlinearity, BB nonlinearity and 

IQ imbalance and an input that consists of a desired and 

interfering signals. The combined output of the cascade is 

calculated and nonlinear distortion is identified and related to 

spectrum sensitivity. The analysis is verified by simulation 

results which show that nonlinear distortion from the interaction 

of multiple signals by the RF nonlinearity is significantly 

enhanced when other BB nonlinearities exist in the receiver 

path. The simulations also enable the linearity requirements for 

maintaining the reliability of the CR receiver for spectrum 

sensing to be estimated. 

Index Terms—Low noise amplifier, IQ imbalance, cognitive 

radio, nonlinear distortion, software defined radio, direct 

conversion receiver, wideband transceiver architecture 

 

I. INTRODUCTION 

The increasing demand for wireless data has motivated 

the use of CRs to efficiently utilize the available 

spectrum. CRs use the concept of opportunistic spectrum 

access which is based on temporal, spatial, and 

geographic reuse of the licensed spectrum [1]. Software 

Defined Radio (SDR) has been proposed as one of the 

possible approaches to opportunistic radio where 

operating parameters such as frequency range, 

modulation type, and output power can be adapted by 

software [2], [3]. 

Extensive theoretical research on using SDR’s in CR-

based systems has been conducted. However, system 

design has been facing many challenges such as the 

design of frequency agile RF front-ends that can handle 

the opportunistic spectrum access [3], [4]. In general, 

since CRs are expected to communicate across a  number 

of frequency channels by continually sensing the 

spectrum and identifying available channels, multi-

channel operation of CR transceivers imposes stringent 

linearity requirements on the analogue transmit and 

receive hardware [4]-[9]. Therefore, one of the main 

challenges in CR receiver design is the co-existence of 
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multiple radio signals which come from different 

systems [10]-[13]. These RF signals are processed by the 

RF nonlinearity of Low Noise Amplifiers (LNA) and this 

results in nonlinear distortion and intermodulation 

products that lie within the receive bandwidth. The 

interaction of multiple signals by the nonlinearity results 

in spectral components that lie in vacant channels (white 

spaces) or on top of weak signals leading to deterioration 

of the reliability of the receiver for spectrum sensing. If 

intermodulation components exist within the white space, 

the white space is masked reducing the efficiency of the 

CR system from a spectrum exploitation point of 

view [6], [10], [14], [17]. Modeling nonlinear distortion 

in CR receivers, as a result, is important for the proper 

design of the system in order to mitigate the problem of 

masking the white spaces and to maintain a proper 

detection of desired signals in the presence of strong 

interfering signals. 

Another important issue in the design of DCR-based 

CR receivers is the presence of other types of 

nonlinearities such as I/Q imbalances and baseband (BB) 

nonlinearities. The effect of these nonlinearities becomes 

significant when transmitted signals have high peak-to 

average power ratio (PAPR) and wide frequency 

separation [14], [15]. On the other hand, the interaction 

of these nonlinearities with RF nonlinearities in the 

receiver chain enhances the intermodulation products 

which causes further degradation of system performance 

and results in imposing more stringent linearity 

requirements on the system. 

Several attempts for modeling the combined effect of 

the various nonlinearities in the receive path in CR 

receivers have been presented in the literature [14]-[17]. 

The most relevant study to the current paper is the one 

in [19]-[22] where the authors studied the effect of I/Q 

imbalance in DCR-based CR receivers on energy 

detection (ED)-based spectrum sensing in both single 

channel and multi-channel scenarios. It was shown that 

the probability of false alarm in multi-channel energy 

detection increases significantly as the value of the I/Q 

imbalance parameters increase.  

In [18], the authors studied the effect of 

intermodulation distortion from a third order LNA 

nonlinearity on spectrum sensing of DCR-based CR 

receivers. However, the effects of BB nonlinearities and 

the IQ imbalance was not considered. The authors of [19] 
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considered the design of predistortion schemes for 

wideband receivers to overcome the effects of all types of 

nonlinearity in the receiver path.  

To accurately model the interaction of multiple signals 

by nonlinearity in DCR-based CR receivers, it is 

important to develop a generalized model that considers 

the receiver architecture, the nature of these 

nonlinearities and their interactions. The objective of this 

paper is to analyze the interaction of multiple wideband 

signals at a CR receiver in the presence of RF 

nonlinearity, BB nonlinearity and I/Q imbalance 

assuming a generalized N-th order of nonlinearity. The 

significance of the current research is that the model 

considers the interaction of multiple signals by the three 

types of nonlinearity in the receiver chain. Thus, the 

model enables the performance of CR receivers to be 

realistically assessed for spectrum sensing.  

In the following sections, a mathematical formulation 

of the interaction of multiple signals at a nonlinear CR 

receiver is presented. The model is then used to predict 

spectrum sensing capability of the receiver in the 

presence of the various types of nonlinearity. The 

analysis is then verified by computer simulations which 

are used to assess the performance of the receiver at 

varying parameters of the receiver blocks. 

II. NONLINEARITY IN CR RECEIVERS 

Fig. 1 shows a CR wideband transceiver architecture 

which employs direct conversion to the digital 

domain [2]. One of the main design challenges in this 

architecture is the requirement for high dynamic range 

and high linearity. For the purpose of analyzing 

nonlinearity in the receiver, a conceptual diagram for the 

signal path is presented in Fig. 2 [2].  In this diagram, the 

signal path consists of three main nonlinear impairments: 

the RF nonlinearity of the LNA, the I/Q imbalance of the 

mixer and the BB nonlinearity. These nonlinearities 

represent the main transformations in the receiver path 

which result in the interaction of the desired signal with 

interfering signals and causes intermodulation 

components to mask the white spaces. 

 

Fig. 1. CR wideband transceiver architectures [2]. 

 

Fig. 2. System model: A cascade of RF nonlinearities, I/Q imbalance and BB nonlinearities [2]. 

The nonlinearities shown in Fig. 2 are modeled as a 

cascade of memoryless nonlinearities. The assumption of 

memoryless nonlinearity is reasonable in the case of 

wideband receivers and simplifies the analysis as shown 

in [20]. A further assumption is that these nonlinearities 

are considered to be pure odd order nonlinearities as even 

order nonlinearities usually result in intermodulation 

components which are far away from the desired bands 

as indicated in [2].  

The RF nonlinearity in a CR receiver is manifested by 

the LNA. The LNA can be modeled as a memoryless 

nonlinearity of N-th order as mentioned in the previous 

section. Therefore, following Fig. 2, the output of the 

LNA can be written as 

𝑧(𝑡) = 𝐹𝑅𝐹[𝑥(𝑡)] = ∑ 𝑥𝑛(𝑡)𝑁
𝑛=1                 (1) 

where an denotes the n-th order coefficient of the 

memoryless nonlinearity. After amplification by the LNA, 

the RF signal is down-converted to baseband by the 

wideband I/Q mixer. Ideally, the down-conversion 

process results in translating the RF spectrum to BB. 

However, the imbalance between the amplitude and 

phase of the I and Q branches results in compromising 

the image or mirror frequency attenuation of the analogue 

front-end [16].  
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The I/Q imbalance is caused by the relative amplitude 

mismatch denoted by gm between I and Q branches as 

well as their phase mismatch denoted by θm.  Hence, the 

output of the I/Q imbalance block in Fig. 2 can be written 

as [15]: 

𝑣(𝑡) = 𝑘1�̃�(𝑡) + 𝑘2�̃�∗(𝑡)                       (2) 

where �̃�(𝑡) denotes the complex envelope of the input 

signal to the I/Q imbalance block, * denotes complex 

conjugation; and k1 and k2 denote the complex mismatch 

coefficients which can be written in terms of the 

amplitude and phase mismatches as [16]: 
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In this model, if the I/Q branches are perfect, then gm 

=1 and θm = 0 and equivalently: k1=1 and k2=0. Typically, 

wideband receivers can have amplitude and phase 

mismatches on the order of 1–5% and 1
o
 –5

o
 which 

corresponds to 25-40 dB image attenuation [14]. The 

output of the I/Q imbalance block can be written as 

 
I Q

v t v t jv t ( ) ( ) ( )                          (4) 

where  and 
I Q

v t v( ) are real quantities which can be 

written using (2) as:                      

𝑣𝐼(𝑡) = 𝐑𝐞[𝑘1�̃�(𝑡) + 𝑘2�̃�∗(𝑡)]                   (5) 

𝑣𝑄(𝑡) = 𝐈𝐦[𝑘1�̃�(𝑡) + 𝑘2�̃�∗(𝑡)]                 (6) 

Now considering the BB nonlinearity block in Fig. 2, 

the output of this block can be written as the complex 

sum of two nonlinearities of each of the I and Q branches 

as [15] 

𝑦(𝑡) = 𝑦𝐼(𝑡) + 𝑗𝑦𝑄(𝑡)                        (7) 

where 

𝑦𝐼(𝑡) = 𝐹𝐵𝐵
𝐼 [𝑣𝐼(𝑡)] = ∑ 𝑐𝑛

𝐼𝑁𝐵𝐵
𝑛=1 𝑣𝐼

𝑛(𝑡)           (8) 

𝑦𝑄(𝑡) = 𝐹𝐵𝐵
𝑄 [𝑣𝑄(𝑡)] = ∑ 𝑐𝑛

𝑄𝑁𝐵𝐵
𝑛=1 𝑣𝑄

𝑛(𝑡)           (9) 

where 𝑦𝐼(𝑡) and 𝑦𝑄(𝑡) represent the I and Q branches at 

the output of the BB block, FBB represents the BB 

nonlinear transformation and 𝑐𝑛
𝐼  and 𝑐𝑛

𝑄
 are the 

coefficients of the BB nonlinearities of the I and Q 

branches respectively. 

III. INTERACTION OF MULTIPLE SIGNALS BY 

NONLINEARITY 

In [20], the authors developed a model that enables 

nonlinear distortion in multi-channel nonlinear power 

amplifiers to be predicted. In this section, the analysis 

in [20] will be extended to include the three types of 

nonlinearity in Fig. 2.  

Using the model in (1) and considering an input signal 

x(t) which consists of the sum of a desired signal 
1

x t( )
 

centered at frequency f1 and an interfering signal 
2

x t( )  

centered at frequency f2 
such that the input to the 

nonlinear block is 
1 2

x t x t x t ( ) ( ) ( ) , then  the 

complex envelope of the output of the RF nonlinearity at 

the center frequencies  f1 and  f2 can be written as [20]: 

𝑧𝑓1(𝑡) = 𝐺𝐹(𝑟, 𝑠, 𝑁, 𝐚)                     (10) 

𝑧𝑓2(𝑡) = 𝐺𝐹(𝑠, 𝑟, 𝑁, 𝐚)                     (11) 

where r is the complex envelope of x1(t), s is the complex 

envelope of x2(t), 1 3
a aa = [ , , ...]  is the coefficients vector of 

the memoryless nonlinearity and  
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is the nonlinear gain function at the fundamental and the 
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In a similar way to (10) and (11), the intermodulation 

components at the intermodulation frequencies can be 

written as [20]: 

𝑧𝑓1(𝑡) = 𝐺𝐼(𝑟, 𝑠, 𝑁, 𝐚)                     (13) 

𝑧𝑓2(𝑡) = 𝐺𝐼(𝑠, 𝑟, 𝑁, 𝐚)                     (14) 

where 
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is the nonlinear gain function at the intermodulation 

frequency and  
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The above analysis clearly models two main 

impairments to the performance of the receiver as a result 

of nonlinear amplification by the LNA: the first is the 

spectral regrowth and gain compression at the 

fundamental channels ( represented by the nonlinear gain 

function GF in (12)) which is responsible of degrading 

the receiver performance; and the second is the 

intermodulation spectra (represented by GI in (15)) which 

are responsible of masking the white spaces. 

Fig. 3 shows a conceptual plot of the response of the 

LNA to two signals centered at frequencies f1 
and

 
f2 in the 
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frequency domain. The figure depicts the two 

aforementioned impairment to the output spectrum which 

are the spectral regrowth around the main channels at f1 

and f2; and the intermodulation components at the 

intermodulation frequencies  2f2-f1  and  2f1+f1. Note that 

the power of the intermodulation components depends on 

the powers of both the desired and interfering signal. 

Therefore, when the signal power of the main channel at 

f1 is low and the power of the interfering channel at f2 is 

high, the intermodulation power at the lower 

intermodulation frequency will be lower than that of the 

higher intermodulation frequency and vice versa.  

 
(a) 

 
(b) 

Fig. 3. RF spectra in wideband receiver: (a) Input spectrum of two RF signals to an LNA and (b) Output of RF nonlinearity. 

Up to this point, the impact of RF nonlinearity in a CR 

receiver has been shown to result in intermodulation 

components that reduce the receiver sensitivity. The 

effects of the remaining blocks will be studied in order to 

characterize their combined effect with the RF 

nonlinearity on the receiver sensitivity. 

Assuming that the interfering signal at f2 and the 

intermodulation components at 2f2-f1  and  2f2+f1 are 

removed by RF filtering, so that only the desired signal 

from the RF block (f1) is down-converted by the I/Q 

blocks, the down-conversion process results in a 

frequency component at the IF frequency and another 

component at the frequency fIF+(f2-f1). In a similar way to 

the RF stage, the latter can be removed by the IF filtering 

as shown in Fig. 4a. Therefore, using (5) and (6), the 

overall output of the I/Q imbalance block can be written 

as:  

𝑣(𝑡) = 𝑣𝐼𝐹 + 𝑣−𝐼𝐹                     (16) 

where 𝑣𝑓𝐼𝐹
= 𝐴�̃�𝑓1

(𝑡) , 𝑣−𝑓𝐼𝐹
= 𝐵�̃�∗

𝑓1
(𝑡)  and A and B 

are complex coefficients. Note that the I/Q imbalance 

results in an attenuated component at the IF frequency 

represented by 𝐴�̃�𝑓1
(𝑡)  and an image spectrum at the 

image frequency f-IF represented by 𝐵�̃�∗
𝑓1

(𝑡) as shown in 

Fig. 4b. 

 

 
(a) 

 
(b) 

Fig. 4: Spectrum of I/Q down-conversion of an RF signal with I/Q imbalance; (a) input spectrum and (b) the output spectrum. 
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The output of the BB nonlinearity can now be 

formulated by inserting (16) into (8) and (9) as: 
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Note that the existence of the spectrum at the image 

frequency will lead to distortion spectra at multiples of 

the IF frequency by the BB nonlinearity as shown in Fig. 

5b. The figure also shows that the nonlinearities in the 

receiver chain result in intermodulation spectra that may 

well interact with the white spaces. In addition, the 

figure shows the extra spectral regrowth around the 

desired channel which results from the interaction of 

multiple signals by the nonlinearity. 

 
(a) 

 
(b) 

Fig. 5. Spectra of BB nonlinearity: (a) Input spectrum and (b) Output spectrum. 

The above development has enabled nonlinear 

distortion to be evaluated in RF front ends of CR 

receivers where the effect of strong interferers on the 

detection of weak signals can be predicted. Similarly, the 

analysis enables the effect of the combination of 

interference, BB nonlinearity and I/Q imbalance on the 

received signal to be predicted. Note that the analysis 

considers n-th order nonlinearities and not just 3rd order 

nonlinearities as in [15] and [16]. The limitation of the 

model lies in employing a memoryless nonlinear model. 

This assumption, although discards memory effects, 

simplifies the analysis and enables the effects of three 

types of nonlinearity to be easily modeled and analyzed. 

IV. SPECTRUM SENSING IN CR RECEIVERS 

Spectrum sensing in CR systems is the process by 

which the system allows the Secondary Users (SUs) to 

learn about the radio environment by detecting the 

presence of the Primary Users (PUs) signals [23]. Several 

techniques, with different levels of complexity and 

processing time requirements, have been developed for 

the purpose of sensing the wide frequency band. By and 

large,, the spectrum sensing model is formulated as [23]: 
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1
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* : PU absent

w t H
r t

h s t w t H


 


   (19) 

where r(t) is the SU received signal, s(t) is the PU 

received signal, w(t) is additive white Gaussian Noise 

(AWGN) and h represents the channel coefficient. 

Since the focus of the current paper is primarily on the 

effects of nonlinear distortion on the receiver sensitivity, 

a memoryless linear time invariant channel (h=1) is 

assumed. Furthermore, the nonlinear distortion d(t) and 

the AWGN are assumed to be uncorrelated and hence, 

they can be combined into a single noise component 

n(t)=w(t)+d(t). Hence, the spectrum sensing model in (19) 

can be rewritten as 

𝑟(𝑡) = {
𝑛(𝑡) 𝐻0: PU Present

ℎ𝑠(𝑡) + 𝑛(𝑡) 𝐻1: PU Absent
          (20) 

The simplest form of spectrum sensing is the energy 

detection (ED) technique where the received signal 

energy is compared to a threshold to detect the existence 

of a PU. 

In this technique, the decision statistic can be modeled 

as  

{
𝐻0 𝑬 < 𝒗
𝐻1 𝑬 > 𝒗

                                     (21) 

where E is the SU signal energy and v is a threshold 

which can be chosen to be the total noise and distortion 

variance 𝒗 = 𝜎𝑛
2 = σ𝑤

2 + σ𝑑
2  [24]. The distortion variance 
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𝜎𝑑
2 can be calculated from the PSD of either the upper or 

the lower intermodulation components in (13) or (14) as 

 2 I NB

I NB

f

d zzI
f

S f df




                    (22) 

where 𝑓𝐼  is the intermodulation frequency, B is the 

bandwidth of the PU transmitted signal, and 𝑆𝑧𝑧𝐼(𝑓)  is 

the power spectral density (PSD) of the intermodulation 

signal in (13) or (14). With this assumption, the 

probability of detection (Pd) and the probability of false 

alarm (Pfa) of the spectrum sensing algorithm can be 

written as [25] 
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where Q(.) denotes the Q-function. 

TABLE I: ENVELOP POWER SERIES COEFFICIENT 

RF Nonlinearity 

b1 7.63 - 5.36i 

 
b3 -56.18 + 66.95i 

b5 274.24 - 302.17i 

I/Q Imbalance 

gm 0.9 

θm 0.25 

BB Nonlinearity 

cI [1 0 0.5 0 -0.1] 

cQ [1 0 -0.324 0 0.13] 

V. SIMULATION RESULTS AND DISCUSSION 

The above analysis of the combined effect of RF, BB 

and I/Q nonlinearities was implemented in Matlab. These 

nonlinearities were simulated using the parameters shown 

in Table I where RF and BB nonlinearities are 

characterized by power series coefficients. OFDM 

signals were used as input to the model which were 

generated according to the specifications in Table II.  

TABLE II: SIMULATION PARAMETERS 

No. of sub-carriers 1705 

Modulation 16 QAM 
Constellation type: Gray 

Pulse Shaping Rectangular pulse 

PAPR 10.8 dB 

Input Power range -30 dBm to -9 dBm 

 

To estimate the PSD’s of the output of the cascade, the 

autocorrelation functions were computed from the time 

correlation functions of signal realizations and the 

coefficients of the system model in Table I. Signal 

realizations of 105 samples were used in the computation 

of the autocorrelation functions and the power spectra at 

the output of each of the cascaded blocks in Fig. 2. The 

PSD’s were computed from the Fourier transform of the 

autocorrelation functions at different input power levels. 

 
Fig. 6. The output spectrum of the RF nonlinearity for two input signals; 

Pin1=-18 dBm, ∆: Pin2=-12 dBm. 

 
Fig. 7. ACP for various values of input power of the interfering signal; 
*: Pin2=-18 dBm, ∆: Pin2=-12 dBm and o: Pin2=-10 dBm. 

Fig. 6 shows the simulated output spectrum at the 

output of the RF nonlinearity block for two RF signals at 

different input power levels. The figure shows the 

intermodulation components at the intermodulation 

frequencies which may interfere with the white spaces in 

a CR spectrum. Fig. 7 shows Adjacent Channel Power 

(ACP) vs. input power for various power levels of an 

interfering signal. The figure shows that nonlinear 

distortion that results from cross modulation between two 

OFDM signal in a wideband receiver has a significant 

effect on performance of the system when the interfering 

signal has comparable power level to the desired signal. 

The figure shows an increase of about 5 dB in ACP for 

each 1 dBm of increase in the interfering signal power.  

The effect of BB nonlinearity on the received signal 

was simulated using (16). Fig. 8a shows the spectrum of 

the desired RF signal after down conversion to an IF 

frequency of 75 MHz, Fig. 8b shows the spectrum at the 

output of the I/Q imbalance block and Fig. 8c shows the 

spectrum at the output of the BB nonlinearity. These 

figures show how the BB nonlinearity results in extra 
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spectral regrowth around the spectrum of the desired 

signal and the spectrum of the image signal which results 

from the I/Q imbalance. 

 
(a) 

 
 (b) 

    
(c) 

Fig. 8. (a): The output spectrum of the RF nonlinearity after down 

conversion to IF; (b): The output spectrum of the I/Q imbalance block 
and (c): The output spectrum of the BB nonlinearity block. 

Fig. 9 shows the power spectrum at the output of a 

cascade of an RF nonlinearity and a BB nonlinearity at an 

input power of -10 dBm assuming an interfering signal 

with input power of -12 dBm. The figure shows 

significant increase in ACP as a result of BB nonlinearity. 

Fig. 10 shows ACP vs. input power assuming an 

interfering signal with input power of -10 dBm. The 

figure shows an increase of up to 30 dB in ACP as a 

result of the existence of BB nonlinearity. 

 
Fig. 9. Power spectrum at the output of the cascade with and without 
BB nonlinearity. 

 
Fig. 10. ACP at Pin2=-10 dBm; ∆: without BB nonlinearity and o: with 

BB nonlinearity. 

 
Fig. 11. ACP vs. gm and θm  with Pin1= -9 dBm and Pin2=-10 dBm. 

Fig. 11 shows a 3-D plot of ACP vs. both I/Q 

mismatch parameters assuming an input power of -9 dBm 

and -10 dBm for the desired signal and the interfering 

signal respectively. The figure further shows that the 

relationship between the IQ imbalance and ACP is 

convex indicating the existence of optimal mismatch 

parameters that result in minimum ACP. The figure also 

shows that the angle of the I/Q imbalance has a 

significant effect on the output distortion especially at 

high input drive levels.  
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In order to assess the effect of intermodulation 

products on masking the white spaces, the probability of 

false alarm was simulated for various values of the input 

power of the two signals. Fig. 12 depicts the probability 

of false alarm for a range of values of the input power of 

the interfering signal. The figure shows that this 

probability becomes significant when the interfering 

signal power is increased. The figure can be used for 

relating the power of the interfering signal directly to 

probability of masking the white space in CR systems. 

 
Fig. 12. Pfa  vs. Pin1= -9 dBm for Pin2=-20:-10 dBm. 

VI.  CONCLUSION 

A model for signal interaction by nonlinearity in a 

wideband receiver of a CR system has been developed. 

The model considers mixing of two RF signals by an RF 

nonlinearity and then processing the resulting signal at 

baseband by the I/Q mismatch and a BB nonlinearity. 

The computed spectra at the output of the system show 

that I/Q imbalance and the BB nonlinearity become 

significant and severely affect the overall performance of 

the system when an interfering signal exists at the input 

of the RF nonlinearity. The model also considers the 

effect of intermodulation components of the two signals 

on reducing the sensitivity of the CR receiver by masking 

the white spaces. The model is useful for relating 

nonlinear distortion to the performance of CR system 

including the probability of detection and the probability 

of false alarm.  
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