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Abstract-In this paper, we study the impact of RF -front end 
nonlinearity on the performance of wireless sensor networks 
(WSN). More specifically, we investigate the problem of inter
ference caused by intermodulation between in-band interferers. 
We analyze this problem using an enhanced model of signal-to
interference-and-noise ratio (SINR) that includes an interference 
term due to intermodulation. Using a WSN simulator and 
the selectivity and the third-order input intercept point (IIP3) 
specifications of a radio transceiver, we show that the new 
SINR model provides helpful information for the analysis of 
intermodulation problems caused by in-band signals in IEEE 
802.15.4 WSNs. 

Index Terms-Nonlinearity, intermodulation, RF front-end, 
wireless sensor networks, SINR, WSNet. 

I. INTRODUCTION 

A wireless sensor network is composed of a large number of 
tiny and energy autonomous sensor nodes which are densely 
distributed over a region. Each node is equipped with a sensing 
device, a wireless radio transceiver, a microcontroller and a 
power source (battery and/or energy harvesting unit). A typical 
application of WSN is to collect data in domains such as 
environmental monitoring, urban safety, traffic monitoring and 
surveillance of hostile and inaccessible areas. 

In this context, the IEEE 802.15.4 standard [1], with its 
characteristics of low complexity, low-cost and low power, 
fits the requirements of WSN, where energy consumption 
and network lifetime are primary concerns. The PHY layer 
specification defines operations in several bands, the most 
attractive for its world-wide availability being the 2.45 GHz 
unlicensed industrial, scientific and medical (ISM) band. In 
this band, 16 channels are defined for a data rate of 250 KbitJs 
and a range of up to 30 m [1]. 

To boost the accuracy of collected data in a particular 
region or to develop new sensing applications, the density 
of deployed WSNs will inevitably be increased leading to 
mutual interference between adjacent networks. Furthermore, 
even if collisions within a wireless network can be avoided 
using an allocation algorithm, such as CSMAlCA with beacon 
mode proposed by IEEE 802.15.4 where guaranteed time slots 
(GTS) are allocated to each node by the network coordinator, 
interference from neighboring networks can never be totally 
avoided. In Fig.l the coordinator of network 1 typically has 
no information about the active time periods of the nearby 
networks 2 and 3, whether these are also IEEE 802.15.4 
networks or other 2.45 GHz ISM band wireless networks, such 
as IEEE 802.11 (Wifi) or IEEE 802.15.1 (Bluetooth). 
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Fig. l. Interference between desired user and nodes of adjacent networks. 

Interference can lead to packet data loss, missed alarms, 
delay, loss of synchronization, etc. In the literature, several 
authors have investigated the impact of interference on WSNs 
using experimentation and software simulation. However, none 
of the existing research has studied the problem of interference 
due to intermodulation which is caused by the nonlinearity of 
the RF receiver. 

This paper proposes a new SINR model for the investigating 
of the origin of performance degradation of WSNs under 
intermodulation interference. An example of how to use the 
new model and results from simulation, validating the model, 
are also presented. The network simulation is run using WSNet 
[2], a precise wireless sensor simulator, and is based on the 
parameters of a commercial IEEE 802.15.4 compliant RF 
transceiver. 

II. STATE OF THE ART SINR MODELS 

Interference in WSN has been investigated extensively in 
the research literature using several models. The choice of 
the interference model is of fundamental importance. Not 
only has the proposed model to implement the nature of 
real communications, but also to facilitate the development 
of rigorous analysis. One model widely used in literature [3] 
[4] [5] is the standard SINR (or short, SINRS) 

SINRs 
= 

Psignal 

N + Anterference 
(1) 

where Psignal and N are respectively the desired signal and 
thermal noise power at the receiver front-end, while Anterference 
is interference power due to the other IEEE 802.15.4 networks 
or types of networks operating in the same band (e.g. IEEE 
802.15.1, IEEE 802.11, etc). 
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In practice, signal reception often takes place in the pres
ence of different types of interference, the most commonly 
studied being co-channel and adjacent channel interference. 
An enhanced SINR (or short, SINR€) model that takes into 
account these two types of interference was defined in [6]. 
The SINR€ is calculated for node i when receiving the desired 
signal emitted by node j and while other nodes (denoted k) 
are simultaneously emitting a signal (Fig. 1). The SINR€ is 
given by : 

SINR€. = 
Pj 

t,) Ni + Lk#i,j Cti,k . Pk 
(2) 

where Pk is the power of the kth interferer signal and Cti,k is a 
rejection factor that emulates the channel selectivity of node i 
and is therefore a function of the frequency offset between the 
RF channels occupied by node i and k. All signal powers are 
referred to the antenna of node i. The received signal power 

Pj and Pk are calculated using an appropriate channel model 
for the application scenario. This may be a simple pathloss 
model or a more elaborate statistical model to take into account 
fading and shadowing effects in a mobile scenario. The results 
of simulation using the model SINR€ are reported to be in 
good agreement with real-world experiments [7]. 

However, none of these models consider the possibility 
that the inherent nonlinearity of the receiver (Fig.2) can 
create intermodulation interference which may also corrupt 
the desired signal. 

Intermodulation 

LO 

Fig. 2. Block diagram of a simple receiver. 

In fact, the intermodulation interference can be observed 
only using an appropriate RF simulation. For this purpose, 
the emphasis is placed upon integration of intermodulation in 
WSNs simulation by extending the SINR model of (2). 

III. ANALYSIS OF INTERMODULATION INTERFERENCE 

We now proceed to the study of intermodulation interference 
using a new, more elaborate definition of SINR. 

A. Intermodulation Modeling 
Intermodulation products are produced when two or more 

in-band signals are applied to the input of a nonlinear receiver. 
To analyze intermodulation, we consider the case of a mem
oryless nonlinear circuit which is described by the transfer 
function given in (3). Because the higher order products are 
of less significance, the transfer function order is limited to 3 
in this discussion. 

3 

y(t) = L knx(t)n (3) 
n=i 

2 

where kn describe the coefficients of the different orders of 
nonlinearity, and x(t) is the input signal, which is assumed to 
consist of two sinusoids of different frequencies such as 

x(t) = Ai cos(27rltt) + A2cos(27rht). (4) 

Amplitudes and corresponding frequencies of the compo
nents of the output signal y(t) are summarized in Table I. 

TABLE I 
IN TERMODULATION PRODUCTS AND THEIR AMPLITUDES 

Order I Frequency I 
1 st order 

2nd order 

3rd order 

II 
h 

lI±h 
2II±h 
2h±1I 

Component Amplitude 

klAl + �k3Ar + �k3AIA� 
klA2 + �k3A� + �k3A2Ai 

k2AIA2 
�k3Ai A2 
�k3AIA� 

As shown in Table I, the output signal y(t) contains second
order intermodulation components at the sum and difference 
of the two frequencies hand h. These will be neglected in 
the following since they either fall out of the receiver passband 
or, for the product at frequency It - 12 which falls close to 
direct-current (DC), are an issue for certain types of Zero-IF or 
Low-IF receivers only [8]. In this paper, we consider only the 
terms at frequencies 2h -12 and 212 -It which are commonly 
referred to as third-order intermodulation distortion (IMD3) 
products. As depicted in Fig. 3, if the distance between the 
frequencies of two in-band interferers (h and h) is similar 
to the distance between one of the interferers and the useful 
signal at /0, one of the resulting intermodulation products may 
fall close or within the receiver channel and may corrupt the 
desired signal. 

Power 
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Desired 
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Third-Order 
I Intermodulation 

Intermodulation 
I interference 

Product 
I (IMD3) Second-Order 
i Intermodulation Product 

....... . ......... ; ..... ��.=!! .... .. .... �� .. �!!.;·; ... ··6:· Noise �oor 
fi-fi i fo fi fi 

Ii 
fi+fi Frequency 

Fig. 3. Power spectrum of intermodulation product. 

Using Table I, the IMD3 is given 

Next, we analyze the relationship between the third-order 
input intercept point IIP3 and IMD3. IIP3 is a commonly 
used metric for defining the linearity of an RF receiver and 
it corresponds to the input-referred interferer power which 
generates intermodulation products of equal strength as the 
linear components. The IIP3 is given by [8] 
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1 
IIP3 [dB] = 2 (3A - IMD3) (6) 

-2· IIP3 [dB] = 10 log (�k3) (7) 

Using (6) and (7), we derive a new formulation of IMD3 
such as 

IMD3 [mW] = 1O(-2IIP3/10) • A3 
(8) 

In practise, if Al =F A2 , it is necessary to define two IMD3 
products 

{ 1O( -2IIP3/1O) • A� A2; I = 2/1 - 12 
IMD3(f) = 

10(-2IIP3/1O) • AIA2
2 " 1= 212 - II 

(9) 

Since the IIP3 value for a given RF receiver is often 
published on its datasheet, Eq. (9) carr be used to find the 
magnitude of the IMD3 products for the interferer powers Al 
and A2• To avoid the interference caused by third-order dis
tortion, the receiver usually needs a very high IIP3. However, 
for arr RF receiver, there is generally a link between higher 
IIP3 arrd increased power consumption. 

B. Enhanced SINR model 
As shown in Fig.3, intermodulation products create un

wanted components at frequencies which may interfere with 
the desired signal. In a worst case, the IMD3 product will 
fall directly into the desired channel, a phenomenon similar 
to co-channel interference. As the frequency offset between 
the IMD3 product arrd the desired signal increases, their 
contribution to SINR degradation becomes less harmful (in 
a similar marrner as a adjacent charrnel interference). 

A model for SINR between nodes i and j including the 
distortion due to 3rd order intermodulation carr therefore be 
derived as 

Pj 
SINRij = -:-::----==---..:!.----

Ni + L ai,k' Pk + P.MD3 k#i,j 
(10) 

P.MD3 represents the power of interferences caused by third
order distortion products arrd is expressed as 

PIMD3 = L L f3i(k,l) . Pkp,,2 (11) 
k#l,j l#k,j 

where f3i(k,l)' similarly to ai,j above, is a rejection factor that 
varies with the frequency offset between the desired signal 
charrnel arrd the resulting third-order intermodulation product 
at frequency 2/k ± II. The sum extends to all interference 
components resulting from the intermodulation of each couple 
of interferers. 

In order to evaluate the impact of the IMD3 products, in 
the following, we will assume that the IMD3 products that fall 
within the desired receiver charrnel are treated as co-charrnel 
interference while the ones that fall out of the desired charrnel 
are treated as adjacent interference. In arr RF receiver, this 
assumption implies that all of the intermodulation products 

3 

are created before any charrnel filtering is applied arrd that 
the charrnel filtering operation is perfectly linear. Thus, the 
intermodulation rejection factor f3i(k,l) carr be expressed as a 
function of receiver IIP3 arrd ai,j such as 

13• [mW] = a· 2k I' 1O(-2IIP3/1O) ·(k,l) �, - . (12) 

Finally, the new SINR model (or short SINRIMD) including 
the effect of interference intermodulation is given by 

SINR�D= � 
�J Ni + I;. ai,k . Pk + L L f3i(k,l) . PkP? k#�,J k#l,j l#k,j 

(13) 
The implementation of SINRIMD model in a network sim

ulator requires the knowledge, at a given time, of all the 
signals concurrently received by a given node. In this work, 
the network simulations are run using the wireless sensor 
simulator WSNet [2], thanks to its support of adjacent charrnel 
interference, WSNet required only minor modifications to 
implement the SINRIMD• In fact, intermodulation calculation, 
reduces the simulation speed only by 6% for 3 channels to 
20% for 16 channels. 

Note that none of WSN simulators reported in the litera
ture (such as OMNet++, NS-3, etc.) supports intermodulation 
interference calculation few allowing even the calculation of 
adjacent charrnel interference. 

IV. SIMULATION RESULTS USING NEW SINR MODEL 

A. Impact of Intermodulation on BER 
The 2.4 GHz PHY layer of IEEE 802.15.4 adopts the offset 

quadrature phase-shift keying (O-QPSK) modulation. In arr 
additive white Gaussiarr noise (AWGN) channel, the bit error 
rate (BER) can be expressed by [9] 

BER = Q (-/2 . SINR ) (14) 

where Q(x) is the Gaussian Q-function distribution 

1 [+00 ( u2 ) Q(x) = J21r Jx exp -"2 . (15) 

To evaluate the impact of the intermodulation distortion, we 
plot BER curves obtained using the proposed SINRIMD model 
with that obtained with the SINRe• The simulation scenario 
is shown in Fig. 1. In this figure the source node j emits a 
32 Bytes/s Constarrt Bit Rate (CBR) broadcast traffic through 
charrnel 1 of IEEE 802.15.4 2.4 GHz radio. Then, two strong 
interferers (m using channel 2 arrd n using channel 3) start 
jamming the network (1). The received powers at the receiver 
(i) from emitter (j) and interferers (m arrd n) are respectively 
-73 dBm and -45 dBm. 

The rejection factor ai,k chosen for this simulation is based 
on interference selectivity of TI 002520 [10], which is given 
as 

";,k[dB[ � { O' i = k , 
-49 ; O�i-k�l 

-54 ; 1<i-k�2 
(16) 

-55 ; i-k>2 
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IMD3 power resulting form the mixing of received signals 
is for i = 1, m = 2 and n = 3 

F\MD3 = i3I(1,2)PIP:j + i3I(2,1)P2pl (17) 

+ i3I(1,3) PI pi + i3I(3,1)P3pl 
+ i3I(2,3) P2Pi + i3I(3,2) P3P:j 

The IIP3 of the radio chip CC2520 is -24 dBm. From (17), 
the calculated F\MD3 is -87 dBm. 

The simulation results are illustrated in Fig. 4. We observe 
that the curve obtained with the SINR€ is very close to that of 
SNR, which implies that the interferers in adjacent channels 
are highly rejected. However, the curve obtained with the 
new model clearly shows that the intermodulation interference 
impacts the BER performance and is not negligible. 

4 6 
SINR (dB) 

8 

Fig. 4. Comparison of BER using different SINR models. 

B. Intermodulation impact on PER 
In order to further investigate the impact of intermodulation 

interference, another set of simulations was run using WSNet 
to determine the relation between PER and different channel 
intermodulation. In these simulations, the positions of the 
transmitter and the receiver were fixed, 30 m apart, and 
the jamming nodes were randomly distributed in a circular 
area around the receiver. The maximum distance between the 
jamming nodes and the receiver was 10 m. The simulation 
scenario is represented in Fig. 5. 

Network 1 

Network 2 � 
� t Network 0 

'- i6\ 30m � � +---.... � 

� 
Network 4 

t 10m 

� 
Network 3 

� Interfering node � Desired sender 

Fig. 5. Simulation scenario used for analysis of PER under intermodulation. 

4 

We consider that the power of interfering nodes exceeds the 
power of desired signal. Thus, the transmission power of the 
desired node is -10 dBm, while the transmission power of 
the interfering nodes is 0 dBm. The received signal at the 
distance d from the transmitter can simply be modeled as [11] 

( d )-n 
Pj = Pj (do ) 

do 
; d > do (18) 

where do is the reference distance and n is the path loss expo
nent. In this simulation, the networks use a predefined chan
nel and adopt a non-slotted CSMAlCA and IEEE 802.15.4 
2.4 GHz compliant radio. The simulation parameters are 
described in Table II. 

TABLE II 
SIMULATION PARAMETERS 

Network number channel 

0 2425 MHz 

2415 MHz 

2 2420 MHz 

3 2430 MHz 

4 2435 MHz 

Simulations are run for both SINR models, with and without 
intermodulation. The results obtained in terms of PER are 
shown in Figure 6, upon varying the node population density 
per jamming network, in the range 0 through 22. The diagram 
clearly shows the drastic impact of intermodulation on PER 
as the density of nodes per adjacent network increases. 
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Fig. 6. Effects of node density on PER with and without intermodulation. 

V. IMPACT OF IIP3 ON POW ER CONSUMPTION AND BER 

Intermodulation in an RF transceiver mainly comes from 
the non-linearity characteristic of the different blocks in the 
reception chain. The linearity performance therefore depends 
on the circuit topology and technology. As shown in section 
III-A, the receiver IIP3 must be sufficiently high to prevent 
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IMD3 from degrading the SINR. However, in reality it is 
difficult for an active device, amplifier or mixer, especially 
in a very low power consumption mode to simultaneously 
obtain high llP3 and low noise figure (NF). Fig. 7 shows 
the relation between IIP3 and power consumption in recently 
published LNAs (Low-Noise Amplifiers). The IIP3 shows 

1 O "-"'O -
("-' I""s.-=-e.=CT w"".

-
,g

-
. J"" SS"' C""'.20"'06:--.,----.,------.-----,-----,----.-----,---, 

<l (2) J. Borremans, JSSC-2008 

E 0 

� 
M 

g, 
« z 
-' ·5 

[> (3) H. Wang, TCAS-2010 
+ (4) W. Zhuo, ESSCIRC-2000 
* (5) F. Belmas RFIC 2011 

(6) H.-J Song. MWCL-2008 
'\l (7) G. Gramengna, JSSC-2001 
o (8) T.K. Nguyen, TMIT-2004 
X (9) S.-H. Woo ,ISSCC-2009 
V' (10) J. Borremans, JSSC-2008 
\l (11) D. linlen, VlSI-2004 
o (12) K. Han, JSSC-2005 

(13) D. linlen, JSSC-2005 
+ (14) S. C. 8laakmeer, RFIC-2006 
X (15) X. Fan, JSSC-2008 

o (9) 
(8) 

+ 
( 14) 

· 10 0 
( 1) 

'V 
( 10) 

* 
(5) 

<l 
(2) 

o 
( 12) 

x 
( 15) 

+ 
(4) 

.,5
0
'---'---'--...1....-- 8'---..':

,0
----",2:-----:,
1...
4 

-- 1
"'
6

----':
,8,--

-,'
20,.-

-,J
22 

lNA Power Consumption [mW] 

Fig. 7. IIP3 versus power consumption in recently published LNA. 

a tendency to increase as power consumption increases. A 
simple way of avoiding intermodulation interference under 
low power consumption is to prevent IMD3 from occurring at 
the receiver front-end prior to mixing. The proposed approach 
is to reduce the power consumption of the amplifying element 
prior to mixing if interference level in node environment is 
low. The natural candidate for gain switching is LNA, which 
is the first amplifier in the receiver front-end. 

To assess the impact of IIP3 variation on BER, we reproduce 
the simulation scenario of section IV-A, for multiple values of 
IIP3: -28 dBm, -26 dBm, -24 dBm and -22 dBm. The 
results are shown in Fig. 8. The solid line represents values 
for an interference of -50 dBm while dotted lines represent 
values for an interference of -45 dBm. 

8 10 
SINR (dB) 

Fig. 8. Impact of IIP3 and interference power on BER. 

16 18 20 
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At interference power of -45 dBm, as the IIP3 decreases 
the receiver BER also decreases due to the high magnitude 
of IMD3. By switching interference power to -50 dBm, we 
observe that decreasing receiver IIP3 has no impact on the 
BER because IMD3 level remains too low. Quite obviously, 
reducing receiver IIP3 when interference power is low may 
considerably decrease power consumption of the node and 
enhance network lifetime. 

V I. CONCLUSION 

In this paper, we have thoroughly examined the IEEE 
802.15.4 performance under intermodulation interference. A 
new model of SINR has been introduced, followed by a corre
sponding simulation under WSNet using parameters of IEEE 
802.15.4 compliant CC2520 radio from TI. The simulation 
results show that intermodulation affects both BER and PER 
performance. If llP3 is increased, the linearity and power 
consumption are increased as well. Thus, in designing and 
deployment of WSNs particular attention should be paid to 
the transceiver IIP3. 
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