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Abstract: This paper presents the theoretical analysis, simulation results and suggests 
design in digital technology of a physical layer for wireless sensor networks. The proposed 
design is able to mitigate fading inside communication channel. To mitigate fading the 
chip interleaving technique is proposed. For the proposed theoretical model of physical 
layer, a rigorous mathematical analysis is conducted, where all signals are presented and 
processed in discrete time domain form which is suitable for further direct processing 
necessary for devices design in digital technology. Three different channels are used to 
investigate characteristics of the physical layer: additive white Gaussian noise channel 
(AWGN), AWG noise and flat fading channel and AWG noise and flat fading channel with 
interleaver and deinterleaver blocks in the receiver and transmitter respectively. Firstly, the 
mathematical model of communication system representing physical layer is developed 
based on the discrete time domain signal representation and processing. In the existing 
theory, these signals and their processing are represented in continuous time form, which is 
not suitable for direct implementation in digital technology. Secondly, the expressions for 
the probability of chip, symbol and bit error are derived. Thirdly, the communication 
system simulators are developed in MATLAB. The simulation results confirmed 
theoretical findings.  

Keywords: wireless sensor networks; correlator receivers; physical layer; fading channel; 
bit error rate (BER).  
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1. Introduction 

Wireless sensor networks based on IEEE Standard 802.15.4 [1] can be considered as an emerging 
technology that will be widely used in this century. Due to the expected autonomous operation of these 
networks, one of the main demands on the networks and their components design is to have low-power 
consumption. This power consumption can be reduced by constructing low-power sensor nodes and by 
the design of such protocols in the network that will reduce this consumption. In this paper the 
physical layer design is proposed, based on the chip interleaving technique, which can reduce power 
consumption in the network. 

There are not too many references talking exclusively about physical layer design. A paper related 
to the modulator and demodulator design is presented in [2]. The whole transceiver design is presented 
in [3]. Paper [4] presents possibility of using OFDM in wireless sensor networks for underwater 
communications. In [5] a low power cooperative multiple inputs multiple output scheme with low 
density parity check channel codes is proposed for an adaptive fault tolerant systems. Some issues 
related to the physical layer performance estimation are presented in [6], which is not targeted to the 
design but to the problems of position estimation. 

The processing in the physical layer includes techniques applied in direct sequence spread spectrum 
(DSSS) systems and code division multiple access systems (CDMA). It was shown that the chip 
interleaving techniques can reduce the influence of fading in DSSS and CDMA systems [7–10]. 
Following this finding, it was also shown that the chaotic sequences can be used in these systems, 
which increases security in signal transmission [9] when appropriate sequence synchronization is 
achieved [11,12]. Following these findings this paper is proposing theoretical model of a 
communication system representing physical layer of wireless sensor networks. The system is 
analyzed for two basic cases. First case, when a single-correlator receiver is used for a binary signal 
transmission and the second case when an N-correlator receiver is used for symbol transmission. The 
spreading sequences used are defined by the Standard [1]. 

The contributions of this paper are as follows. Firstly, the mathematical model of communication 
system representing physical layer is based on the discrete time domain signal representation and 
processing. In the existing theory, these signals and their processing are represented in continuous time 
form. However, signals in analog form are not suitable for direct implementation of the system 
mathematical model into digital technology; thus, all signals in this paper are represented in discrete 
time form. Secondly, in contrast to published work in [2,3], where the signals are analyzed in analog 
form and theoretical expressions for the BER are not derived, in this paper the exact theoretical 
analysis was performed and the expressions for probability of chip, symbol and bit error are derived 
for the case of noise, fading and interleaver presence inside communication system. According to the 
authors’ knowledge, these expressions have not been derived yet in the closed form as it was done in 
this paper. In addition, the derivative of theoretical expressions for the system with interleavers makes 
a particular contribution of this paper. Thirdly, simulators are developed in MATLAB and simulation 
results confirmed theoretical findings. These simulators included transceiver simulation according to 
the Standard [1] and channel simulation. The channel simulator generated and controlled the noise 
power and fading in discrete time domain. The discrete time domain theoretical model and discrete 
time domain simulators design allowed direct implementation of the system in DSP technology. 
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Namely, it is quite simple to develop programs in, say, C language for DSP design having confirmed 
the system operation by simulation in MATLAB. In contrast to work presented in [2], where BER 
characteristics were given only for developed prototypes, this paper allows comparison of theoretically 
expected results and results of simulation. Also, the system developed in this paper allows easy 
changes in the system structure and further analysis of the other possible options in the system design. 

 The paper contains six Sections starting with this Introduction. In the second Section a theoretical 
structure of the system is presented and procedure of signal processing in each block is demonstrated 
when AWG noise is present in the channel. The complete analysis is done for a single-correlator and 
N-correlator receiver. Section 3 presents the behavior of the system in presence of fading. The 
interleaver and deinterleaver structure can mitigate the fading in the system. The theoretical model of 
the system and derivation for the bit error rate expressions for this case are presented in Section 4. The 
system is simulated for all cases analyzed in previous theoretical sections and simulation results are 
presented in Section 5. Conclusions of the paper are contained in Section 6.  

2. Theoretical Model of a System in the Presence of Gaussian Noise  

Figure 1 presents the block scheme of a communication system for physical layer using Offset 
Quadrature Phase Shift Keying (OQPSK) modulation and spreading of the signals as used in wireless 
sensor networks. When only Gaussian noise is present in the channel the fading coefficient is set to be 
one, i.e., α = 1. In order to develop theoretical model of the whole system with N correlators, the 
analysis will start with the case when the symbols are generating at the source output in binary form 
and detected at the receiver side using one correlator. Generally, for the system with N-correlators, the 
source generates message bits which are converted into symbols bjn(k). To each symbol a spreading 
sequences cin(k) is assigned to obtain a chip sequence m(k) = bjn(k)cin(k) that comes to the input of a 
multiplexer. If a symbol is in binary form, bjn(k) = ±1, then the system represents a direct sequence 
spread spectrum system (DSSSS) and the receiver has one correlator as it was said before. If a 
combination of K bits represents a symbol then the number of sequences sent is N = 2K, which is equal 
to the number of required correlators at the receiver side. Thus, in the following sections, two cases, a 
single and N-correlator receiver, will be analyzed. 

2.1. Single-Correlator Receiver  

In this case the spreader is represented by a multiplier, as shown on the left hand upper side of 
Figure 1, and a single correlator with output w1 at the receiver side. The chip sequence m(k) is split into 
in-phase and quadrature sequences using the demultiplexer block (DEMUX) in such a way that the 
even-indexed chip sequence mI(k) modulates the in-phase carrier ሺඥܧ௖ඥ2/ܯ cos Ω௖݇ሻ  and  
odd-indexed chip sequence mQ(k) modulates the quadrature carrier ሺඥܧ௖ඥ2/ܯ sin Ω௖݇ሻ, where ܧ௖ is 
the energy per chip and M is the number of interpolated samples contained in one chip interval. 
Therefore, the transmitted signal can be defined as ݏሺ݇ሻ ൌ ݉ூሺ݇ሻඥܧ௖ට ଶெ  cosሺΩ௖݇ሻ ൅ ݉ொሺ݇ሻඥܧ௖ට ଶெ sinሺΩ௖݇ሻ,    (1)
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where ݉ூሺ݇ሻ  and ݉ொሺ݇ሻ  are in-phase and quadrature chip sequences expressed in discrete time 
domain respectively and Ωc is the frequency of the carrier. It is important to note that k is a discrete 
time variable.  

The noise is to be generated at discrete time instants defined by k. Thus, the band-limited pass-band 
noise is expressed as 

 ݊ ሺ݇ሻ ൌ ݊ூሺ݇ሻඥܧேට ଶெ cosሺΩ௖݇ሻ െ ݊ொሺ݇ሻඥܧேට ଶெ sinሺΩ௖݇ሻ,  (2)

where the energy of the noise samples inside a chip interval is ܧே = N0/2 and nI and nQ are in-phase 
and quadrature noise samples of zero mean and unit variance. The block schematic of this noise 
generator is presented inside Figure 1. The noise is expressed in this form to comply with the applied 
signal processing demodulation procedure of both the signal and noise at the receiver side. Namely, in 
simulation, it is important to achieve that the power of the noise in respect to the power of the signals 
are controlled at all times at the transmitter side. 

Figure 1. Block schematic of communication system. 
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The received noisy signal ݏோሺ݇ሻ ൌ ሺ݇ሻݏ ൅ ݊ሺ݇ሻ is demodulated using a correlator that consists of a 

multiplier and an adder. It is sufficient to present the processing of the signal in one branch of the 
demodulator because the processing in both branches is equivalent. The signal at output of the receiver 
multiplier is 

ூሺ݇ሻݕ  ൌ ሾsሺ݇ሻ ൅ ݊ሺ݇ሻሿට ଶெ cosΩ௖݇ሻ . (3)

The samples of this signal are added in the chip interval (corresponds to integration in continuous 
time systems). Because, in the case of a single-correlator receiver, the source generates binary signal 
the output of the transmitting spreader was the first spreading sequence ci1(k), i.e., m(k) = ci1(k), and a 
random sample zi of a random process Zi in I branch is obtained, i.e., 
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௜ூݖ  ൌ ∑ ூሺ݇ሻெଵݕ ൌ ඥܧ௖ܿ௜ଵ ൅ ඥܧே݊௜ூ, for ݅ ൌ 2,4,6, … , (4) ,ߚ

and in Q branch as  
௜ொݖ  ൌ ඥܧ௖ܿ௜ଵ ൅ ඥܧே݊௜ொ, for ݅ ൌ 1,3,5, … (5) .ߚ

A multiplexer (MUX) is used to combine in-phase and quadrature sequences back into a 2β-chip 
sequence zi  

௜ݖ  ൌ ඥܧ௖ܿ௜ଵ ൅ ඥܧே݊௜, for ݅ ൌ 1,2, 3, … (6) , ߚ2

where ni are samples of the in-phase and quadrature baseband noise having zero mean and unit 
variance. In the correlator block, a locally generated reference chip sequences (ܿ௜ଵ, ݅ ൌ 1,2,3, … ,  is (ߚ2
multiplied with the incoming zi random sequence and then the products are added inside the bit interval. 
The resulting sum for the first positive message bit sent is  

ଵݓ  ൌ ∑ ௜ܿ௜ଵݖ ൌଶఉ௜ୀଵ ௖ܿ௜ଵଶܧඥߚ2 ൅ ே݊௜ܿ௜ଵܧඥߚ2 ൌ ܣ ൅ (7) .ܤ

This value is a random sample of a random variable defined for the first bit received. If the source 
generates binary bits from the alphabet ±1, the threshold value in the decision circuit needs to be set to 
zero, and the optimum decision need to be made according to this rule ܾ௜ᇱሺ݇ሻ ൌ ൜ 1, ଵݓ ൐ 0െ1, ଵݓ ൏ 0 . (8)

Due to the central limit theorem (CLT) the random variable w1 can be approximated by the Gaussian 
random variable, with its mean  

௪ଵߟ  ൌ ܣሼܧ ൅ ሽܤ ൌ ሼܿ௜ଵଶܧ௖ܧඥߚ2 ሽ ൅ ሼ݊௜ܿ௜ଵሽ. (9)ܧேܧඥߚ2

Due to the statistical independence of the noise and the spreading sequence the second term in 
Equation (9) is zero. Assuming that the powers of all chips are identical and equal to Pc, we may have  

௪ଵߟ  ൌ ଵሽݓሼܧ ൌ ሼܿ௜ଵଶܧ௖ܧඥߚ2 ሽ ൌ ௖ܧඥߚ2 ௖ܲ.  (10)

The related variance is 

௪ଵଶߪ  ൌ ܣሼሺܧ ൅ ሻଶሽܤ െ ௪ଵଶߟ ൌ ଶሽܣሼܧ ൅ ሽܤܣሼܧ2 ൅ ଶሽܤሼܧ െ ௪ଵ.ଶߟ  (11)

Due to the statistical independence of noise variables, the second term is zero. The first and third terms 
are ܧሼܣଶሽ ൌ ௖ܧሼሾඥܧ ෍ሺܿ௜ଵଶଶఉ

௜ୀଵ ሻሿଶሽ ൅ ௖ܧ2 ෍ ሼܿ௜ଵଶܧ ሽଶఉ
௜ୀଵ ෍ ሼܿ௝ଵଶܧ ሽଶఉ

௝ୀ௜ାଵ  

ሼܿ௜ଵସܧ௖ܧߚ2= ሽ ൅ ߚሺ2ߚ2 െ 1ሻܧ௖ܧଶሼܿ௜ଵଶ ሽ, 
  

ଶሽܤሼܧ ൌ ܧ ൞቎ඥܧே ෍ ݊௜ଵܿ௜ଵଶఉ
௜ୀଵ ቏ଶൢ ൌ ௡௜ଶߪேܧߚ2 ሼܿ௜ଵଶܧ ሽ. 

The powers for all chips are equal and the power of noise is equal to the noise variance. Therefore, 
the variance of w1 can be expressed in this general form 
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௪ଵଶߪ ൌ ሼܿ௜ଵସܧ௖ܧߚ2 ሽ െ ଶሼܿ௜ଵଶܧ௖ܧߚ2 ሽ ൅ ௡௜ଶߪேܧߚ2 ሼܿ௜ଵଶܧ ሽൌ ሼܿ௜ଵସܧ௖ሾܧߚ2 ሽ െ ଶሼܿ௜ଵଶܧ ሽሿ ൅ ௡௜ଶߪேܧߚ2 ሼܿ௜ଵଶܧ ሽ 
(12)

According to the CLT the density function of variable w1 is Gaussian and can be expressed as 

 ݂ ௐଵሺݓଵሻ ൌ ଵටଶగఙೢభమ ݁൫ି௪భమ/ଶఙೢభమ ൯.  (13)

Then, the probability of error can be calculated according to this expression ݌௕௘ ൌ ଵଶ ݂ܿݎ݁ ቆට ఎೢభమଶఙೢభమ ቇ. (14)

By inserting Equations (10) and (13) into (14) we may find the expression for the probability of bit 
error in this closed form 

௕௘݌  ൌ ଵଶ ݂ܿݎ݁ ቆට ሾଶఉඥா೎ாሼ௖೔మሽሿమଶఉா೎ሾாሼ௖೔భర ሽିாమሼ௖೔భమ ሽሿାଶఉாಿఙ೙೔మ ா൛௖೔భమ ൟቇ, (15)

which can be simplified to  

௕௘݌  ൌ ଵଶ ݂ܿݎ݁ ቀΨିଵ
β

൅ ሺா್ேబሻିଵቁିଵ/ଶ
, (16)

where expressionΨ = ܧሼܿ௜ଵସ ሽ/ܧଶሼܿ௜ଵଶ ሽ represents random variability of the spreading sequence. The 
energy of the noise is equivalent to the power spectral density of the two sided noise spectrum. As it 
was said before, this system is analyzed assuming that the signals are generated in discrete time 
domain. Each chip and related noise sample are generated once for each chip interval and then 
repeated (interpolated) M times in that chip interval to allow the discrete time carrier modulation. For 
M repeated samples of noise in a chip interval the energy is EN = Mσ2. For variance σ2 = BN0 and the 
bandwidth B=1/2Tc=1/2M, the energy is calculated to be EN = N0/2. If the source generates binary bits 
and the spreading sequence is in binary form, we may have ݌௕௘ ൌ ଵଶ ݂ܿݎ݁ ൬ටா್ேబ൰  (17)

where the energy of a bit is related to the energy of a chip as Eb = 2βEc.  

2.2. N-Correlator Receiver  

In this case, the source can generate K-bit symbols [1]. Thus, the number of required sequences will 
be N = 2K. The modulation and demodulation will be the same as in the case of a single-correlator 
receiver. However, the correlation for each sequence must be performed in its own receiver correlator. 
Therefore, at the receiver, a bank of N correlators needs to be implemented, as shown in Figure 1.  

The receiver for binary symbols transmission is analyzed in previous section. In that case it was 
sufficient to have the first correlator in the receiver and the symbol to sequence conversion is 
performed by a multiplier as shown separately in Figure 1. For that case the random variable w1 at the 
output of the first correlator is calculated in Equation (7) and the related mean, variance and 
probability of error in Equations (9), (12) and (16). 
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If the source generates N symbols, which correspond to combinations of message bits, the receiver 
will use all N correlators in Figure 1. The decision circuit now is a comparator of correlator outputs. 
The order of these outputs corresponds to the order of the spreading sequences that could be sent at the 
transmitter side. The decision circuit decides according to this decision rule: the sequence/symbol 
received corresponds to the maximum output value of the decision circuit. This, if the maximum is at 
the output three the decision sequence will say the third symbol was sent. 

Suppose that the first sequence is sent. Following the procedure of a single-correlator receiver 
modeling, the output of the n-th correlator can be expressed as 

௡ݓ  ൌ ∑ ௜ܿ௜௡ݖ ൌଶఉ௜ୀଵ ඥܧ௖ ∑ ܿ௜ଵ ܿ௜௡ ൅ ඥܧே ∑ ݊௜ܿ௜௡ ଶఉ௜ୀଵଶఉ௜ୀଵ . (18)

The first term is inter-sequence interference and the second term is noise term. The value wn is a 
random sample of a random variable defined for the n-th correlator output. Due to the central limit 
theorem (CLT) this random variable can be approximated by the Gaussian random variable with  
zero mean  

௪௡ߟ  ൌ ඥܧ௖ ∑ ሼܿ௜ଵܿ௜௡ሽܧ ൅ ඥܧே ∑ ሼ݊௜ܿ௜௡ଶఉ௜ୀଵଶఉ௜ୀଵܧ ሽ ൌ 0.  (19)

and variance  ߪ௪௡ଶ ൌ ሼܿ௜ଵଶܧ௖ܧߚ2 ሽܧሼܿ௜௡ଶ ሽ ൅ ௡௜ଶߪேܧߚ2 ሼܿ௜௡ଶܧ ሽ. (20)

In the case of binary chip transmission this variance is ߪ௪௡ଶ ൌ ௖ܧሺߚ2 ൅  .ேሻܧ
The density function of this random variable can be approximated by Gaussian density expressed as 

ௐ݂௡ሺݓ௡ሻ ൌ ଵටଶగఙೢ೙మ ݁൫ି௪೙మ/ଶఙೢ೙మ ൯.  (21)

Suppose the threshold value inside the decision circuit is w1 = w. The probability of correct decision 
is equal to the conditional probability of that all outputs are less than this threshold value for the given 
value w1 = w, i.e., 

 Pሺܿ|ݓଵ ൌ ሻݓ ൌ Pሺݓଶ ൏ ,ݓ … , ேݓ ൏ ଵݓ|ݓ ൌ ሻݓ ൌ ∏ Pሺݓ௡ ൏ ଵݓ|ݓ ൌ ሻே௡ୀଶݓ  (22)

Inserting Equation (21), and having in mind statistical independence between variables wn, this 
expression becomes Pሺܿ|ݓଵ ൌ ሻݓ ൌ∏ ׬ ଵටଶగఙೢ೙మ ݁൫ି௪೙మ/ଶఙೢ೙మ ൯݀ݓ௡௪ିஶ ൌ ሾ1 െ ׬ ଵටଶగఙೢ೙మ ݁൫ି௪೙మ/ଶఙೢ೙మ ൯݀ݓ௡ሿேିଵஶ௪ே௡ୀଶ   (23)

This expression can be simplified, by applying the error complementary function and binomial 
theorem, and expressed in this form Pሺܿ|ݓଵ ൌ ሻݓ ൌ ሾ1 െ ଵଶ ݂ܿݎ݁ ௪భටଶఙೢ೙మ ሿேିଵ ൌ ∑ ቀܰ െ 1݅ ቁேିଵ௜ୀ଴ ሺ1ሻேିଵି௜ሾെ ଵଶ ݂ܿݎ݁ ௪భටଶఙೢ೙మ ሿ௜. (24)

This expression gives one for i = 0. If (−1) is taken out of the brackets of erfc, the expression becomes  
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Pሺܿ|ݓଵ ൌ ሻݓ ൌ 1 ൅ ∑ ቀܰ െ 1݅ ቁேିଵ௜ୀଵ ሺെ1ሻ௜ሾଵଶ ݂ܿݎ݁ ௪భටଶఙೢ೙మ ሿ௜ ൌ1 െ ∑ ቀܰ െ 1݅ ቁேିଵ௜ୀଵ ሺെ1ሻ௜ାଵሾଵଶ ݂ܿݎ݁ ௪భටଶఙೢ೙మ ሿ௜       
(25)

The mean value of this random function over all w1 values is the probability of that the first symbol is 
correctly transmitted. It can be expressed as Pሺܿ|ܵ1݉ݕሻ ൌ ׬ Pሺܿ|ݓଵ ൌ ሻݓ ௐ݂ଵሺݓଵሻ݀ݓଵஶିஶ ൌ׬ ቎1 െ ∑ ቀܰ െ 1݅ ቁேିଵ௜ୀଵ ሺെ1ሻ௜ାଵሾଵଶ ݂ܿݎ݁ ௪భටଶఙೢ೙మ ሿ௜቏ ௐ݂ଵሺݓଵሻ݀ݓଵ.ஶିஶ     (26)

The probability of symbol error is ܲ݁݉ݕݏ ൌ 1 െ Pሺܿ|ܵ1݉ݕሻൌ ෍ ቀܰ െ 1݅ ቁேିଵ௜ୀଵ ሺെ1ሻ௜ାଵ න ሾ12 ݂ܿݎ݁ ௪௡ଶߪଵඥ2ݓ ሿ௜ ௐ݂ଵሺݓଵሻ݀ݓଵஶ
ିஶ . (27)

If one symbol is represented by K bits then the number of spreading sentences is N = 2K. By inserting 
Equation (21) the bit error probability can be calculated as ݌௘ ൌ ே/ଶேିଵ ଵටଶగఙೢభమ ∑ ቀܰ െ 1݅ ቁேିଵ௜ୀଵ ሺെ1ሻ௜ାଵ ׬ ሾଵଶ ݂ܿݎ݁ ௪భටଶఙೢ೙మ ሿ௜ · ݁൫ି௪భమ/ଶఙೢభమ ൯݀ݓଵஶିஶ .  (28)

3. Communication System Analysis in the Presence of Fading 

3.1. Single-Correlator Receiver  

The flat fading channel results in multiplicative distortion of the transmitted signal ݏሺ݇ሻ . 
Furthermore, the condition that the channel fades slowly implies that the multiplicative process may be 
regarded as a constant during one symbol interval. When fading and noise are present in the channel 
the fading coefficient in Figure 1 is different from zero, i.e., α ≠ 1. Consequently, the received signal 
sR(k) can be expressed as [13] 

ோሺ݇ሻݏ  ൌ ሺ݇ሻݏ௝φି݁ߙ ൅ ݊ሺ݇ሻ (29)

where ߙ is the fading factor, φ is the phase shift and ݊ሺ݇ሻ is pass-band noise. The channel fading is 
sufficiently slow that the phase shift φ can be reduced to zero by the receiver phase locked loop. For 
this case the random sample ݓଵሺ݇ሻ in Equation (7), can be expressed as  

ଵݓ  ൌ ∑ ௜ܿ௜ଵݖ ൌଶఉ௜ୀଵ α2ߚඥܧ௖ܿ௜ଵଶ ൅ ே݊௜ܿ௜ଵ (30)ܧඥߚ2

having the mean  
௪ଵߟ  ൌ ଵሽݓሼܧ ൌ α2ߚඥܧ௖ܧሼܿ௜ଵଶ ሽ ൌ α2ߚඥܧ௖ ௖ܲ (31)
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and the variance  

௪ଵଶߪ  ൌ αଶ2ܧߚ௖ܧሼܿ௜ଵସ ሽ െ αଶ2ܧߚ௖ܧଶሼܿ௜ଵଶ ሽ ൅ ௡௜ଶߪேܧߚ2 ሼܿ௜ଵଶܧ ሽ (32)ൌ ሼܿ௜ଵସܧ௖ሾܧߚ2 ሽ െ ଶሼܿ௜ଵଶܧ ሽሿαଶ ൅ ௡௜ଶߪேܧߚ2 ሼܿ௜ଵଶܧ ሽ  

Then, using the general expression (14), the probability of bit error can be calculate as  

௕௘݌  ൌ ଵଶ ݂ܿݎ݁ ቀΨିଵ
β

൅ ሺαమா್ேబ ሻିଵቁିଵ/ଶ
. (33)

If the source generates binary bits and the spreading sequence is in binary form, we may have 

௕௘݌  ൌ ଵଶ ݂ܿݎ݁ ቆටαమா್ேబ ቇ   

For this case the closed form expression for the probability of error is [13] 

௕௘݌  ൌ ଵଶ ൬1 െ ට ఊഥ್ଵାఊഥ್൰    (34)

where ߛҧ௕ is the average signal-to-noise ratio defined as ߛҧ௕ ൌ    .ேܧ/௕ܧଶሽߙሼܧ
This expression was derived by finding the mean values and variance for α as a random variable 

and analyzing w1 as a random function, as it was done in [15]. The probability of error then can be 
derived in this closed form 

௕௘݌  ൌ ଵଶ ݂ܿݎ݁ ቀଶሺସିగሻగ ൅ ସగ ሺா್ேబሻିଵቁିଵ/ଶ
, (35)

where the energy of a bit is related to the energy of a chip as Eb = 2βEc.  

3.2. N-Correlator Receiver  

Following the procedure explained in Section 2.2 for the fading coefficient different from one, i.e., 
α≠1, the output of the n-th correlator can be expressed as 

௡ݓ  ൌ ∑ ௜ܿ௜௡ݖ ൌଶఉ௜ୀଵ αඥܧ௖ ∑ ܿ௜ଵ ܿ௜௡ ൅ ඥܧே ∑ ݊௜ܿ௜௡,ଶఉ௜ୀଵଶఉ௜ୀଵ   (36)

having zero mean and variance 

௪௡ଶߪ  ൌ αଶ2ܧߚ௖ܧሼܿ௜ଵଶ ሽܧሼܿ௜௡ଶ ሽ ൅ ௡௜ଶߪேܧߚ2 ሼܿ௜௡ଶܧ ሽ.  (37)

In the case of binary chip symbol transmission the variance is 

௪௡ଶߪ  ൌ ௖ܧሺαଶߚ2 ൅ ேሻ. (38)ܧ

From the expressions for a single and N-correlator receiver, we can see that there are two variables 
that are approximately Gaussian with the mean value zero (for wn) and the mean value that depends on 
α (for w1). Following the procedure in Section 2.2, the probability of bit error can be expressed as  ݌௘ሺα ሻ ൌ ܰ/2ܰ െ 1 1ඥ2ߪߨ௪ଵଶ ෍ ቀܰ െ 1݅ ቁேିଵ௜ୀଵ ሺെ1ሻ௜ାଵ න ሾ12 ݂ܿݎ݁ ௪௡ଶߪଵඥ2ݓ ሿ௜ஶ

ିஶ· ݁൫ି௪భమ/ଶఙೢభమ ൯݀ݓଵ 
(39)
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In this expression the probability of bit error depends on the fading coefficient α, which is inside 
the expression for the variance of wn. Therefore the probability of error needs to be calculated as the 
mean value of this random function to get the probability of bit error for fading channel as ݌௘ ൌ න ௘ሺαሻ݌ α݂ሺαሻ݀αஶ

ିஶ ൌ න ௘ሺαሻ݌ αܾଶ ݁൬ି αమమ್మ൰݀α,ஶ
ିஶ  (40)

where variable α has Rayleigh density function defined as 

α݂ሺαሻ ൌ α௕మ ݁൬ି ഀమమ್మ൰. 

4. Interleaver Communication System Analysis in the Presence of Fading 

4.1. Single Correlator Receiver  

The fading increases significantly BER inside communications systems. It is assumed that a 
particular fading coefficient affects each sequence/symbol transmitted. If interleaver/deinterleaver 
blocks are included into the transceiver structure, as shown in Figure 1, the effects on fading can be 
spread in a symbol interval. In this paper, it will be assumed that the block interleaver of 2β × 2β size 
is employed. Thus, the chips for each symbol are written into the interleaver row wise and taken out 
column wise at the transmitter side. The opposite operation is performed at the receiver side to re-order 
the chips and return them to be in the corresponding symbol interval. Thus, the samples at the output 
of receiver multiplexer (MUX) are the chips affected with independent fading coefficients expressed as  

௜ݖ  ൌ α௜ඥܧ௖ܿ௜ଵ ൅ ඥܧே݊௜, for ݅ ൌ 1,2, 3, … (41) .ߚ2

The received chip samples are applied to the chip sequence correlator input. The output sample of 
the first correlator is ݓଵ ൌ ෍ ௜ܿ௜ଵݖ ൌଶఉ

௜ୀଵ ඥܧ௖ܿ௜ଵଶ ෍α௜ଶఉ
௜ୀଵ ൅ ඥܧே݊௜ܿ௜ଵ ෍α௜ ଶఉ

௜ୀଵ , (42)

with its mean ߟ௪ଵ ൌ ଵሽݓሼܧ ൌ ඥܧ௖ܧሼܿ௜ଵଶ ሽ ∑ α௜ଶఉ௜ୀଵ   (43)

and variance  
௪ଵଶߪ  ൌ ሼܿ௜ଵସܧ௖ሾܧ ሽ െ ଶሼܿ௜ଵଶܧ ሽሿ ∑ α௜ଶଶఉ௜ୀଵ ൅ ௡௜ଶߪேܧߚ2 ሼܿ௜ଵଶܧ ሽ. (44)

The probability of bit error can be calculated as  ݌௕௘ ൌ ଵଶ ݂ܿݎ݁ ቀΨିଵ
β

൅ ሺா್ேబ ሺ∑ α௜ሻ ଶఉ௜ୀଵ ଶሻିଵቁିଵ/ଶ
. 

If the source generates binary symbols and the spreading sequence is in binary form, we may have 

௕௘݌  ൌ ଵଶ ݂ܿݎ݁ ቆට ா೎ଶఉேబ ሺ∑ α௜ሻଶఉ௜ୀଵ ଶቇ.  (45)

This probability depends on a random function which is a sum of 2ߚ Rayleigh distributed random 
variables. The proabability of error can be calculated as the mean value of Equation (45) in respect to 
this random function.  
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This expression was derived by finding the mean values and variance for αi as independent and 
identically distributed random variables, as it was done in [15]. The probability of error is derived in 
this closed form ݌௕௘ ൌ ଵଶ ݂ܿݎ݁ ቀଶሺସିగሻఉగ ൅ ସగ ሺா್ேబሻିଵቁିଵ/ଶ

. (46)

As can be seen from this expression, the probability of error will decrease as the spreading factor 2β 
increases.  

4.2. N-Correlator Receiver  

Following the procedure explained in Section 2.2 for fading coefficient α ≠ 1, the output of the n-th 
correlator can be expressed as 

௡ݓ  ൌ ∑ ௜ܿ௜௡ݖ ൌଶఉ௜ୀଵ ඥܧ௖ ∑ α௜ܿ௜ଵ ܿ௜௡ ൅ ඥܧே ∑ ݊௜ܿ௜௡,ଶఉ௜ୀଵଶఉ௜ୀଵ   (47)

which is a realization of a random variable having zero mean and variance  

௪௡ଶߪ  ൌ ሼܿ௜ଵଶܧ௖ܧ ሽܧሼܿ௜௡ଶ ሽ ∑ α௜ଶଶఉ௜ୀଵ ൅ ௡௜ଶߪேܧߚ2 ሼܿ௜௡ଶܧ ሽ.  (48)

In the case of binary chips the variance is 

௪௡ଶߪ  ൌ ∑ α௜ଶଶఉ௜ୀଵ ௖ܧ ൅ ே.  (49)ܧߚ2

Following the procedure that was presented in Section 3.2, the probability of bit error can be expressed as ݌௘ሺα ሻ ൌ ܰ/2ܰ െ 1 1ඥ2ߪߨ௪ଵଶ ෍ ቀܰ െ 1݅ ቁேିଵ௜ୀଵ ሺെ1ሻ௜ାଵ න ሾ12 ݂ܿݎ݁ ௪௡ଶߪଵඥ2ݓ ሿ௜ஶ
ିஶ· ݁൫ି௪భమ/ଶఙೢభమ ൯݀ݓଵ 

(50)

In this expression, the probability of bit error depends on the sum of fading coefficient and their 
squared values. Therefore, the probability of error needs to be calculated as the mean value of this 
random function.  

5. Simulation Results and Discussions 

The system presented in Figure 1 is simulated in MATLAB. The transmitter, channel and receiver 
are designed as separate blocks. The channel is designed to generated pass-band noise according to the 
scheme in Figure 1. The level of the noise is controlled by specifying the value of the noise energy EN. 
The fading is generated using a fading generator with the empirical density function which 
corresponds to the theoretical Rayleigh density function.  

The simulation was conducted according to the following procedure. The sequence of message bits 
is generated at the input of the receiver. The spreading sequence is assigned to each bit or the symbol, 
depending on the systems structure. Then the spreading sequence modulated the carrier using OQPSK 
modulation, which is defined by the Standard for WSNs [1]. The modulated signal is affected by the 
noise and fading, which were generated inside the channel. The received signal is demodulated in the 
block of receiver. At the output of the receiver, the symbols were detected and then transferred into the 
corresponding bits.  
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The detected bits are compared with the message bits generated at the input of the system and BER 
rate is calculated as the ratio of the number of errors detected and the number of bits transmitted. The 
Chebyshev’s inequality method for accurate estimation of each BER value was used. According to this 
method it was needed to transmit at least 10଻ bits to achieve 99% confidence in BER estimates [14]. 
This BER value estimation was done for each signal to noise ratio that is defined as abscissa value in 
all Figures presented in this Section. 

Two sets of simulators are designed. The first set included simulators with one correlator receiver. 
In this case the bits were directly related to the spreading sequence as defined by the Standard for 
WSNs [1]. In this set of simulators, the channel was simulated using either the additive white Gaussian 
noise channel (AWGN) noise generator or the AWGN generator with fading. In addition, the system 
was simulated by including or excluding the interleaver and deinterleaver blocks. The second set of 
simulators included 16 correlators at the receiver side. In this case, the message random bits were 
transferred into symbols and the spreading sequences are assigned to the symbols according to the 
Standard specifications [1]. The results of simulation, obtained from both sets of simulators, are 
presented in this Section.  

5.1. Single-Correlator Receiver  

In the following simulations, the spreading sequences have been chosen according to the standard 
for sensor networks [1]. The spreading factor is 2β = 32. The carrier inside in-phase and quadrature 
branch is modulated by 16 chips representing a symbol. The pulse shaping was done according to the 
Standard [1]. Figure 2 presents theoretical BER curve (blue) and the curve obtained by simulation 
(red). The simulated BER is overlapping the theoretical curve from 0 dB to 8dB.  

Figure 2. BER curves for a single-correlator receiver in presence of additive white 
Gaussian noise channel (AWGN): theory (blue) and simulation (red).  
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Figure 3 presents theoretical BER curve (blue) and the curve obtained by simulation (red) in the 
case when fading is present in the channel. The BER is significantly worse than in the case when the 
AWGN is present in the channel which is represented by the third (black) curve in Figure 3. This is the 
reason a method of fading mitigation using interleavers and deinterleavers is investigated. The results 
for this case are shown in Figure 4. 

Figure 3. BER curves for a single-correlator receiver in the presence of AWGN and 
fading: theoretical (blue), simulation (red) for fading, and theory for noise only (black).  
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Figure 4. BER curves for a single correlator receiver with interleavers in presence of 
AWGN and fading: theoretical (blue) for fading, simulated (red) for fading with 
interleavers and theoretical for noise only (black).  
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As can be seen from Figure 4, the improvement in BER is substantial if interleaver and 
deinterleaver are used. In this simulation a block interleaver is used and BER improvement achieved 
is, for example, from 2.2 × 10−2 to 1 × 10−4 (more than two order of magnitude) for SNR = 10 dB, as 
can be seen in Figure 4. By using interleavers and deinterleavers the influence of fading inside each 
symbol is practically randomized and the BER curve is coming closer to the curve representing BER 
when noise only is present in the channel (black curve). The interleaver curve obtained by the 
simulation can be easily confirmed by the theoretical Equation (46).  

Further improvement could be achieved if the spreading factor is increased. Therefore, the chip 
interleaving is efficient technique to mitigate fading influence and contributes directly to the power 
saving in wireless sensor networks. Namely, for the required BER a smaller value of SNR is required 
if the system includes interleaver and deinterleaver blocks.  

5.2. N-Correlator Receiver  

Figure 5 presents BER curves for N=16-correlator receiver with AWGN channel. The black and red 
overlapping curves are theoretical and simulated chip error rate curves respectively. The dashed red 
curve is the BER plotted on the same SNR x-axis. There is a processing gain of more than 8dB due to 
use of the direct sequence spread spectrum technique. The calculated processing gain according to the 
Standard is about 9 dB with a chip rate of 2.0 MHz and a bit rate of 250 kb/s. 

Figure 5. BER curves for 16-correlator receiver in presence of AWGN: theoretical (black) 
chip error rate (CER), simulation CER (red) and BER on CER SNR scale (red dashed). 
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Figure 6 presents BER curves in the case when fading and noise are present in the channel. The 
blue curve shows theoretical BER for OQPSK and dashed red curve shows BER simulation in the case 
when noise and fading are present in the channel. It is obvious that the BER values are increasing 
significantly in the presence of fading. For that reason the interleaver and deinterleaver blocks are 
introduced into the transceiver structure and the system’s properties are investigated by simulation. 
The results of simulation are presented in Figure 7.  
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Figure 6. Rayleigh fading and AWGN are present in the channel. 
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Figure 7 presents BER curves in the case when fading and noise are present in the channel and 

interleaver and deinterleaver blocks are used. The green curve represents the chip error rate in the 
system. The blue curve shows theoretical BER for OQPSK and red curve shows BER simulation in the 
case when noise and fading are present in the channel with interleaver and deinterleaver blocks 
included in the transceiver structure. This curve is plotted on SNR ratio taken on x-axis for chip error 
rate calculation. It is obvious that the BER values will decrease significantly when the interleaver and 
deinterleaver are used.  

Figure 7. Fading channel and interleaver and deinterleaver are present on the transceiver. 
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The expected gain is between 8 and 9 dB. To estimate the gain in BER values the BER curve was 

shifted for this amount as shown in Figure 8. This Figure gives an estimate where the BER curve will 
be in respect to the BER curve obtained in AWGN channel. Obviously, the BER curve obtained in the 
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system with interleaver and deinterleaver (red color) tends to the curve obtained when the channel is 
with AWGN only. Therefore, the system with interleavers is giving significant improvements in  
BER values. 

Figure 8. Estimated position of the BER curve when fading channel and interleavers and 
deinterleavers are present in communication system. 
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6. Conclusions  

The paper contains analytical model of a communication system (transmitter, receiver and channel) 
for physical layer of wireless sensor networks in the case when all signals are represented and 
processed in discrete time domain suitable for direct design in digital technology. The expressions for 
BER rate for a single and an N-correlator receiver are derived for discrete time signals for the case 
when white Gaussian noise and fading are present in the channel. In particular, theoretical model and 
derivative of the BER are presented for the case when interleavers and deinterleavers are used in the 
system. The theoretical models complied perfectly with the simulation results. BER expressions for  
N-correlator receiver are derived in suitable integral form.  
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