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Abstract 

A new algorithm for narrowband interference suppression in direct-sequence spread spectrum (DS-SS) 

communications is presented. The algorithm combines the undecimated wavelet packet transform with 

frequency shifts to confine the interference energy in a subband that is subsequently eliminated. 

Computer simulation shows a robust performance that appears to be independent of the interference 

frequency. 

EDICS:  SPC–j , SPC-m 

Index terms:  Interference Suppression, Direct Sequence Spread Spectrum, Undecimated Wavelet 

Packets, TSA. 

1. Introduction 

Spread spectrum (SS) communication systems have certain interference rejection capacities that 

make them suitable for transmitting information in congested or noisy channels. Nevertheless, the 

performance of these systems is strongly degraded by high power interferences. In this context, 

interference suppression improves the immunity of the system without increasing the bandwidth. Two 

classes of interference rejection schemes have been extensively used: time domain adaptive filtering 

[1] and transform domain suppression [2]. Time-domain adaptive filtering can eliminate completely 

sine-wave interferences, but needs a convergence time to reach the optimal solution. On the other hand 

transform domain techniques present quick tracking of changing interferences, but their performance 
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depends on the ability of the transform to confine the interference in a few bins [1]. 

This article is focused on narrowband interference suppression by transform domain excision. 

The received signal is represented in the transform domain and the frequency bands that exceed a 

certain energy threshold are eliminated. In this way, most of the interference energy is removed with 

low distortion of the desired broadband signal. The inverse transformation is then applied to 

reconstruct the interference-suppressed SS signal. 

A fundamental aspect in the preceding process is the choice of the transform. The objective is to 

obtain a set of basis functions that generate a compact representation of the interference. Previous 

approaches were based on the Fourier transform [1], [3], [4] but their performance is limited due to the 

windowing effect, which spreads the interference energy. Subsequently, more general multichannel 

filter bank structures were proposed, of which the Fourier transform is a particular case [5]. These 

transforms offer greater design freedom. Different types of perfect reconstruction multichannel filter 

banks have been applied to the interference suppression problem, some examples of which are: 

modulated filter banks [6], paraunitary filter banks [7] and lapped transforms [2]. 

The wavelet transform [8] has also been employed to eliminate interferences in DS-SS 

communications [9]. The multiresolution time-frequency decomposition implemented by this 

transform performs relatively well with various types of interference, but the spectral partition 

provided is fixed, in the same way as those obtained with multichannel filter banks, and presents 

similar limitations, such as interband spectral leakage and fixed time-frequency resolution. 

An evolution of the wavelet transform is the wavelet packet transform [8]. It provides greater 

flexibility than previous transforms, offering a variety of unequal bandwidth spectral decompositions. 

Wavelet packet transform allows the implementation of adaptive algorithms in the sense that they 

select the best decomposition tree according to the interference frequency location for each processed 

frame. In this group, the algorithm proposed in [10] deserves special attention. It is called adaptive 

time-frequency algorithm because interference suppression can be accomplished in the time or the 

frequency domain. The switch between time and frequency methods depends on the kind of 

interference to be eliminated. Pulsed interference is eliminated better in the time domain, because its 

energy is localized in time and expanded in frequency. On the other hand, narrowband interference 

suppression is easier in the frequency domain because the energy is localized in frequency and 
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expanded in time. The dual treatment in time or in frequency provides significant performance 

improvements. When transformation from time to frequency is required, it is carried out by the tree 

structuring algorithm (TSA) [10]. The TSA employs adaptive subband tree decompositions or wavelet 

packets. This method has demonstrated superior performance over conventional fixed transforms for 

narrowband interference suppression [2], [10], but the results are slightly dependent on the 

interference frequency. 

A new algorithm based on wavelet packets for narrowband interference suppression in spread 

spectrum communications is described here. Its novelty lies in the application of frequency shifts to 

the SS signal in order to concentrate the interference in a subband and thus eliminate it completely. 

The method has been successfully applied to frequency hopping and direct sequence SS systems [11], 

[12]. In this paper, a detailed description of the scheme for interference suppression in DS-SS systems 

is presented and experimental results confirming the improvements are provided. 

2. Interference Suppression Algorithms based on Wavelet Packets 

Two algorithms for interference suppression based on wavelet packets are considered in this 

paper. The first is the TSA [10], which has demonstrated good performance with a variety of 

interference types. The second is the new Shifted Undecimated Wavelet Packet Transform Algorithm 

(SUWPTA) [11], [12]. Both algorithms are described in detail below. 

A. Tree Structuring Algorithm (TSA) 

TSA interference suppression [10] is based on the wavelet packet transform. For each received 

signal, the TSA selects the best decomposition tree in order to concentrate most of the interference 

energy in a single subband. The spectral splitting performed at each level can be either dyadic or 

triadic to provide greater flexibility to the decomposition. Fig. 1 shows an example of a DS-SS signal 

contaminated with narrowband interference, and the optimum TSA tree for interference suppression. 

However, the results of the TSA can vary in relation to the frequency location of the interference, 

since in practice the filter responses are not ideal, and overlapping occurs near the transition zones. 

The new algorithm proposed in this paper attempts to solve this problem by guaranteeing that the 

interference is centred in one of the subbands. For this purpose, the received signal is shifted in 

frequency prior to the wavelet packet decomposition. 
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B. Shifted Undecimated Wavelet Packet Transform Algorithm (SUWPTA) 

The SUWPTA combines the undecimated wavelet packet transform (UWPT) with frequency 

shifts of the signal, in order to concentrate the interference energy in one wavelet subband [11], [12]. 

The UWPT is an oversampled wavelet expansion [13] that carries out the same filtering steps as 

the wavelet packet transform, but does not downsample the output signal at each level. Due to the fact 

that the subbands are not decimated, the filters must be modified at each level j in order to cover 

different zones of the spectrum. For the dyadic case, the filters at level j should be: 
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where H0(z) and H1(z) are the frequency responses of the scaling and wavelet filters, h0[n] and h1[n]. 

The SUWPTA is based on the selection of the optimum frequency shift at each decomposition 

level of the UWPT, in order to centre the interference in a subband. The selection can be made by 

testing all the possible frequency shifts in the subband, but this implies a high computational cost. 

Fortunately, the testing process is only necessary at the highest resolution level, j=J, as will be shown. 

The algorithm begins at the highest frequency resolution level (j=J). In the interval of width BJ,  

K possible frequency shift values are tested in order to select the optimum one. The parameter K 

establishes a trade-off between performance and cost. If K increases, the interference is more 

accurately centred, but the computational cost of the algorithm is also increased.  

Once the interference is placed in the centre of a subband at level J, for level J-1 it will be placed 

in either the centre or the boundary of a band, since the pass-band zones of level j are aligned with the 

pass-band zones and the transition zones of level j-1, as shown in Fig. 2. Thus for levels j=J-1, …, 1, 

the interference will remain in the centre of a subband simply by applying a frequency shift of value 

S(j) = 0 or S(j) = Bj /2, where Bj is the width of the subbands at level j. Fig. 2 shows the optimum shift 

selection process for J=3. Fig. 2(a) shows the original interference and the optimum shift at level 3 

S(3) that centres the interference in a subband. Fig. 2(b) represents the interference in the centre of the 

subband at level j=2, which implies a frequency shift S(2) = 0. Finally, Fig. 2(c) is the scenario at level 

j=1, where the interference has been shifted S(1) = B1/2.  

The SUWPTA process can be summarized in the following steps: 

1) Calculation of the optimum shift at maximum level J. The analytic signal XJ of the input signal X 

is obtained by applying the Hilbert transform: [ ]XHilbertiXX J ⋅+= . For each frequency shift  
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Sk (J), being  k = 1,2…K , the following actions are performed in the interval BJ: 

1.a) The complex signal XJ with length N is frequency shifted: )(2
)(,

JSi
JJSJ

k
k

eXX π⋅= . 

1.b) )(, JSJ k
X  is filtered with H0(z) and H1(z) to obtain respectively the low-pass subband  

)(,0, JSJ k
W , and the high-pass subband  )(,1, JSJ k

W   for the shift )(JS k . 

1.c) The energy difference between both subbands is calculated: 
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1.d) When the interference is centred in one of the subbands, the energy difference is at 

maximum. Thus, the optimum frequency shift is: 

 ( ){ }KkEJSJS JSJk k
K,2,1,max)()( )(, =∆=  (3) 

1.e) The subband with lower energy between WJ,0,S(J) and WJ,1,S(J), is the clean subband, so it is 

saved together with the shift S(J) for the reconstruction process. The other subband 

containing the interference is the new input vector for the next resolution level, XJ-1. 

If all the values of KkE JSJ k
,,2,1,)(, K=∆  are below a certain threshold, the interference is too 

band-wide to be contained in a single pass-band interval at level J, and the algorithm must start at 

a lower level: J’=J-1. 

2) Calculation of the optimum shift at levels  j=J-1,…,1. The optimum shift is known: S(j)= 0 if Xj  

comes form )1(,0,1 ++ jSjW , and S(j)=Bj/2 if Xj comes from )1(,1,1 ++ jSjW . 

3) Interference Suppression. When the last level j=1 is reached, the output vector X0 concentrates 

the interference and it is removed. 

4) Reconstruction of the interference free SS signal. Using the saved vectors and frequency shifts, 

the interference free SS signal is synthesised. 

C. Computational costs of TSA and SUWPTA 

In both algorithms the computational cost is mainly determined by the transform. The cost of a 

filtering process is equal to NL operations, where N is the length of the input vector and L is the 

number of filter coefficients. The TSA is based on the wavelet packet transform. Two decompositions 

are performed at each level in the analysis part, a dyadic and a triadic one. After each filter, the output 
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is subsampled. Thus the number of operations involved is ∑∑
==

⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛ J

j

jJ

j

j

NLNL
00 3

13
2
12 , that 

asymptotically tends to NLNL 5.44 + . In the same way, in the synthesis part the number of operations 

is bounded by a value ranging from NL4  with dyadic decompositions to NL5.4  with triadic 

decompositions. Therefore the total cost of TSA in the worst case is bounded by NL13 . 

The SUWPTA is based on the UWPT. At each level, a dyadic decomposition is performed, 

except for the highest level J that includes K frequency shifts of the input signal, giving K dyadic 

decompositions. Additionally, the complex input signal doubles the number of operations. The cost of 

each filtering operation is NL at all decomposition levels, since the zero filter coefficients are not taken 

into account in the implementation. Therefore the number of operations involved in the analysis part is 

( )( )KJNL +−⋅⋅⋅ 122 . In the synthesis process the frequency shift test is not needed, resulting the 

number of operations JNL ⋅⋅⋅ 22 , and thus the total cost of SUWPTA is ( )( ) NLKJ ⋅−+ 218 . 

The previous results show that SUWPTA presents a computational cost higher than TSA. It 

depends on two parameters: the number of levels J and the number of frequency shifts K, which 

establish a trade-off between performance and cost. 

3. Experimental results 

In order to evaluate the performance of the SUWPTA, a simulator modelling a DS/BPSK system 

with interference suppression was implemented [14] (see Fig. 3). The input data signal is mdtd =)( , 

bb TmtmT )1( +<≤ ,  where }11{ ,dm −∈  is the data sequence and Tb is the bit time interval. On the 

other hand, the pseudo-noise code is given by nctc =)( , cc TntnT )1( +<≤ , }11{ ,cn −∈  being Tc the 

chip time interval. After the BPSK modulation the transmitted signal is )cos(2)()()( 0tStctdts ω= , 

where ω0 is the carrier frequency and S the signal power. The channel introduces additive white 

Gaussian noise, nAWGN (t), and narrowband interference, I(t), resulting the received signal: 

)()()()( tItntstr AWGN ++= . In the receiver a new interference suppression block has been included. 

This block implements the TSA and the SUWPTA in order to compare their respective performances. 

Two types of narrowband interferences have been considered: a continuous wave tone and a 

Gaussian interference with 10% bandwidth of the SS signal. These two types are similar to those 

presented in [10] for testing the TSA. For all the experiments the signal-to-interference power ratio is 
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fixed at –20 dB, and the spreading factor is Tb/Tc=63 chips per bit. The results are displayed as a 

function of the bit error rate (BER) versus the ratio Eb/N0, where Eb is the energy per bit and N0 is the 

variance of the additive white Gaussian noise introduced by the channel. 

Three experiments were carried out in order to evaluate the SUWPTA performance and compare 

it with that of the TSA, which was a reference. The results are presented by means of the BER curves. 

Experiments 1 and 2 compare three different situations: no suppression, TSA suppression and 

SUWPTA suppression. In addition, the ideal case of zero interference is also included. Experiment 3 

analyses the SUWPTA performance as a function of the interference central frequency. 

The filters used for the SUWPTA and for the dyadic TSA decomposition are Daubechies filters 

with 16 and 32 coefficients respectively. SUWPTA requires lower order filters to obtain a similar 

performance, since the interference is always placed in the centre of a subband and this relaxes the 

transition band requirements. For the triadic TSA, the filter coefficients are those proposed in [5]. In 

all the experiments the number of transmitted bits was 107. 

A. Experiment 1: In this case continuous wave tone interference is added to the SS signal. Two 

tone frequencies corresponding to the limit cases for the TSA are evaluated. The first tone, ω1=0.61π 

radians, is located in the centre of a band in the corresponding TSA decomposition. The second tone, 

ω2=0.587π radians, is located near the transition zone between two bands. In this experiment, the 

optimum highest resolution levels are J=6 for ω1 and J=5 for ω2 using the TSA, and J=8 for both 

frequencies utilising the SUWPTA. 

The BER curves for the first case, ω1=0.61π radians, are shown in Fig. 4. It can be observed that 

the results of SUWPTA, TSA and no interference are very similar. The second case with interference 

frequency ω2=0.587π radians is presented in Fig. 5. The values of the SUWPTA, the TSA and the 

ideal curves are again very close. But in this case a slight difference appears for high values of Eb/N0: 

the SUWPTA BER is still very close to the ideal, whereas the TSA BER is slightly higher. 

The different TSA performance is due to the different interference frequency locations, since ω2 

is closer to the filter transition zone than ω1. On the other hand, the SUWPTA curves show similar 

results whatever the frequency, since the interference is always shifted to the centre of a subband. 

B. Experiment 2: This experiment includes a narrowband Gaussian interference affecting 10% 

of the SS signal bandwidth. Simulations are made for two different interference central frequencies: 
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ω1=0.06π radians and ω2=0.527π radians, which represent the optimum and the worst case, 

respectively, for the TSA. The first interference, with frequency ω1=0.06π radians, perfectly fits into 

one of the subbands in the corresponding TSA decomposition with J=3 levels. However, for the 

second frequency ω2=0.527π radians, a two-level TSA tree cannot concentrate all the interference 

energy in a single subband. This can be appreciated in Fig. 6, where the signal spectrum and the two 

possible TSA decompositions with J=2 levels have been represented. Since the interference cannot be 

concentrated in a single subband, the decomposition stops at level J=1. On the other hand, Fig. 7 

shows the SUWPTA decomposition process for the same interference, with the result that now the 

total interference is included in one band because it had previously been shifted. In this case, the 

optimum value for the highest resolution level is J=4. 

The results for the first frequency ω1=0.06π radians are presented in Fig. 8. In this case the 

SUWPTA and TSA curves coincide and are slightly higher than the ideal curve, because now the 

eliminated subband is bigger than in the case of the continuous wave tone interference. The BER 

curves for the second frequency ω2=0.527π radians are displayed in Fig. 9. The SUWPTA curve is 

similar to that presented in Fig. 8. On the other hand, the TSA curve is higher. Thus the SUWPTA 

performance is independent of the interference frequency, whereas the TSA performance varies with 

the interference frequency. 

C. Experiment 3: This experiment evaluates the SUWPTA performance versus the central 

frequency of the interference. For this purpose, SUWPTA suppression is applied to interferences with 

different central frequencies, covering the complete range ],0[ πω ∈ . Figure 10 shows the resulting 

BER for a fixed value Eb/No = 2, with the two types of interferences considered in experiments 1 and 

2: continuous wave tone and narrowband 10% bandwidth Gaussian interference. The curves show an 

almost constant performance for all frequencies. 

4. Conclusion 

In this paper we have presented the SUWPTA, a new algorithm for narrowband interference 

suppression in DS-SS systems based on transform domain excision using UWPT. Its novelty lies in 

the application of frequency shifts to the SS signal in order to place the interference in the centre of 

one transform subband. Transition zones between subbands are thus avoided and most of the 

interference energy is confined to a single subband that can be eliminated with low degradation of the 
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desired signal. 

The performance of the algorithm was evaluated by means of computer experiments. A 

comparison was established with another algorithm based on adaptive subband transforms: the tree 

structuring algorithm (TSA) proposed in [10], which has already demonstrated excellent performance, 

superior to that of conventional fixed transforms. The experiments show that the application of the 

TSA and SUWPTA presents considerable improvement in comparison to the case with no interference 

suppression. For continuous wave tone interference, the BER curves of both algorithms are very close 

to the no interference case. For the narrowband Gaussian interference, the experiments show that 

SUWPTA provides a BER similar to TSA. However, the SUWPTA results appear to be independent 

of the interference frequency, whereas the TSA performance is dependent on this factor. The price that 

has to be paid for the constant performance provided by SUWPTA is the inclusion of a shifting 

process. 
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Figures 

 

 

 

Figure 1.  DS-SS signal with narrowband interference and the corresponding TSA decomposition. 

 

 

 

 

 

 

 

 

 

 

Figure 2.  SUWPTA, interference shifting process with J=3. (a) Highest level j=J=3. (b) Level j=2. (c) 

Level j=1. 
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Figure 3.  Block diagram of a DS/BPSK system, including interference suppression in the receiver. 
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Figure 4.  BER curves for the case of continuous wave tone interference with frequency ω1 = 0.61π 

radians. 
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Figure 5.  BER curves for the case of continuous wave tone interference with frequency ω2 = 0.587π 

radians. 
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Figure 6.  Two possible TSA decompositions for the case of Gaussian interference with 10% 

bandwidth and central frequency ω2 = 0.527π radians. 

 

Figure 7.  SUWPTA decomposition process for the case of Gaussian interference with 10% 

bandwidth and central frequency ω2 = 0.527π radians. 
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Figure 8.  BER curves for the case of Gaussian interference with 10% bandwidth and central 

frequency ω1 = 0.06π radians. 
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Figure 9.  BER curves for the case of Gaussian interference with 10% bandwidth and central 

frequency ω2 = 0.527π radians. 
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Figure 10.  BER versus interference central frequency for the SUWPTA algorithm (Eb/No=2dB in all 

cases). 


