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Improving the Estimation of the Degrees of Freedom for UWB Channel using Wavelet-Based Denoising Zakaria Mohammadi GSCM-LRIT Laboratory Associated with CNRST University Mohammed V- Agdal, Rabat, Morocco E-mail: [email protected] Tel: +212-671677599; Fax: +212-537774261 Rachid Saadane LETI Laboratory, Hassania School of Public Labors Km 7 Route d’ El Jadida, B.P 8108, Casa-Oasis, Casablanca, Morocco E-mail: [email protected] Fax: +212-537774261 Driss Aboutajdine GSCM-LRIT Laboratory Associated with CNRST University Mohammed V- Agdal, Rabat, Morocco E-mail: [email protected] Fax: +212-537774261 Abstract In this work, the use of Wavelet-based denoising to improve the estimated Power Delay Profile PDP from Ultra Wideband UWB indoor channel measurements was investigated. The effect of this process on the Eigen Properties and Degrees Of Freedom DOF is also treated. Unlike the conventional thresholding scheme cutting-off all values below a threshold to suppress artifacts of the measurement system, the wavelet-based denoising scheme is more refined. It has been applied to the UWB channel measurements collected from the IMST measurement campaign performed within the whyless.com project, to fight against some spurious effects due to channel sounder setup imperfections, noise and interference, and to enhance the estimation of the DOF number using information theoretic criteria. Furthermore, we investigated the second order statistics characterization of the indoor UWB measured channels through an Eigen decomposition of the autocovariance matrix for determining the number of UWB channel DOF. However, we will look into the effect of the proposed denoising scheme on the UWB channel Eigen Properties. Keywords: Ultra Wideband, Power profile delay, Wavelet-based denoising, indoor channel measurement, Channel sounding, Eigen-analysis, Degrees of Freedom.
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1. Introduction In recent years, Ultra-Wideband communication has received great interest from both the research community and industry. UWB technology is promising for wireless personal area network (WPAN) applications and has several features that differentiate it from conventional narrowband systems. The large instantaneous bandwidth enables fine time resolution for accurate position location, low power spectral density allows very little interference with existing narrow-band radio systems and short duration pulses makes the signal resistant to severe multipath propagation and jamming. Generally, UWB consists of emitting very short pulses over very large frequency bandwidths, typically in the order of 500 MHz to several GHz. It has been in use for military applications and it may see increased use in the future as a promising candidate for future wireless transmission systems. A first Report and Order was then issued (Cramer et al., 2002), which classified UWB operation into three separate categories: communication and Measurement Systems, Vehicular Radar Systems and Medical Imaging Systems, including Ground Penetrating Radar, Through-Wall Imaging and Surveillance Systems. Today, major industrial and research groups, such as ’WiMedia Alliance’ are committed in designing equipment based on UWB technology and technical solutions to be adopted in standardization. However, a perfect knowledge of the radio channel properties is necessary. The performances of a wireless transmission system are in fact directly related to the propagation conditions between the transmitter and receiver. Due to his large bandwidth, UWB channel is inherently different from traditional narrowband channels (Cassioli et al., 2002; Kunisch and Pamp, 2002). Thus, an accurate channel characterization is needed to evaluate the potential and limits of the UWB communication systems. It is well-known that the capacity of the multipath channel subject to average power constraint in the limit of infinite bandwidth is identical to the additive white Gaussian noise (AWGN) channel capacity : CAWGN = (P/N0)loge, where P is the average received power and N0 is the received noise spectral density. The AWGN capacity can also be achieved on multipath channels by dividing the spectrum into many narrow bands and by transmitting bursty signals on each band separately. Kennedy (Kennedy, 1969) and Gallager (Gallager, 1968) also proved this for fading channels using FSK signals with duty cycle transmission. Golay (Golay, 1949) shows that this capacity, with non-fading channels can also be approached by On-Off keying OOK with very low duty cycle. Telatar and Tse (Telatar et al., 2000) extended the proof for multipath channels with any number of paths. As well, Direct Sequence Spread Spectrum DSSS with no duty cycle has zero throughputs in the limit. One of the consequences of this is the growth of the channel paths number when increasing the bandwidth. This is mainly due to the fact that when increasing the bandwidth, the temporal resolution increases allowing more discovered hidden paths. However, when attaining a certain bandwidth, the new resolvable paths are mostly dependent on the ones already resolved. This number of paths can be evaluated by using an Eigen-decomposition of the channel covariance matrix to calculate the degrees of freedom of the channel representing the number of independents paths. In the work of R.Saadane (Saadane et al., 2005), DOF number was estimated using two popular estimators based on information theoretic criteria, the Akaike information criterion (AIC) and minimum description length (MDL). They found that the number of DoF for a given UWB channel saturates beyond a certain frequency bandwidth and does not increase linearly. Yet it is inconsistent with a similar analysis performed by Schuster, U.G. (Schuster et al., 2005), who find that the scaling behavior of the DOF number as a function of bandwidth is linear. This contradiction may be due to the artifacts caused by measurement setup imperfections, noise and interference. In order to minimize the effects of noise and other spurious contributions to the channel measurements, noise thresholding is the most used technique. It consists to cut-off the channel impulse response values below an established threshold. Usually, the threshold is determined using a visual inspection. Otherwise, the noise level can be estimated from measurements data (Rappapport, 1996).
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The goal of this contribution is to introduce the wavelet-based denoising technique as a refined solution to reduce some artifacts and also investigate the improvement of estimating the Degrees Of Freedom of UWB channel using this proposed denoising method. Many UWB channel sounding techniques can be adopted either in frequency or time domain. Usually, time domain sounding is more suited to outdoor context. It consists on the transmission of a pseudo-noise sequence and estimating the channel impulse response by correlating the emitted sequence with the received one (Rappapport, 1996). In contrast, the frequency domain sounding is more adapted to indoor measurements. As shown in Fig. 1, the Vector Network Analyzer VNA emits a series of tones with frequency f at first Port and measures the relative amplitude and phase with respect to second Port, providing automatic phase synchronization. However the mobility of this sounding technique is usually quite limited due to necessity of using cables between the ports and antennas. However, these cables are suitable for working in the measured frequency ranges and their attenuation will not affect the measurement thanks to the calibration process of the VNA. Figure 1: Vector Network Analyzer VNA for data acquisition in frequency-domain



This technique was performed using a vector network analyzer in the frequency domain by the IMST research group to acquire indoor UWB channel data. The rest of this paper is organized as follow: The IMST measurement campaign is briefly described in the section 2. It includes the measurements setup, scenarios and the estimation of the channel impulse response. In the following section, the principles of the wavelet-based denoising are presented. Section 4 is devoted to introduce the information theoretic criteria, especially the AIC and MDL method used for estimating the number of DOF of the UWB measured channel. Next, the proposed denoising method is assessed, and a comparative study of the DOF number before and after using the wavelet based denoising is investigated. Finally, we present the conclusion of this work.



2. Measurement Campaign Many UWB channel measurements campaigns have been performed within the past few years, mainly due to emerging UWB standards (e.g. multiband OFDM-UWB, IEEE 802.15.4a, and IEEE 802.15.3c). These diverse campaigns have used various sounding techniques, but also different measured frequency band, environments and diverse antennas. Among first ones, Saleh and Valenzuela conducted the first measurement campaign to characterize UWB indoor channels with large fractional bandwidth (Saleh et al., 1987). Several years later, two measurements campaign were effectuated in the UltRaLab laboratory in the University of South California (Win et al., 1997). But most UWB experiments started from the year 2002 onwards. Usually, the VNA-based measure technique is used because it enables a full characterization over the whole FCC band, and seems to be the most appropriate technique for static UWB channel sounding (Pagani, 2008).
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2.1. Environment Setup A frequency channel sounding has been adopted, since the measurement was conducted in indoor environment under four scenarios as shown in FIG. 2, but we are also interested in only two scenarios: the Line Of Sight (LOS) and Non-Line Of Sight (NLOS). All the radio measurements have been performed at the IMST premise within an office with dimension 5m X 5m X 2.6m. The office has a single door, one wall with windows, and contains a metal cabinet. Both the transmitter and receiver deploy a bi-conical horn antenna with approx. 1dBi gain, positioned at a height of 1.5m. The attenuation and the phase of the channel response have been measured from 1 to 11GHz with 6.25MHz frequency spacing. Figure 2: Measurements Campaign Scenarios



To measure the small-scale fading, the transmitter position has been moved over a 31×151 grid with 1cm spacing, while the receiver position remained constant. The receiver is directly visible all over the grid. Successively, both the receiver position and the transmitter grid have been moved within the office such that the metal cabinet obstructs the Line Of Sight path all over the grid. The measurement has been repeated as described before and will be denoted as the Non-line Of Sight (NLOS) measurement. The measurement process is described more in detail in (Kunisch and Pamp, 2002). 2.2. Channel Measurements As described above, the measurement was conducted in a 10GHz band, centered in 6GHz. The data was acquired with N = 1601 samples using a frequency VNA, for each transmit antenna location, depicting the amplitude and phase variation of the indoor UWB channel. This is known as the Channel Transfer Function CTF or the Frequency Response FR of the UWB channel. Each complex CTF comprises N complex samples Hi,j(f(n)), measured at the grid position (i,j), where n = 0,…,N–1 is the frequency index, fn = fo + n x Δf, fo=1GHz and the frequency sampling Δf = 6.25MhZ. Before estimating the channel response, the CTF is preprocessed using calibration and time deconvolution (Molisch et al., 2006). It consists to eliminate the frequency dependence of the antennas by dividing the estimated CTF by the transfer function of the calibration measurements. From each transfer function, a corresponding time channel impulse response CIR was calculated through a 1601-point inverse fast Fourier transform IFFT. In the rest of paper, H(i,j,f) denote the CTF at the position j within the ith grid dataset. Accordingly, the corresponding estimated CIR will be denoted by h(i,j,t).
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2.2. Channel Characteristic Parameters Let hn = [hn(0),…,hn(N–1)]T the nth estimated CIR for a given measurement scenario, while the transmitter Tx and the receiver Rx positions remains constants, where hn(l) denotes the lth tap of this complex impulse response hn. Besides the arrival times, the Power Delay Profile PDP, depicting the power repartition as a function of the delay, is defined as:



P[l ] = 1



N –1



N∑ n=0



2



( hn (l ) )



(1)



The mean excess delay τm is defined as the first moment of the PDP, while the root mean squared (RMS) delay spread τrms, sometimes appointed delay spread, represents the standard deviation of the Power Delay Profile, and determines the frequency selectively of the UWB channel. These two entities are calculated using the usual expression (Rappapport, 1996):
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Where h(τi) represent the estimated CIR from measurement UWB data for the ith delay. These temporal parameters measure the time dispersion and the frequency selectively of the Power Delay Profile due to Multipath propagation, and depend on the measurement environments. Figure 3: Estimated averaged PDP over 151 CIR for Los Scenarios, in logarithmic scale



Nevertheless, when carrying-out the measurement process, the channel response can be affected by some spurious contributions due to the used equipments or measurement environment. Among this undesired disturbances, the noise can be occurred in the measurement campaign, causing some impairments in the measured channel response. The usual technique consists to cut-off all values below a given flat noise threshold, but it proves to be unyielding. The proposed wavelet denoising method is a more refined approach, since it tries to extract noise from data in more smooth way. At the following section a recapitulation of the wavelet-based denoising concept is presented.



3. Wavelet-Based Denoising The wavelet transform is considered as a promising tool for signal and image processing. The wavelet domain provides natural settings for many applications involving real-world signals, including estimation, denoising, compression and synthesis. The Wavelet analysis provides a time-frequency representation of the signal. It uses multi-resolution technique by which different frequencies are analyzed with different resolutions. The wavelet-based denoising was presented as an alternative processing scheme to improve measurement based power delay profiles PDP estimates from 1.8GHz Indoor Wideband Measurements



Improving the Estimation of the Degrees of Freedom for UWB Channel using Wavelet-Based Denoising



582



(Dias and Sequeira, 2005), and has resulted a qualitative improvement of the PDP, with smoother noise floors and also with an increase on signal-to-noise ratios SNR. In UWB context, the wavelet-based denoising was used in many works. Indeed, wavelet transform was used to differentiate the modulus maxima of Direct Sequence DS-UWB signal from noise based on their different propagation characteristics, and then to remove the noise while preserving the important characteristics of the signal (Peng et al., 2010). It was proved that this denoising process can reserve signal singularity and remove the noise effectively. Furthermore, this denoising algorithm was presented as good solution to eliminate background clutters for subsurface detection using UWB GPR (Lu and Zhu, 2010).this technique is used to locate and map objects such as pipes, cables, landmine, and subsurface/substructure features. In our case, this mechanism is used to improve the UWB channel measurements. 2.2. Channel Measurements



Since this section present a brief introduction to wavelet analysis, more detailed treatments of the continuous wavelet transform can be found in (Heil and Walnut, 1989; Daubechies, 1992; Mallat, 1989).The wavelet transform is an atomic decomposition for representing a one-dimensional signal x(t) in terms of shifted and dilated versions of a prototype band-pass wavelet function ψ(t) and low-pass scaling function Φ(t) (Daubechies, 1992). The atoms: –j



–J



ψ j ,k (t )Δ 2 2ψ (2 – j t – k ), j , k ∈ Z , j ≤ J ; ϕ J ,k (t )Δ 2 2ϕ (2 – J t – k )



(3)



Form an orthonormal basis, and the signal can be then represented by: J



x(t ) = ∑ uk Φ J,k (t) + ∑ ∑ w j ,kψ j ,k (t ) = Ak (t ) + ∑ D j (t ) k



(4)



j =∞ k



Where Ak(t) represent the signal approximation, i.e. the signal projection on the functional subspace generated by the basis functions Φj,k(t). Whereas, Dj represent the signal projection on the subspace generated by ψj,k(t). Otherwise, they represent the details coefficients which are successively added to the signal approximation when increasing the decomposition level k. In this way, this allows us to decompose a signal into approximations and details. Theoretically this is an Analysis-Synthesis situation. The signal can be viewed as the sum of a smooth part reflecting the main features of the signal, and a detailed part with faster fluctuations representing the details of the signal. However, this decomposition can be realized using a filter banks structure as described in (Mallat, 1989). The filters impulse responses are calculated based on the wavelet and scaling functions, following the multiresolution analysis principle where: ϕ (t ) = ∑ h[k ] ϕ [2t – k ];ψ (t ) = ∑ g[k ] ϕ [2t – k ] (5) k



k



Figure 4: Wavelet decomposition of signal x up to 3 levels
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Thereby, at the first level, the signal can be decomposed in two parts: Approximation A1 and Details coefficients D1. At next level, only the previous approximations coefficients are decomposed and so on as shown in FIG.4. 3.2. Denoising Process



The wavelet denoising approach, also known as wavelet shrinkage or wavelet thresholding was proposed by Donoho and Johnstone (Donoho et al., 1995). It consists of three steps: calculate the Discrete Wavelet Transform DWT of the signal, thresholding the wavelet details coefficients, and then computing the inverse DWT (IDWT). The performance of this procedure depends on many parameters: the wavelet function, threshold selection, thresholding criteria (Hard or Soft) and the wavelet-decomposition level. Thresholding is applied successively to the details coefficients, provided by a multitude of lowpass filtering, while keeping the approximation coefficients containing the main feature of the original signal. This process act directly on the details coefficients extracted from a noisy signal without causing a significant error for signal presentation. This is principally due to the compact support of the basis functions used in the wavelet transforms, enabling good energy concentration properties for the wavelets. The main problem is which coefficients must be truncated and which ones are not. Whence the usefulness of the thresholding, where values below a selected threshold are set to zero and the above ones can be kept unchanged or shrinked. Denoised signal can be then reconstructed using an IDWT applied to the resulted details and approximation coefficients. Let X=[X(1),X(2),...,X(k),...,X(N)]T the noisy signal. It can be seen as the sum of the original free-noise signal and the additive noise. Hence according to the previous discussion, the denoising process can be summarized by three steps: ⎧ C = [C (1),..., C ( N )]T = W . X ⎪ T (6) ⎨Cd = [Cd (1),..., Cd ( N )] = D(C , α ) ⎪ Cˆ = W –1.Cd ⎩ Where C is the wavelet decomposition of the noisy signal and W represents the DWT linear operator. The vector Cd results from applying the non-linear denoising operator D(.,α) to the wavelet coefficients, where α is the threshold. Then, the IDWT operator W–1 is applied to the denoised coefficients to obtain the estimated signal. This process must not be confused to smoothing. Whereas smoothing removes high frequencies and retains low frequencies, denoising attempts to remove whatever noise is present and retain whatever signal is present regardless of the spectral content of the noisy signal. 3.3. Thresholding



After performing the wavelet transform, the thresholding can be applied to the details coefficients using two common ways. The first is known as hard thresholding, where the coefficients with absolute value below a selected threshold are zeroed. However, Soft thresholding goes one step more advanced. It decreases the value of the remaining coefficients by the threshold value. ⎧ X if X > α ⎧ sign( X ).( X – α ) if X > α (7) X Hard = ⎨ ;X Soft = ⎨ 0 otherwise ⎩ 0 otherwise ⎩ Properly thresholding the wavelet coefficients of a noisy signal can remove the noise and preserve the signal, justifying the importance of choosing an appropriate threshold value. Indeed, there are several ways of calculating thresholds. The most used threshold selection rule is the universalthreshold proposed by Donoho and Johnstone in their algorithm VisuShrink (designated Visu in the sequel) (Donoho and Johnstone, 1994). Visu is used to achieve complete asymptotic elimination of the normal Gaussian noise and it can be achieved by setting:
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Tu = σ 2* log ( N )



(8) Where N the signal length and σ the noise variance. Others threshold selection alternatives are based on minimizing some optimization criteria, such as the mini-max and the SURE techniques (Donoho and Johnstone, 1995). Thresholds can also be based on hypothesis testing, cross-validation, and Bayesian estimation approaches (Ogden, 1997). If unknown, the noise variance can be estimated in various ways. The method adopted in this work involves estimating the standard deviation of the details coefficients. This can be done differently: The first scheme, known as the Single Level Noise SLN, keeps the hypothesis of Gaussian white noise, taking only the noise estimation from the first decomposition level, while the second is used when suspecting the non-white noise. The noise is then estimated level by level for each decomposition process (multi-Level Noise MLN). 2



3.4. Wavelet Denoising VS. Flat Thresholding



Among several criteria affecting the denoising performance, the choice of the wavelet families is an important step. Since the available tool for processing was MATLAB, many included families can be used e.g. Daubechies, Mexican Hat, Symlet, and many others. The chosen wavelet family for simulations was the 4th order Daubechies Wavelet as shown in Fig.5, with L=3 decomposition level. It should be noted that when increasing the order of wavelet coefficients, the functions become smoother. Figure 5: The 4th-order Daubechies a) Wavelet and b) Scaling functions



Generally, the usual processing scheme consists to flat thresholding by cutting-off all CIR values below a selected noise level. For a bandwidth W = 10GHz under a NLOS scenario, the Fig.6 exhibits the difference between the two adopted approaches. It can be shown that even if flat thresholding technique is simple, it can causes high data loss for a 20dB margin above the noise floor level as an example, determined by a visual inspection. However, the wavelet-based denoising is a more refined technique, and makes the CIR smoother while leaving the main shape of the CIR. Figure 6: Noisy Channel Impulse response, the wavelet-based denoised corresponding CIR and the noise level estimation for flat thresholding, under a NLOS scenario
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Since thresholding can produce generally several peaks, the Peak-Detection technique is a more developed approach for flat thresholding. After eliminating values below a threshold, the remaining peaks are evaluated by their correlation with similar responses to judge which ones should be retained or removed. For example, after thresholding, the four following thresholded responses are browsed to inspect which peaks are still present. If they are throughout present, the resulting peaks are kept. Otherwise, the peaks are instead cut. The difference between the two processes is illustrated in FIG.8. When decreasing the bandwidth size, the CIR fluctuations are slower. This is why the equivalent 1GHz-bandwidth CIR under a NLOS scenario is used for better distinguishing the difference between the two techniques. To calculate the degrees of freedom of the UWB channel, representing the number of independent paths, we focus in the following section on the performance of the original Akaike Information Criterion AIC and Minimum Description Length MDL estimators. In particular, we analyze the performance of these estimators when using the previous wavelet denoising method as an improvement for the estimation process.



4. Estimating the Degrees of Freedom Number Determining the number of sources is a fundamental problem in many scientific fields. The common approach for solving this problem is to use an information theoretic criterion like the Minimum Description Length MDL, or the Akaike Information Criterion AIC, both derived from information theoretic considerations (Wax and Kailath, 1985). However, these estimators require the Eigen decomposition of the sample covariance matrix, as a maximum-likelihood estimate under the assumption of a large number of independent channel observations. As explained in section 2, this is assured thanks to many channel measurement for different emitting and receiving antennas positions. Let h = [hW,1, hW,2,...,hW,N]T the matrix containing the N observations of the channel impulse response. Each CIR can be expressed as: hW, i= gW,i + nW,ii = 1,...,N (9) Where nW,i is zero mean Additive White Gaussian noise AWGN with power spectral density equals σ2 all over the bandwidth of interest, and gW,i the equivalent noise-free channel response. The major challenge is to recover the noise free signal from the corrupted signal. The covariance matrix of the measured channel sample h is written as: Kh = E [hhH] = E[ggH] + σ2I (10) The maximum likelihood covariance matrix estimate R is computed from N statistically independent channel observation with length p, with p < N, and is given by (Anderson, 1984): 1 N R = K hN = ∑ hW ,i hWH,i (11) N i =1
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The covariance matrix is hermitian and positive definite. For this reason, a unitary matrix exists such that the Karhunen-Love (KL) expansion gives: N



R = U h ∧ h U Hh = ∑ λ i (h)Ψ i (h)ψiH (h); U Hh U h = I N



(12)



i =1



Where λ1(h) > λ2(h) > > λN(h), ψi(h) the ith column of Uh and IN is the N X N identity matrix with N the number of samples. λi(h) and ψi(h) are the ith Eigen values and Eigen vectors of R respectively. Furthermore, if P uncorrelated signals are present, the M–P smallest Eigen values of R are all equal to the noise power σ n2 , and the vector of parameters θ(P) specifying can be written as: Θ(P) = [λ1, λ2,…, λp–1, λp, σ n2 ψ1,T ψ T2,,..., ψ TP,



(13)



Let h = {h [n]}, n = 0,.., N–1 a discrete version of our signal h(t). Since the wavelet transform is linear and orthogonal, it can be represented by an orthogonal matrix W of dimension N X N. Using the wavelet transform matrix, the wavelet transform can be represented as follows: Wh = [Ah J [0], D J , D J−1 ,… , D1 ]T (14) Where Ah0 [k ] = h[k ] , k = 0,… ,N − 1 ; Ah j +1 = ∑ h[n − 2k ] Ah j [n] , k = 0,… ,2− j −1 N − 1 (15) Dh j+1 = ∑ g[n − 2k]Ah j[n], k = 0,… , 2



n − j−1



N −1



(16)



n



Denote respectively the approximation and details coefficients defined recursively. As mentioned above, the channel vector h is corrupted by an additive white Gaussian noise n. After performing the wavelet transform, the resulted signal in wavelet domain is given by: Wh = W(g + n) = Wg + Wn = G W + N W (17) The orthonormal process of wavelet transform will alter n to NW, while maintaining the some properties of the original noise n, and compact the signal into large coefficients in Gw. Our proposed wavelet-based denoising consists to threshold these coefficients to discard small values suspected of being contaminated by the additive noise, so as to reduce the noise power as low as possible. Note that the noise matrix is non-diagonal and non-singular when the noises are spatially correlated, in which case the classical estimation algorithms degrade greatly. The number of signals is determined from the estimated covariance matrix R. In (Wax and Kailath, 1985), WAX adapted the AIC criteria to detect the number of signals. In our work, this procedure is recalled in his simplified form. In this paper we consider the MDL and AIC estimators, given by: AIC (k ) = −2 log (ζ k ) N ( P − k ) + 2k (2 P − k ) (18) k (2 P − k + 1) MDL(k ) = − log(ζ k ) N ( P − k ) + log(n) 4 Where 1



∏iP= k +1 λˆi (h) P − k (19) ζk = 1 P ˆ ∏i = k +1 λi (h) P−k The number of significant Eigen values is determined as the value of k∈{0,1..,P–1} minimizing the AIC or the MDL criterion. The number of DoF represents the number of unitary dimension independent channels that constitute an UWB channel. In the following, the estimated DOF number is evaluated when increasing the bandwidth, especially when using the AIC & MDL wavelet-based improvement.
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5. Evaluation of the DOF Number Depending on the Bandwidth In this section, we investigate the variation of DOF number when varying the bandwidth. The Fig.9 shows an example of the AIC and MDL function corresponding to bandwidth W = 1GHz, respectively for LOS and NLOS scenarios. The index k minimizing the two criteria represents the number of significant Eigen values. This value equals to 112 for the AIC and MDL function in LOS case, and equal to 113 and 114 for the AIC and MDL criterion respectively. To inquire about the variation of DOF number with the variation of the bandwidth, the transfer function H(i,j,f) with different Wb values must be calculated. Let nf = 1,..,Nf the number of appropriate measured frequency samples, with Wb= nf x Δf varying from small value 50MHz to full used 10GHz band. For a fair comparison, the CTF is measured around the central frequency fc = (11 + 1)/2 =6GHz, with a corresponding index sample denoted by nc. Thereby, the measured CTF is altered by including nf frequency samples distributed symmetrically on either side of nc, assuming nf is a odd value without loss of generality. Then the altered CTF can be given by: ⎧H(i,j,f ) if |f–f c | < Wb / 2 (20) H WB (i,j,f ) = ⎨ 0 otherwise ⎩ Figure 9: Plot of AIC and MDL functions and their corresponding DOF-number, Under LOS and NLOS case, Bandwidth= 1GHz



The corresponding Time Impulse Response is still obtained using a Fourier transform. The band-limited CIRs corresponding to a given LOS-CTF for various Wb = 500MHz, 1GHz and 5GHzare
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shown in Fig.10. It can be noticed that when increasing the bandwidth size, the CIRs present more fluctuations because of temporal resolution increase. For different values of Wb, the number of significant Eigen-Values was estimated through the AIC and MDL function. This number was calculated for the estimated CIR, and was compared to those generated by AIC and MDL functions applied to the denoised channel impulse response. The FIG.11 shows a large disparity between the two curves, for bandwidth below a given value, 3GHz for LOS and 2GHz for NLOS. However, the two curves tend to a saturation point above this value. It should be noted that when denoising the estimated CIR, the number of significant Eigen-values reaches faster the saturation point for both estimation function, under LOS and NLOS constraint. Figure 10: The band-limited CIRs corresponding to a LOS-CTF with bandwidth equal to a) 500MHz b) 1GHz and c) 5GHz
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Furthermore, to look into the effect of the wavelet based denoising on the information theoretic criteria, especially the pre-used AIC and MDL function, the Fig.12 shows the plot of the AIC and MDL functions for a 1GHz-bandwidth under LOS and NLOS scenarios, whether in case of denoised CIR or without using the proposed denoising algorithm. It can be shown that the proposed denoising process scheme based on wavelet transform correspond to a translation of the AIC and MDL curves, but both curves converge when increasing the index k. Also when the saturation point is reached, the two curves are well-nigh confused. Therefore, for a bandwidth greater than the corresponding saturation value, the number of significant Eigen values is no longer affected by the denoising process. Thus, these simulations provide an insight of how degrees of freedom number behaves when increasing the bandwidth. It can be noticed that this number saturates beyond a certain frequency bandwidth and does not increase linearly. Figure 11: Comparison of the number of significant Eigen-values using classical or wavelet-based improved



The theory affirms that when increasing the bandwidth, the temporal resolution should increase and then, more hidden multipath components are detected. This increase can be justified physically by the fact that the process of reflection and diffraction are frequency and bandwidth-dependent.
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However, when reaching a certain bandwidth value, the new discovered paths are already dependent on the pre-discovered ones. This explains the saturation of the Degrees Of Freedom number beyond a given bandwidth. Regarding the case of reaching faster the saturation point when denoising the CIR, this can be justified by the fact that the noise contribute to the impulse response. By this way, some independents paths are noisy and are not taken into account when calculating the DOF number of the UWB channel.



6. Conclusion This work presented the wavelet-based denoising scheme applied to indoor UWB channel measurement as a promising refined alternative to the usual flat thresholding processing which can lead to much data loss, over the softness and the effectiveness of the proposed approach. Moreover, this paper presents the information theoretic criteria AIC and MDL, and how the proposed denoising process can be used to enhance the estimation of the Degrees Of Freedom number of the UWB channel, specifying the number of independents channel constituting the UWB channel, as well as providing the trend of this number when increasing the bandwidth BW. The experiments showed that the DOF number increases when increasing the bandwidth, but beyond a certain value, this number remains constant. On another side, the DOF number when applying the proposed denoising scheme on the channel impulse response was treated. Through some simulations, it was found that when the Channel response is improved using Wavelet decomposition, the saturation point is reached faster.
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