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1 Introduction

The establishment of a channel model for IEEE 802.15 Study Group 3a High Rate WPAN alternative PHY presented a number of challenges.  These challenges included the creation of sufficient and accurate criteria for comparing proposals while keeping the model relatively simple and straightforward to allow implementation in a short period of time.

A sub-committee was formed which established an open approach and process to include as broad a set of perspectives as possible including a general call for proposals, presentations, meetings in conjunction with 802.15 SG3a sessions, conference calls and email reflector traffic.  Assignment and tracking of action items were used to maintain focus and assure key issues were addressed.  There was a constant theme of creating a platform for comparison vs. a complete and exhaustive treatment of channel model characteristics.

The fundamental parameters to be included in the model were path loss and multipath in a variety of environments (office and residential as well as LOS and NLOS as a function of distance).  The aspects of multipath such as delay spread, decay profiles, number of paths and associated thresholds presented the most challenge.  Various models were presented based on significant data collection efforts and assessment was made of the best fit given the objectives for establishing comparison criteria.  This data driven effort helped establish key parameters of the model.

Results of the sub-committee’s efforts are captured through formal posting of presentations, links to measurement databases, minutes of meetings and conference calls as well as email reflector history.  Analysis and representation of the channel model with standard tools such as MATLAB is also available along with information on how to use the model.

Significant appreciation goes to all contributors from commercial, research and academic organizations around the world that made the channel model represented here a reality.

1.1 Desired characteristics of channel model

The goal of the channel model is to capture both the path loss and multipath characteristics of ‘typical’ environments where IEEE 802.15.3a devices are expected to operate.  The model should be relatively simple to use in order to allow PHY proposers to use the model to properly, and in a timely manner, evaluate the performance of their PHY in ‘typical’ operational environments.  In addition, it should be reflective of actual channel measurements.  Since it may be difficult for a single model to reflect all of the possible channel environments and characteristics, the group chose to try and match the following primary characteristics of the multipath channel: 

· RMS delay spread

· Power decay profile

· Number of multipath components (defined as the number of multipath arrivals that are within 10 dB of the peak multipath arrival)

Note that the actual channels resulting from the model may have several paths that are much less than 10 dB from the peak, while the above characteristic was simply used to compare to measurement results. 

2 Narrowband Channel Model

The narrowband channel model is based upon the IEEE 802.11 channel model using an exponentially decaying, Rayleigh fading tap delay line (TDL). This model assumes that each of the channel taps is drawn from an independent complex Gaussian random variable with an average power profile that decays exponentially. The probability distribution of the k-th tap of the channel impulse response hk is given by 
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 is the RMS delay spread, and Ts is the sampling time. The power of each channel tap is given by:
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It is assumed that the sampling time Ts is shorter than the symbol time (or chip time) by at least a factor of four.  

3 UWB Channel Model

3.1 Summary of measurements and proposed models

The following subsections summarize the channel model contributions that were considered by the sub-committee.  

3.1.1 “The Ultra-wideband Indoor Path Loss Model,” S. Ghassemzadeh and V. Tarokh [1]

We also presented a statistical path loss model for indoor UWB signals of nominal center frequency of 5 GHz in indoor environments.  The model is based on extensive propagation study in 23 homes. The model makes distinction between the main parameters of the propagation path loss from one home to another. The model has capability of even more refinement as more data becomes available.

3.1.2 “Empirically Based Statistical Ultra-Wideband Channel Model,” M. Pendergrass [2]

An ultra-wideband (UWB) channel measurement and modeling effort, targeted towards the short-range, high data rate wireless personal area network (WPAN) application space, has been described.  Results of this project include a measurement database of UWB channel soundings, including both line of sight and non line of sight channels, and a statistical model of this database.  

The channel soundings were taken using an ultra-wideband pulse with a bandwidth of approximately 2 GHz, and a center frequency of approximately 4 GHz.  The measurement database consisted of 429 channel soundings:  369 measurements taken in 11 different rooms in an office complex with metal stud construction, and 60 measurements taken in a residence with wood stud construction.  

Channel impulse response functions were extracted from all the channel soundings using the CLEAN algorithm, a serial time-domain deconvolution technique.  An 85% energy-capture criterion was used to determine when to terminate the channel extraction process.  The 85% threshold was chosen to minimize the average modeling error over the entire data set.  The average modeling error over the data set was less than 1 dB.

Of the 369 office channel soundings, there were 51 channels for which the CLEAN algorithm could not achieve an 85% energy capture threshold.  These channels were discarded.  The remaining channels were grouped into three classes, based on the transmitter-to-receiver distance and whether the direct path was obstructed:

Case 1:  0 to 4 meters, line of sight (120 channels)

Case 2: 0 to 4 meters, non line of sight (79 channels)

Case 3: 4 to 10 meters (119 channels)

Statistics for the following channel parameters were computed in for each case:

1. Number of paths required to meet the 85% energy capture threshold

2. Mean excess delay

3. RMS delay spread

4. Probability of occupancy vs. excess delay

5. Average power decay profile

For each of the above three cases, the statistics of these five parameters comprise a statistical model for the given scenario.

A comparison of the measurement data to simulated data produced by the IEEE 802.11 channel model, and the -K model was made, based on these same statistics.  On the basis of the statistics of the above channel parameters, both models were judged as insufficient for the purposes of modeling the UWB channel measurements.    It was recommended that a better model than the -K be used, and that any model should be judged by it’s ability to fit the statistics of the measured data.

3.1.3 “UWB Channel Modeling Contribution from Intel,” J. Foerster and Q. Li [3]

A method for evaluating the distance capability was proposed based on using a link budget analysis and a free space path model.  This would allow proposers to state the link margin that is available in order to compensate for path losses beyond free space, including distortion, floor or wall attenuation, multipath fading, and any other additional implementation losses.  Justification for using the Friis equation for path loss was provided as an apparent good approximation for various UWB waveforms.  A multipath model was also proposed, which was based on a number of measurements that were made in a condo setting.  The measurements were based upon a frequency sweep from 2-8 GHz yielding a minimum path resolution of 167 psec and included 870 channel realizations.  Distances from 1-20 meters were considered, which included both LOS and NLOS.  The main channel characteristics that were used to compare various indoor models included the mean excess delay, mean RMS delay, and mean number of significant paths defined as the mean number of paths within 10 dB of the peak multipath arrival.  Three channel models were considered: the Rayleigh tap delay line model (same as the one used in 802.11), the (-K model, and the Saleh-Valenzuela (S-V) model.  The clustering of the multipath arrivals was observed in the measurements, which supported the use of the (-K and S-V model.  The comparisons showed that the S-V model was able to best fit the measured channel characteristics.  In addition, the Rayleigh and lognormal amplitude distribution was compared with measurement data, and the results showed that the lognormal distribution best fit the characteristics of the measurement data.  Therefore, the final model that was proposed was the S-V model with a lognormal fading distribution on the amplitudes.  Model parameters were found that best fit the characteristics of the channel, including the cluster arrival rate, ray (intra-cluster) arrival rate, cluster decay factor, ray decay factor, and standard deviation of the lognormal distribution.

3.1.4 “A proposal for a selection of indoor UWB path loss model,” G. Shor, et. al. [4]

The presentation describes the measurement campaign carried out by Oulu University. The measurements were taken using a network analyzer covering the 2-8 GHz band. The measurements were taken in Oulu University representing a European campus environment. The measurements considered different Rx and Tx antennas heights. The results show that a double slope path loss model is relevant also for wide band signals. The presentation includes the calculation of the slopes for single and double slope models for each of the measurement environments. The measurements will be used for further modeling of UWB path-loss and multi-path properties.

3.1.5 “Radio Channel Model for Indoor UWB WPAN Environments,” J. Kunisch and J. Pamp [5]

The proposed radio channel model aims at WPAN investigations for indoor UWB environments. It has been derived from measurements that have been performed in an office environment with line-of-sight, non-line-of-sight, and intermediate conditions for intra-office and inter-office scenarios with omni antennas on both transmitter and receiver side. The frequency range covered by the measurements is 1 to 11 GHz; the transmitter-receiver separation was in the range 3 to 10 m. For a given transmitter position, transfer functions were measured on a rectangular area using a grid of receiver positions with a spacing of 1 cm to achieve spatial over sampling even at the highest frequencies in the band. 

The model is based on the Saleh-Valenzuela (S-V) approach, i.e., a single impulse response is basically composed of exponential decay clusters to model dense multipath components.

A distinguishing feature of the UWB indoor radio channel is that certain individual echoes are recognizable and resolvable in the measurements, which correspond to dominant reflections or diffractions. In contrast to surrounding dense multipath contributions, these echoes exist individually over distances larger than a wavelength. Unlike the traditional S-V approach, the model accounts for such strong individual echoes. These echoes are generated according to a simple algorithm based on the imaging method, which is applied to an idealised, generic model room. Consequently, the model allows determining space-variant impulse responses; in particular, delay changes of individual echoes caused by receiver movement are accounted for. This means that the Doppler behaviour of the channel, as induced by the receiver movement, is reproduced by the model.

The model can be used to produce either baseband or passband impulse responses or transfer functions, for frequency bands not exceeding app. 1-11 GHz. A number of parameter profiles are available corresponding for some of the measured environments.

3.1.6 “The Ultra-wideband Indoor Multipath Loss Model,” S. Ghassemzadeh and V. Tarokh [6]

We have presented a simple statistical multipath model that is easily integrated with the path loss model. The model is based on over 300,000 UWB frequency responses at 712 locations in 23 homes. The model regenerates the statistical properties of the indoor channel with high accuracy. This model can be used for simulation and performance evaluation of any UWB system with nominal bandwidth less than or equal 1.25 GHz, and it can be upgraded with further measurements.

3.1.7 “The Ultra-Wide Bandwidth Indoor Channel: from Statistical Model to Simulations,” A. Molisch, M. Win, and D. Cassioli [7]

The model submitted by Mitsubishi (Win, Cassioli, and Molisch) is a stochastic tapped-delay-line (STDL) model. The model is based on a measurement campaign in an office building in California. The measurements were done in baseband; the delay resolution is 2ns. The measurement procedure allows the separation of small-scale and large scale fading.

The most important properties of the model are the following: For the large-scale fading, we find that

1. The power delay profile (averaged over the small-scale fading) is modeled by a single exponential decay; no multiple-clusters were observed.

2. The decay constant is modeled as a stochastic variable, varying from room to room.

3. The total received energy experiences a lognormal shadowing around the mean energy given by the path-loss law. For the small-scale fading, we find that

4. The small-scale statistics of path gains follow Gamma distributions (equivalent to Nakagami fading of the amplitudes)

5. The m-parameters of the Nakagami fading are truncated Gaussian variables with mean values and standard deviations decreasing with delay.

6. The fading of the taps is uncorrelated.

Numerical values for all the parameters were given. It is noteworthy that the observed delay spread was around 40ns, which is quite a bit larger than e.g., in residential areas.

3.1.8 “Evaluation of an Indoor Ultra-Wideband Propagation Channel,” J-M Cramer, R. Scholtz, and M. Win [8]

3.1.9 “UWB Propagation Phenomena,” Kai Siwiak [9]

A path loss model in the multipath environment is proposed based on multipath delay spread. The model provides a transition function between free space and another power law  based on a connection between measured multipath delay spread rms(d) and the propagation law. It leads to a theory for a generalized propagation law model, and also offers a better understanding of multipath dispersion. The theoretical model appends the multiplying factor

 
 [1exp(-t0/rms(d))] 

to free space propagation where rms(d) is the rms delay spread as a function of distance, and where rays arrive at intervals t0 on average. When rms(d) can be expressed as some power (2) of distance d, the multiplier generally can be expressed as a transition function


[1exp((dt/d )2)]

between free space square law propagation and  power propagation beyond the transition distance dt. Parameters dt =12 m and =3 seem appropriate for 802.15.3a selection purposes.
3.1.10  “Propagation notes to P802.15 SG3a from IEEE Tutorial,” Kai Siwiak [10]
This contribution shows a fundamental system limit in UWB, 173.3dB/Hz, which is bounded by thermal noise, the 3.1-10.6 GHz band, and the FCC emission limit. It is shown that practical systems operate as much as 25 dB from the limit, and that consequently the 802.15.3a data rates can be achieved only in radio propagation path loss environments that are moderate or benign.

3.2 Proposed UWB channel model

3.2.1 Path Loss Model

The main purpose of this path loss model is to fairly compare different physical layer proposals at the target operating distances, and to ensure adequate performance of the final standard.  This can be done by simply adopting the free space path loss model and asking the proposers to provide the resulting link margin that will be available to make up for additional channel losses, implementation losses, waveform distortion, imperfect multipath energy capture, etc.  It will be up to the evaluators to determine whether or not the resulting link margin is suitable for the intended applications.  The table below identifies the parameters needed from the proposer and how those parameters could be used to compute the final link margin.  This model is based on the narrowband path loss calculations (known as the Friis transmission formula), and justification for its use is provided in [3].  

The following table lists the parameters and equations that should be used by the proposers to demonstrate the ability of the PHY to close the link at the throughputs and target operating ranges desired for the standard.  The highlighted parameters below are up to the proposers to define, while all other parameters will be consistent with all proposals so easy comparisons can be made.

Table 1: Link Budget Analysis Table

	Parameter
	Value
	Value

	Throughput (Rb)
	> 110 Mbps
	> 200 Mbps

	Average Tx power (
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	Minimum Eb/No (S)
	dB
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	Implementation Loss1 (I)
	dB
	dB

	Link Margin (
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1 Implementation loss is defined here for the AWGN channel only, and could include such impairments as filter distortion, phase noise, frequency errors, etc.

2 The minimum Rx sensitivity level is defined as the minimum required average Rx power for a received symbol, and should include effects of code rate and modulation.
Although the proposers may need to alter the above table for their specific UWB PHY proposal, it gives them an initial framework of the kind of justification and detail that should be part of the proposal.  The final desired output of the link budget should be a final Link Margin that will be needed to account for additional channel losses, implementation losses, waveform distortion, imperfect multipath energy capture, amplitude fading, etc. 

3.2.2 Multipath Model

Based on this clustering phenomenon observed in several channel measurements, we propose an UWB channel model derived from the Saleh-Valenzuela model [11] with a couple of slight modifications.  We recommend using a lognormal distribution rather than a Rayleigh distribution for the multipath gain magnitude, since our observations show that the lognormal distribution seems to better fit the measurement data.  In addition, independent fading is assumed for each cluster as well as each ray within the cluster.  Therefore, the multipath model consists of the following, discrete time impulse response:
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where 
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 is the multipath gain coefficient, 
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 is the delay of the kth multipath component relative to the lth cluster arrival time (
[image: image26.wmf]l

T

).

Finally, the proposed model uses the following definitions:

Tl = the arrival time of the first path of the l-th cluster;

(k,l = the delay of the k-the path within the l-th cluster relative to the first path arrival time, Tl; 
( = cluster arrival rate;

( = ray arrival rate, i.e., the arrival rate of path within each cluster. 

By definition, we have 
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.  The distribution of cluster arrival time and the ray arrival time are given by 
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The channel coefficients are defined as follows:
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In the above equations, 
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 reflects the fading associated with the lth cluster, and 
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 corresponds to the fading associated with the kth ray of the lth cluster.  Note that, a complex tap model was not adopted here, since the meaning of phase is slightly ambiguous in the context of pulsed waveforms.  Although phase can be translated into a slight delay offset for a given center frequency of the waveform, it was determined that this would not add much value to the model since the receivers will be tracking time variations anyway.

3.3 Realizations from channel model

3.3.1 Channel characteristics desired to model

As shown above, there are 6 key parameters that define the model: 

( = cluster arrival rate;

( = ray arrival rate, i.e., the arrival rate of path within each cluster;
( = cluster decay factor;

( = ray decay factor;
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These parameters are found by trying to match important characteristics of the channel.  Since it’s difficult to match all possible channel characteristics, the main characteristics of the channel that are used to derive the above model parameters were chosen to be the following:

· Mean excess delay

· RMS delay spread

· Number of multipath components (defined as the number of multipath arrivals that are within 10 dB of the peak multipath arrival)

· Power decay profile

Since the model parameters are difficult to match to the average power decay profile, the main channel characteristics that are used to determine the model parameters are the first three above.  The following table lists some initial model parameters for a couple of different channel characteristics that were found through measurement data. 

Table 2 Example multipath channel characteristics and corresponding model parameters.

	Target Channel Characteristics
	CM 11
	CM 22
	CM 33
	CM 44

	Mean excess delay (nsec) (
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	5.05
	10.38
	14.18
	

	RMS delay (nsec) (
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	5.28
	8.03
	14.28
	25

	NP10dB
	
	
	35
	

	NP (85%)
	24
	36.1
	61.54
	

	Model Parameters
	
	
	
	

	( (1/nsec)
	0.0233
	0.4
	0.0667
	0.0667

	( (1/nsec)
	2.5
	0.5
	2.1
	2.1

	(
	7.1
	5.5
	14.00
	24.00

	(
	4.3
	6.7
	7.9
	12
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	3.3941
	3.3941
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	3.3941
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	3.3941
	3.3941
	3.3941
	3.3941

	Model Characteristics
	
	
	
	

	Mean excess delay (nsec) (
[image: image46.wmf]m
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	5.0
	9.3 ns
	14.2
	27.0

	RMS delay (nsec) (
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	5
	8
	14
	25

	NP10dB
	13.9
	19.0
	25.4
	43.1

	NP (85%)
	22.3
	36.7
	63.3
	126

	Channel power mean (dB)
	-0.2
	-0.1
	-0.3
	-0.3

	Channel power std (dB)
	3.6
	4.2
	6
	4.6


1 This model is based on LOS (0-4m) channel measurements reported in [2].

2 This model is based on NLOS (0-4m) channel measurements reported in [2].

3 This model is based on NLOS (4-10m) channel measurements reported in [2], and NLOS measurements reported in [3].

4 This model was generated to fit a 25 nsec RMS delay spread to represent an extreme NLOS multipath channel.

One hundred (100) actual realizations for each channel model are derived from the model above and are provide in the file (TBD).  

3.3.2 Discrete Time Model

The output of the model is a continue time arrival and amplitude value.  The following section describes how this sampling time can be discretized in a consistent manner without losing the essence of the multipath model.

3.3.3 How to handle different sample times

First, just quantize time in the continuous-time model's (time,value) pairs to ts/N where ts is the desired resolution and N is a suitably large integer.  If multiple (time,value) pairs get quantized into the same time bin, their values should be added.  Next, in normal discrete-time processing, do low-pass or band-pass or transmit-pulse filtering as appropriate (including complex frequency down conversion if desired) and decimate down by N.  A suggested rule for choosing N is to ensure that N*fs=N/ts is at least 100 GHz and that N≥1.  Thus, N=max(1, ceil(ts * 100 GHz)).  The MatlabTM code provided in the appendix provides a means for achieving this for a specified desired sample time.

3.3.4 Channel Realizations

The following statistics are based upon a sampling time of 167 psec.
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3.4 Time variability of channel

TBD
3.5 How to use the model and realizations

3.5.1 Meeting the Selection Criteria

3.5.1.1 Time invariant channels

For channels that do not change significantly from packet to packet, or for physical layer proposals that do not rely on channel variation for improved performance, the following approach should be used to determine the required Eb/No to meet a desired PER < 8e-2 and BER < 1e-5, it is suggested that at least 200, 1024 byte packets be simulated for each channel realization (100 channel realizations in total).  The results should be provided in the following ways:

· . Provide a single curve of PER vs. Eb/No that represents the average PER, averaged over the best 90 out of 100 channel realizations, for each of the four channel environments.
3.5.1.2 Time varying channels

TBD
3.5.2 Level of disclosure desired by PHY proposals

Clearly, the performance of any PHY partly depends on the receiver implementation, which is outside the scope of the standard.  However, in order to properly evaluate the relative merits and complexity required for the different PHY proposals in a multipath channel, it is desired to have an understanding of the level of complexity needed in the receiver in order to achieve the provided performance results.  Therefore, it is desired that the proposers provide, at a minimum, the following receiver characteristics that was able to achieve the given results:

· Complexity of receiver (number of gates, die area required, or other parameters that help quantify the receiver complexity)

· Power consumption of the receiver

In addition, it would be desirable, although not required, to provide the following information:

· Number of taps in an equalizer, if used

· Rate at which the equalizer needs to run (minimum clock rate)

· Equalization algorithm used (LMS, RLS, etc.)
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Appendix

Following is the MatlabTM code that was used to generate the channel model realizations (generated by contributions from Jeff Foerster and Steve Schell).

######################  Main program

% S-V channel model evaluation

clear;

ts = 0.167;             % sampling time (nsec)

num_channels = 100;      % number of channel impulse responses to generate

randn('state',12);    % initialize state of function for repeatability

rand('state',12);     % initialize state of function for repeatability

cm_num = 2;  % channel model number

% get channel model params based on this channel model number

[Lam,lambda,Gam,gamma,std_ln_1,std_ln_2,nlos] = uwb_sv_params( cm_num );

fprintf(1,['Model Parameters\n' ...

  '  Lam = %.4f, lambda = %.4f, Gam = %.4f, gamma = %.4f\n' ...

  '  std_ln_1 = %.4f, std_ln_2 = %.4f, NLOS flag = %d\n'], ...

  Lam, lambda, Gam, gamma, std_ln_1, std_ln_2, nlos);

% get a bunch of realizations (impulse responses)

[h_ct,t_ct,t0,np] = uwb_sv_model_ct( Lam, lambda, Gam, gamma, std_ln_1, std_ln_2, nlos, ...

                  num_channels );

% ensemble normalization of channel energy

h_ct = h_ct / sqrt( mean( sum( h_ct .* h_ct ) ) );

% now reduce continuous-time result to a discrete-time result

[hN,N] = uwb_sv_cnvrt_ct( h_ct, t_ct, np, num_channels, ts );

% if we wanted complex baseband model or to impose some filtering function,

% this would be a good place to do it, although beware of unit-power-normalization below

if N > 1,

  h = resample(hN, 1, N);  % decimate the columns of hN by factor N

else

  h = hN;

end

% correct for 1/N scaling imposed by decimation

h = h * N;

% channel energy

channel_energy = sum(abs(h).^2);

h_len = size(h,1);

t = [0:(h_len-1)] * ts;  % for use in computing excess & RMS delays

excess_delay = zeros(1,num_channels);

RMS_delay = zeros(1,num_channels);

num_sig_paths = zeros(1,num_channels);

num_sig_e_paths = zeros(1,num_channels);

for k=1:num_channels

  % determine excess delay and RMS delay

  sq_h = abs(h(:,k)).^2 / channel_energy(k);

  t_norm = t - t0(k);  % remove the randomized arrival time of first cluster

  excess_delay(k) = t_norm * sq_h;

  RMS_delay(k) = sqrt( ((t_norm-excess_delay(k)).^2) * sq_h );

  % determine number of significant paths (paths within 10 dB from peak)

  threshold_dB = -10;   % dB

  temp_h = abs(h(:,k));

  temp_thresh = 10^(threshold_dB/20) * max(temp_h);

  num_sig_paths(k) = sum(temp_h > temp_thresh);

  % determine number of sig. paths (captures x % of energy in channel)

  x = 0.85;

  temp_sort = sort(temp_h.^2);  % sorted in ascending order of energy

  cum_energy = cumsum(temp_sort(end:-1:1));  % cumulative energy

  index_e = min(find(cum_energy >= x * cum_energy(end)));

  num_sig_e_paths(k) = index_e;

end

energy_mean = 10*log10(mean(channel_energy));

energy_stddev = std(10*log10(channel_energy));

mean_excess_delay = mean(excess_delay);

mean_RMS_delay = mean(RMS_delay);

mean_sig_paths = mean(num_sig_paths);

mean_sig_e_paths = mean(num_sig_e_paths);

fprintf(1,'Model Characteristics\n');

fprintf(1,'  Mean delays: excess (tau_m) = %.1f ns, RMS (tau_rms) = %1.f\n', ...

    mean_excess_delay, mean_RMS_delay);

fprintf(1,'  # paths: NP_10dB =  %.1f, NP_85%% = %.1f\n', ...

    mean_sig_paths, mean_sig_e_paths);

fprintf(1,'  Channel energy: mean = %.1f dB, std deviation = %.1f dB\n', ...

  energy_mean, energy_stddev);

figure(1); clf; plot(t,h); grid on

title('Impulse response realizations')

xlabel('Time (nS)')

figure(2); clf; plot([1:num_channels], excess_delay, 'b-', ...

  [1 num_channels], mean_excess_delay*[1 1], 'r--' );

grid on

title('Excess delay (nS)')

xlabel('Channel number')

figure(3); clf; plot([1:num_channels], RMS_delay, 'b-', ...

  [1 num_channels], mean_RMS_delay*[1 1], 'r--' );

grid on

title('RMS delay (nS)')

xlabel('Channel number')

figure(4); clf; plot([1:num_channels], num_sig_paths, 'b-', ...

  [1 num_channels], mean_sig_paths*[1 1], 'r--');

grid on

title('Number of significant paths within 10 dB of peak')

xlabel('Channel number')

figure(5); clf; plot([1:num_channels], num_sig_e_paths, 'b-', ...

  [1 num_channels], mean_sig_e_paths*[1 1], 'r--');

grid on

title('Number of significant paths capturing > 85% energy')

xlabel('Channel number')

temp_average_power = sum(h'.*(h)')/num_channels;

temp_average_power = temp_average_power/max(temp_average_power);

average_decay_profile_dB = 10*log10(temp_average_power);

figure(6); clf; plot(t,average_decay_profile_dB); grid on

axis([0 t(end) -60 0])

title('Average Power Decay Profile')

xlabel('Delay (nsec)')

ylabel('Average power (dB)')

figure(7); clf

figh = plot([1:num_channels],10*log10(channel_energy),'b-', ...

  [1 num_channels], energy_mean*[1 1], 'g--', ...

  [1 num_channels], energy_mean+energy_stddev*[1 1], 'r:', ...

  [1 num_channels], energy_mean-energy_stddev*[1 1], 'r:');

xlabel('Channel number')

ylabel('dB')

title('Ensemble-normalized channel energy');

legend(figh, 'Per-channel energy', 'Mean', '\pm Std. deviation', 0)

%%% save data to files

save_fn = sprintf('cm%d_imr', cm_num);

save([save_fn '.mat'], 't_ct', 'h_ct');

save([save_fn '.out'], 't_ct', 'h_ct', '-ASCII');

###################################  Function uwb_sv_model_ct

function [h,t,t0,np] = uwb_sv_model_ct(Lam, lambda, Gam, gamma, std_ln_1, std_ln_2, nlos, ...

                          num_channels)

% IEEE 802.15.3a UWB channel model for PHY proposal evaluation

%      continuous-time realization of modified S-V channel model

% Input parameters:

%   Lam      Cluster arrival rate in GHz (avg # of clusters per nsec)

%   lambda   Ray arrival rate in GHz (avg # of rays per nsec)

%   Gam      Cluster decay factor (time constant, nsec)

%   gamma    Ray decay factor (time constant, nsec)

%   std_ln_1 Standard deviation of log-normal variable for cluster fading

%   std_ln_2 Standard deviation of log-normal variable for ray fading

%   nlos     Flag to specify generation of Non Line Of Sight channels

%   num_channels  number of random realizations to generate

% Outputs

%   h is returned as a matrix with num_channels columns, each column 

%     holding a random realization of the channel model (an impulse response)

%   t is organized as h, but holds the time instances (in nsec) of the paths whose

%     signed amplitudes are stored in h

%   t0 is the arrival time of the first cluster for each realization

%   np is the number of paths for each realization.

% Thus, the k'th realization of the channel impulse response is the sequence 

%   of (time,value) pairs given by (t(1:np(k),k), h(1:np(k),k))

% initialize and precompute some things

std_L = 1/sqrt(2*Lam);      % std dev (nsec) of cluster arrival spacing

std_lam = 1/sqrt(2*lambda); % std dev (nsec) of ray arrival spacing

mu_const = (std_ln_1^2+std_ln_2^2)*log(10)/20;  % pre-compute for later

h_len = 1000;  % there must be a better estimate of # of paths than this

ngrow = 1000; % amount to grow data structure if more paths are needed

h = zeros(h_len,num_channels);

t = zeros(h_len,num_channels);

t0 = zeros(1,num_channels);

np = zeros(1,num_channels);

for k = 1:num_channels       % loop over number of channels

  tmp_h = zeros(size(h,1),1);

  tmp_t = zeros(size(h,1),1);

  if nlos,

    Tc = (std_L*randn)^2 + (std_L*randn)^2;  % First cluster random arrival

  else

    Tc = 0;                   % First cluster arrival occurs at time 0

  end

  t0(k) = Tc;

  ln_xi = std_ln_1*randn;   % set cluster fading

  path_ix = 0;

  while (Tc < 10*Gam)

    % Determine Ray arrivals for each cluster

    Tr = 0;  % first ray arrival defined to be time 0 relative to cluster

    while (Tr < 10*gamma)

      t_val = (Tc+Tr);  % time of arrival of this ray

      mu = (-10*Tc/Gam-10*Tr/gamma)/log(10) - mu_const;

      ln_beta = mu + std_ln_2*randn;

      pk = 2*round(rand)-1;

      h_val = pk * 10^((ln_xi+ln_beta)/20);  % signed amplitude of this ray

      path_ix = path_ix + 1;  % row index of this ray

      if path_ix > h_len,

        % grow the output structures to handle more paths as needed

%        fprintf(1,'Growing CIR length from %d paths to %d\n', length(tmp_h)+[0 ngrow]);

        tmp_h = [tmp_h; zeros(ngrow,1)];

        tmp_t = [tmp_t; zeros(ngrow,1)];

        h = [h; zeros(ngrow,num_channels)];

        t = [t; zeros(ngrow,num_channels)];

        h_len = h_len + ngrow;

      end

      tmp_h(path_ix) = h_val;

      tmp_t(path_ix) = t_val;

      Tr = Tr + (std_lam*randn)^2 + (std_lam*randn)^2;

    end

    Tc = Tc + (std_L*randn)^2 + (std_L*randn)^2;

  end

  np(k) = path_ix;  % number of rays (or paths) for this realization

  [sort_tmp_t,sort_ix] = sort(tmp_t(1:np(k)));    % sort in ascending time order

  t(1:np(k),k) = sort_tmp_t;

  h(1:np(k),k) = tmp_h(sort_ix(1:np(k)));

end

return

################################## Function uwb_sv_params

function [Lam,lambda,Gam,gamma,std_ln_1,std_ln_2,nlos] = uwb_sv_params( cm_num )

% Return S-V model parameters for standard UWB channel models

% Lam    Cluster arrival rate (clusters per nsec)

% lambda Ray arrival rate (rays per nsec)

% Gam    Cluster decay factor (time constant, nsec)

% gamma  Ray decay factor (time constant, nsec)

% std_ln_1 Standard deviation of log-normal variable for cluster fading

% std_ln_2 Standard deviation of log-normal variable for ray fading

% nlos   Flag for non line of sight channel

if cm_num == 1,        % based on TDC measurements for LOS 0-4m

  Lam = 0.0233;  lambda = 2.5;

  Gam = 7.1; gamma = 4.3;

  std_ln_1 = 4.8 / sqrt(2);

  std_ln_2 = 4.8 / sqrt(2);

  nlos = 0;

elseif cm_num == 2,    % based on TDC measurements for NLOS 0-4m

  Lam = 0.4;  lambda = 0.5;

  Gam = 5.5; gamma = 6.7;

  std_ln_1 = 4.8 / sqrt(2);

  std_ln_2 = 4.8 / sqrt(2);

  nlos = 1;

elseif cm_num == 3,    % based on TDC measurements for NLOS 4-10m

  Lam = 0.0667;  lambda = 2.1;

  Gam = 14.00; gamma = 7.9;

  std_ln_1 = 4.8 / sqrt(2);

  std_ln_2 = 4.8 / sqrt(2);

  nlos = 1;

elseif cm_num == 4,    % 25 nsec RMS delay spread bad multipath channel

  Lam = 0.0667;  lambda = 2.1;

  Gam = 24; gamma = 12;

  std_ln_1 = 4.8 / sqrt(2);

  std_ln_2 = 4.8 / sqrt(2);

  nlos = 1;

end

return




































################## function uwb_sv_cnvrt_ct

function [hN,N] = uwb_sv_cnvrt_ct( h_ct, t, np, num_channels, ts )

% convert continuous-time channel model h_ct to N-times oversampled discrete-time samples

% h_ct, t, np, and num_channels are as specified in uwb_sv_model

% ts is the desired time resolution

% 

% hN will be produced with time resolution ts / N.

% It is up to the user to then apply any filtering and/or complex downconvertsion and then

% decimate by N to finally obtain an impulse response at time resolution ts.

min_Nfs = 100; % GHz

N = max( 1, ceil(min_Nfs*ts) );  % N*fs = N/ts is the intermediate sampling frequency before decimation

N = 2^nextpow2(N); % make N a power of 2 to facilitate efficient multi-stage decimation

% NOTE: if we force N = 1 and ts = 0.167, the resulting channel hN will be identical to

% the results from earlier versions that did not use continuous-time.

Nfs = N / ts;

t_max = max(t(:));  % maximum time value across all channels

h_len = 1 + floor(t_max * Nfs);  % number of time samples at resolution ts / N

hN = zeros(h_len,num_channels);

for k = 1:num_channels

  np_k = np(k);  % number of paths in this channel

  t_Nfs = 1 + floor(t(1:np_k,k) * Nfs);  % vector of quantized time indices for this channel

  for n = 1:np_k

    hN(t_Nfs(n),k) = hN(t_Nfs(n),k) + h_ct(n,k);

  end

end
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