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Introduction

The following channel models have been approximately fit to a large volume of channel measurements taken in 2003.  The channel was measured between two moving vehicles, traveling the same direction on an expressway in Atlanta, Georgia.  The data was measured at 2.4 GHz and the vehicles were traveling approximately 55 mph.  To produce the model parameters below, the Doppler spectra were scaled to be consistent with 5.9GHz and 70 mph.  The data collection procedure was described in a number of presentations to the DSRC standards group in Fall 2003, a final report for that project [1], and a conference papers [2].  The channel modeling approach is described in [3,4,7].

There are two 12-tap channel models described below.  One uses 24 channel emulator paths to craft 12 model taps; this type of model can be programmed on the Spirent SR5500 RF Channel Emulator.  In the 24-path model, the spectra of each of the first six taps are crafted from the spectra of three channel emulator paths in the 24-path model.  The other model uses 12 channel emulator paths to make 12 model taps, and is appropriate for RF channel emulators that provide only 12 paths.

The 24-path Channel Emulator Model

The expressway channel is characterized by significant Rician K factors on several early taps.  The first 8 taps were found to have K-factors greater than or equal to 0.4.  These K-factors are not caused by a DC component in the tap gain, but rather by a spectral line.  To allocate the appropriate fraction of tap power to the spectral line, it is necessary to use a single path only for the spectral line, in those taps that have crafted spectra (i.e. spectra created by combining two standard spectral shapes).  

The menu of spectra in the channel emulator is limited to rounded, classic 6dB, classic 3dB, and flat. These are illustrated in Figure 1. A pure frequency shift is also available.  Spirent has defined [5] the classic 6dB as follows:
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where ff is the maximum Doppler shift (for the path) and fd is the Doppler offset (the point of symmetry of the spectrum shape).  The truncation of the region of support for this spectrum to 0.999ff avoids the singularities that are shown in most textbooks on wireless communications, and achieves and approximate 6 dB from the peaks to the trough of this spectrum shape.  The factor a is chosen so that the integral of the spectrum (the average power of the path process) is set to a specified value (given as Path Power in Table 1). The “classic 3 dB” spectrum is found from the classic 6 dB, simply by taking the square root: 
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.  The rounded spectrum is the inverse of the classic 6 dB:
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The Flat spectral shape is defined
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The spectral shapes are illustrated in the Figure below.

[image: image5.emf]
Figure 1. Available spectral shapes on the Spirent 5500 RF Channel Emulator [6].

For example, the first tap is composed of Paths 1 through 3 in the Table.  Path 1 is the spectral line.  It is allocated a power of -0.0440 dB with a frequency shift of 200Hz. Path 2 is specified to have the rounded shape with a center frequency of -120 Hz and a full width of 200 Hz (2*ff).  Path 3 is specified to have the flat shape with a center frequency of -70 Hz and a full width of 1100 Hz.  The tap K factor should be the power of the spectral line divided by the sum of the powers of the rounded and flat shapes.  The powers of the first three paths in ratio are [0.9899    0.0034    0.0067]; therefore the tap K factor is 0.9899/(0.0034+0.0067) = 98.1014.
24-path Model Compared to Empirical Spectra
Graphs of the 24-path tap spectra described in Table 1 and the average measured spectra are compared in this section.  The method of shape fitting was subjective, and was based on the fact that the spectral line averaged over many trials (each trial producing a different spectral line frequency) is the source of the highest rounded part of the empirical spectra.  Thus, the spectral line takes the place of the highest rounded part, and the spectral shapes are fit to an estimate of the diffuse or Rayleigh-faded part of the tap spectrum.  In each tap, the resulting channel emulator spectrum matches the averaged measured spectrum in both K-factor and in total power (the integral of the spectrum).  The final recommended model will use a more formal optimization method to fit the spectral shapes.

Figures 2 and 3 show the spectra for taps 1 through 6, and 7 through 12, respectively.  In each subplot of the figures, the channel emulator tap spectrum is plotted against the averaged measured spectrum.
Table 1. 24-path Expressway Channel Emulator Model

	Path No.
	Tap No.
	Tap Power (dB), K
	Path Power (dB)
	Excess Delay (ns)
	Path K factor 
	Freq. offset (fd) in Hz
	Spectrum half-width (ff) in Hz
	Angle of Arrival

(deg)
	Spectrum shape

	1
	1
	0, 98.1
	-0.0440
	0
	0
	200
	-
	0
	Freq. Shft

	2
	1
	
	-24.7251
	0
	0
	-120
	100
	0
	Rounded

	3
	1
	
	-21.7251
	0
	0
	-70
	550
	0
	Flat

	4
	2
	-7.6, 6
	-8.2695
	64
	0
	-50
	-
	0
	Freq. Shft

	5
	2
	
	-17.2443
	64
	0
	70
	300
	0
	Rounded

	6
	2
	
	-22.2443
	64
	0
	100
	1150
	0
	Rounded

	7
	3
	-15, 4.3
	-15.9081
	125
	0
	0
	-
	0
	Freq. Shft

	8
	3
	
	-26.3672
	125
	0
	100
	1200
	0
	Classic 6

	9
	3
	
	-24.3672
	125
	0
	70
	600
	0
	Rounded

	10
	4
	-18.6, 3.5
	-19.6914
	189
	0
	0
	-
	0
	Freq. Shft

	11
	4
	
	-26.3254
	189
	0
	110
	1180
	0
	Classic 6

	12
	4
	
	-31.3254
	189
	0
	70
	250
	0
	Rounded

	13
	5
	-21, 1.9
	-22.8364
	251
	0
	0
	-
	0
	Freq. Shft

	14
	5
	
	-27.5617
	251
	0
	80
	1200
	0
	Classic 6

	15
	5
	
	-30.0617
	251
	0
	100
	300
	0
	Rounded

	16
	6
	-24, 0.7
	-27.8535
	340
	0
	0
	-
	0
	Freq. Shft

	17
	6
	
	-27.6233
	340
	0
	45
	925
	0
	Classic 6

	18
	6
	
	-32.1233
	340
	0
	100
	300
	0
	Rounded

	19
	7
	-26.6, 0.3
	-26.6
	477
	0.3
	150
	1050
	95
	Classic 6

	20
	8
	-27.9, 0.4
	-27.9
	547
	0.4
	80
	1225
	86
	Classic 6

	21
	9
	-28.9, 0
	-28.9
	666
	0
	85
	1230
	0
	Classic 3

	22
	10
	-30.2, 0
	-30.2
	789
	0
	90
	1220
	0
	Classic 6

	23
	11
	-33.4, 0
	-33.4
	1154
	0
	100
	1200
	0
	Classic 6

	24
	12
	-37.7, 0
	-37.7
	1499
	0
	80
	1225
	0
	Classic 6


For example, in Tap 1 of Figure 2, the spectral shapes used are a line at 200Hz (Path 1 of Table 1), a rounded spectrum, centered at -120 Hz with a full width of 200 Hz (Path 2 of Table 1), and a flat spectrum, centered at -70 Hz with a full width of 1100 Hz (Path 3 of Table 1). 

The K-factor for Tap 1 is 98.1, which is very high.  That means that in most trials of the measured spectra, there is a single, very strong spectral line.  The frequency of that spectral line varies from roughly -100 Hz to +200 Hz over the different trials.  Figure 4 shows some randomly selected first tap measured spectra, indicating how the spectral line frequency varies from trial to trial.  The shape of the highest part of the spectrum in the Tap 1 plot in Figure 2 plays the role of a probability density function for the location of the spectral line.  In each of the channel emulator model taps that have a non-zero tap K factor, the location of the spectral line was selected subjectively, to be somewhere within the range of the measured line locations.  Since the line locations can vary from tap to tap in the measured channel within the same trial, the lines in the channel emulator model were chosen to vary from tap to tap, to make synchronization for this channel a bit more challenging.

[image: image6.emf]-1500-1000 -500 0 500 1000 1500

-80

-60

-40

-20

0

Tap 1

PSD (dB/Hz)

-1500-1000 -500 0 500 1000 1500

-80

-60

-40

-20

0

Tap 2

-1500-1000 -500 0 500 1000 1500

-80

-60

-40

-20

0

Tap 3

PSD (dB/Hz)

-1500-1000 -500 0 500 1000 1500

-80

-60

-40

-20

0

Tap 4

-1500-1000 -500 0 500 1000 1500

-80

-60

-40

-20

0

Tap 5

PSD (dB/Hz)

Frequency (Hz)

-1500-1000 -500 0 500 1000 1500

-80

-60

-40

-20

0

Tap 6

Frequency (Hz)

Figure 2. Comparison of fitted spectral shapes to averaged measured spectra for the first 6 taps of the 12-path Expressway Model.
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Figure 3. Comparison of fitted spectral shapes to averaged measured spectra for the second 6 taps of the Expressway model.
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Figure 4.  A superposition of measured first tap spectra.

The 12-path Channel Emulator Model

An interim 12-path expressway model is also proposed, for older-model channel emulators.  Table 2 gives the parameters for this model.  Figure 5 shows how this the first 6 taps of this channel emulator model compare to the averaged measured tap spectra. Taps 7 through 12 are unchanged from the 24-path model.

Table 2. 12-path Expressway Channel Emulator Model

	Path No.
	Tap Power (dB)
	Tap K Factor
	Excess Delay (ns)
	Freq. offset (fd) in Hz
	Spectrum half-width (ff) in Hz
	Angle of Arrival

(deg)
	Spectrum shape

	1
	0,
	98.1
	0
	-70
	550
	60.60
	Rounded

	2
	-7.6
	6
	64
	100
	1200
	97.18
	Flat

	3
	-15
	4.3
	125
	100
	1200
	90.48
	Classic 6

	4
	-18.6
	3.5
	189
	110
	1180
	85.63
	Classic 6

	5
	-21
	1.9
	251
	80
	1200
	89.04
	Classic 6

	6
	-24
	0.7
	340
	0
	1100
	85.83
	Classic 6

	7
	-26.6
	0.3
	477
	150
	1050
	95
	Classic 6

	8
	-27.9
	0.4
	547
	80
	1225
	86
	Classic 6

	9
	-28.9
	0
	666
	85
	1230
	0
	Classic 3

	10
	-30.2
	0
	789
	90
	1220
	0
	Classic 6

	11
	-33.4
	0
	1154
	100
	1200
	0
	Classic 6

	12
	-37.7
	0
	1499
	80
	1225
	0
	Classic 6
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Figure 5. Comparison of fitted spectral shapes to averaged measured spectra for the first 6 taps of the 12-path Expressway Model.
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Abstract


Propagation models suitable for RF channel emulation at 5.9 GHz are presented for the vehicle-to-vehicle expressway channel. The models are based on data collected in a previous phase of the project, in which the vehicles travel in the same direction.  Each model comprises the number of taps, and for each tap, the excess delay, power, K factor and a description of the power spectral density. Both models have 12 taps; one uses 24 channel emulator paths and the other uses 12 channel emulator paths. The models are normalized so that the power of the first tap is unity (0 dB), and as such do not include path loss.  
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