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1 Introduction

2 FADER spectrum analysis

The first thing one should consider with respect to a fader should be the characteristics of the generated fading sequence. Figures 1 and 2 show the spectrum of the SPW and the JTC fader, together with the theoretical Jakes spectrum. Figure 1 shows the spectrum in linear domain and figure 2 shows it in dB domain.

[image: image1.emf]0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Power Spectral Density (lin)

Normalized frequency

SPW model

JTC model

Theoretical


Figure 1. Power Spectrum of Fading Processes (in linear)
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Figure 2. Power Spectrum of Fading Processes (in dB)

It is clear that the JTC fader is closer to the theoretical Jakes spectrum than the SPW fader. The SPW fader presents a higher DC component and is missing more components at high frequency.

3 Computation analysis

We can estimate the computational complexity for each of the faders based on the number of Multiply/Accumulate Computations (MAC) that need to be done in order to get a fading sample.
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The SPW generation fader is described in Figure 3:

Figure 3. Block diagram of fading generator with FIR filter

The interpolator of ratio N with 11*N filter taps is basically an up sampling of N followed by a FIR filter with 11*N taps. When computing the output of the interpolator FIR, only 11 MAC operations need to be done, since the rest of the samples in the filter states are 0. 

The 65-tap FIR shaping filter is only called 1/N times for each output fading sample. Taking into account that there are two filters, one for the in-phase and one for the quadrature component, the total number of MACs needed per fading sample is (11+65/N)*2, which results in:

	Channel Model
	MACs per fading sample

	A
	25.6

	B
	33.8

	C
	54.5

	D
	130


	E
	23.0


If we take into account the number of fingers required for each channel model and the probability for each channel model, the average number of MACs per slot per user per link is 116.9 MACs per slot per user per link.

	Channel Model
	# of fingers  (including FURP)
	Probability to use channel model

	A
	2
	0.3

	B
	4
	0.3

	C
	3
	0.2

	D
	2
	0.1

	E
	1
	0.1


3.2 JTC Fader

The JTC fader is described in Figure 4:
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Figure 4 . Block diagram for JTC fader with sampling frequency of 800 Hz

Similarly to the SPW fader, the 6-tap FIR interpolation filter will only need to make 3 MACs per output sample; the 8-tap FIR interpolation filter is only called ½ of the time, and it needs to perform 4 MAC outputs every time is called. And so on for the rest of the filter banks. Note that the 32-tap IIR needs to perform 32*2 MACs every time it is called.

Based on that, the average number of MACs needed every time the filter chain is called is

6/2+8/2/2+11/2/4+28/2/8+32*2/16 = 12.125.

For the case of the JTC fader, though, the output of this filter chain is repeated several times or skipped in order to adjust the Doppler frequency of the JTC fader to the desired Doppler frequency. For each of the channel models, this chain needs to be called different times per slot, resulting in the following average number of MACs per slot per finger:

	Channel Model
	Target Doppler Freq (Hz)
	Number of times filter chain is updated per slot
	Average # MACs per slor per finger:

	A
	5.56
	0.88
	10.78

	B
	18.52
	2.96
	35.93

	C
	55.56
	8.88
	107.78

	D
	222.22
	35.56
	431.11

	E
	1.5
	0.24
	2.91


Again, taking into account the number of fingers per channel model and the probability for each channel model, the average number of MACs per user per slot per link is 200.8.

3.3 “Fast” JTC Fader

Note that for the JTC fader, the high number of MACs required are caused by the channel models C and D. At the same time, for these channel models, the JTC filter chain needs to be called multiple times in order to obtain a single valid output. One way to speed-up the JTC fader without any loss in performance is to skip some or all of the interpolation filters after the IIR shaping filter, resulting in the following fader generators:
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Figure 5. Block diagram for fast fader for channel model C
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Figure 6. Block diagram for fast fader for channel model D

Note that these generators provide an output Doppler frequency very close to the target Doppler frequency for channel models C and D: 50 vs. 55.56 Hz for channel model C, and 200 vs 222.22 Hz for channel model D.

With these “fast” JTC faders, the average number of MACs needed for each call to the JTC chain, and the average number of calls to the JTC chain per slot are:

	Channel Model
	MACs per call to JTC chain
	Calls to JTC chain per slot

	A
	12.125
	0.88

	B
	12.125
	2.96

	C
	28.5
	2.22

	D
	64
	2.22

	E
	12.125
	0.24


Again, taking into account the number of fingers per each channel model and the probability associated with each channel model, the average number of MACs per user per slot per link is 116.3.

Figure 3 and Figure 4 show the frequency response of the output with all up-sampling filters compared to the frequency response of the “fast” JTC fader for the 30 and 120 km/h cases. These were computed on actual samples using Welch’s averaged periodogram method (Matlab function ‘psd’).

The frequency response is still acceptable while the run-time is fast.
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Figure 3: Frequency Response on Samples for 30 km/h
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Figure 4: Frequency Response on Samples for 120 km/h

3.4 Jake’s fader (Lucent’s approach)

Another approach under consideration is generating the fading process based on the expressions (1.1-8) and (1.1-9) in Jake’s book. Lucent is using that approach with N = 20. 

Assuming that values for the cosine and sine operations have been pre-computed and stored into memory, then the number of complex MACs is 40 per finger per slot, independently of the channel model.

Given that the average number of fingers per user is 2.7, that means that Lucent’s approach will require at least 108 MACs per user per slot per link.

So, based on the computations described above, the average number of MACs per user per slot per link is

	SPW
	JTC Fader
	Fast JTC Fader
	Jake’s Fader

	116.9
	200.8
	116.3
	108


It is clear that the performance of the SPW, the fast JTC Fader, and the Jakes fader are very similar.

4 WArm up periods

In this section we study the warm up periods required for each of the fader generators.

4.1 SPW Fader Warm Up Computations

For the SPW generator, there is only need to warm up the FIR shaping filter and some samples in the interpolator filter. In total, for each channel model the number of warm up MACs is only 65*11*2= 1,430 for all channel models.

Taking into account the number of fingers to simulate per channel model, the average number of fingers per user is 2.7. The total number of MACs required per user per link is 2.7 * 1,430 = 3,861 MACs.

4.2 JTC Fader Warm Up Computations

For the JTC Fader, the presence of the IIR filter will require more computations for the warm up. Figure 7 shows the output of a JTC fader filter chain with all filter states initialized to 1 and no warm up. As it can be seen in that figure, the JTC fader produces a fading output after approximately 500 to 1,000 updates. To be safe, one could update the JTC fader 2,000 times to obtain a valid fading output, independently of the target Doppler frequency.

Taking into account the number of fingers to simulate per channel model, the average number of fingers per user is 2.7. The total number of MACs required per user per link is 2.7 * 2,000 * 12.125 * 2 = 130,950 MACs. 
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Figure 7. Output of JTC fader with all states initialized to 1 and no warm up period

4.3 Fast JTC Fader Warm Up Computations

For the case of the fast JTC Fader, for the channel models C and D there is no need to update the filter chain so many times, since the output of the IIR is interpolated less or not at all. For channel model C, we can update the filter chain 2,000 / 4 = 500 times, and for channel model D we can update it only 2,000 / 16 = 125 times. Taking into account that the number of MACs per call to the JTC chain is different for channel models C and D, the average number of MACs per user per link is 112,450.

4.4 Jake’s Fader Warm up Computations

It is clear that Lucent’s method for generating the fading requires no warm up period.

The following table summarizes the average number of MACs required for warm up per user per link for the 3 faders considered:

	SPW fader
	JTC Fader
	Fast JTC Fader

	3,861
	130,950
	112,450


Even though the JTC Fader and the Fast JTC Fader require a lot more MAC operations to warm up the faders, the amount of operations is actually pretty small compared to the rest of the simulation: since each slot requires 116.3 MACs on average, the warm up operations are equivalent to simulating a user for 966 slots (1.2 seconds). Compared to the 10,000 frames (8,000,000 slots) that one would run for the 1 user case, the warm up computations are insignificant.

5 Other considerations

The JTC fader has some other advantages over the SPW fader. The JTC fader is a general method that allows generating any Doppler frequency. The SPW fader filter coefficients will need to be re-computed by some unknown method whenever in the future the channel models are changed (as it may happen once the spatial channel modeling is incorporated in the simulations).
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� Note that for the channel model D case, the up-sampling factor is 1. Therefore the up-sampling can be skipped, as well as the interpolation filter. For that case, the FIR fading filter is called once per slot.
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