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1
Introduction
Tapped delay line (TDL) fading channel models are chosen for demodulation requirements at both FR1 and FR2. Channel models will be further simplified by reducing the number of taps from the original TDL models specified in [1]. Different tap reduction criteria and tap numbers are introduced in [2]

 REF _Ref525922562 \r \h 
[3]

 REF _Ref525922567 \r \h 
[4]

 REF _Ref525922570 \r \h 
[5].

In order to define UE performance requirements, SW simulations are run with some assumptions on channel model. These SW simulations should take into account some implementation aspects of real channel emulators as the delay grid for tap delays.
The purpose of this paper is to evaluate the impact of different tap reduction methods and the impact of quantizing tap delays with a certain fixed delay resolution.
2
Tap reduction methods

The methods for reducing the tap number of TDL models are described in Table 1. The number of taps after simplification is set to 12, as agreed in the way forward [6]. A variable number of taps might cause a variable need of resources in HW fading emulation. This may lead to dimensioning of the test device capability by the most complex model and having excessive resources for most models. Thus, a constant number of taps across all chosen models is preferred from the fading emulator implementation point of view.

Table 1. Tap reduction methods.

	Method
	Description
	#taps

	0
	No simplification, i.e. the original reference model
	w/o delay quantization: A=23,B=23,C=24,D=13

w/ 5ns delay quantization: A=16,B=19,C=21,D=10

	1
	Sort taps in descending power order. Pick 12 first (=strongest) taps.
	w/o delay quantization: A=B=C=D=12

w/ 5ns delay quantization: A=B=C=12,D=10

	2
	Pick first the 9 taps as specified in Error! Reference source not found. and then pick three more taps to reach 12 selected taps. The selection of three taps is based on minimization of the mean squared error of frequency correlation function.
	w/o delay quantization: A=B=C=D=12

w/ 5ns delay quantization: A=B=C=12,D=10


3
Definition of Frequency correlation function

Tapped delay line models are specified as impulse responses with static delays 
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 is time, [image: image5.png]


 is the excess delay, [image: image7.png]


 is the number of taps, and [image: image9.png]


 is the complex coefficient of tap [image: image11.png]


. The average power [image: image13.png]B, = E(la,|?)



 and the discrete delay [image: image15.png]


 is specified by a model table for each tap.

The frequency correlation function (FCF) is Fourier transform pair with the power delay profile (PDP), i.e.
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where [image: image18.png]


 denotes the frequency lag. FCF indicates the auto-correlation of fading as a function of frequency separation (lag) [image: image20.png]


 between two frequency points or e.g. sub-carriers.
4
Simulation results
4.1
Reference curves

4.1.1
Power delay profile
Power delay profiles of the reference TDL models before any tap reduction are shown in the two figures below. Figure 1 illustrates PDPs without any delay quantization, i.e. when delays are real numbers. Figure 2 illustrates PDPs with tap delays quantized to delay resolution [image: image22.png]AT



 = 5ns, i.e. when delays are integer multiples of 5ns. Channel models are NLOS TDL-A, TDL-B and TDL-C with rms delay spreads of 30, 100, and 300ns respectively. The fourth model is LOS TDL-D, where the Ricean K-factor is 13.3dB and the rms delay spread is 10ns.
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Figure 1. PDPs of the reference TDL models before tap reduction and with non-quantized tap delays.
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Figure 2. PDPs of the reference TDL models before tap reduction and with tap delays quantized to delay resolution [image: image26.png]At



 = 5ns.

4.1.2
Frequency correlation function

Here are depicted FCF curves of the reference models before any tap reduction. In Figure 3 the FCF is plotted up to 100MHz frequency separation with non-quantized delay (left) and with 5ns quantized delays (right). We can observe that:

· the longer the delay spread the faster the FCF drops to its first minimum and the shorter the coherence bandwidth is. 
· Based on Figure 3 it is evident that the frequency correlations are similar with and without 5ns delay resolution, i.e. in the left-side and right-side figures. 
· A third observation is that FCF curves are rather spiky and irregular and far from monotonically decreasing. 
· The LOS model TDL-D follows Ricean amplitude fading and consequently the fading correlation remains very high on the observed frequency separations. In other words, TDL-D channel model provides close to (frequency) flat fading channel.
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Figure 3. FCF up to 100 MHz lag of reference models with non-quantized (left) and quantized (right) delays.

PDPs and FCFs of reference models with 4ns and 1ns delay grid are shown Fig. 4 and 5, respectively. Also the resulting delay spreads are written in figure legends. We can observe that the delay spreads are close to the original with all quantizations. PDPs don’t show any noticeable difference and FCF curves are very similar between all quantizations (5, 4, 1 ns). 
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Figure 4. Reference models with quantization to 4ns delay grid. PDP of quantized delays (left) and FCF up to 100 MHz lag (right).
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Figure 5. Reference models with quantization to 1ns delay grid. PDP of quantized delays (left) and FCF up to 100 MHz lag (right)

4.2
Tap reduced curves

In this section we show FCFs and PDPs of the reference model and the model with tap reduced by methods 1 and 2. The curves are plotted both for the non-quantized and 5ns quantized tap delays.

In FCF, as in any fading correlation functions like, e.g., MIMO correlation, the high correlation values are significant. In MIMO a rule of thumb is 0.7 correlation. Below that the fading correlation does not have high impact on link performance. Thus, we should observe the high correlation values, say, above 0.7 and to consider these cases carefully. We should avoid producing high correlation regimes with a simplified model when the original model has only lower peaks.

In the following we evaluate the suitability of different tap reduction methods by a qualitative analysis. We observe how well the main lobe of FCF is reproduced and how high and frequent correlation peaks the methods produce as compared to the reference model. With TDL-D no simplification is performed in the 5ns quantized case, since the number of taps becomes ten in any case. With TDL-A and -C only Method 1 is used in the 5ns quantized case. 
4.2.1
TDL-A

In Figure 6 (left) both methods perform equally well. With delay quantization in Figure 6 (right) only Method 1 is considered. It gives a decent performance keeping the correlation just below 0.7 when the reference curve indicates low correlation. In both cases the main lobe of FCF follows the reference down to 0.75 correlation. Delay quantization does not increase the correlation substantially. 
[image: image33.png]TDL-A (Target DS =30ns), non-quantized

0.8

Correlation

Ny

= = Reference, DS = 30.0ns
Method 1, DS = 30.0ns
Method 2, DS = 30.0ns

20

40 60 80
Frequency separation [MHz]

100



 [image: image34.png]TDL-A (Target DS =30ns), A7 = 5ns

0.8

Correlation

= = Reference, DS = 30.0ns
Method 1, DS = 29.4ns

20 40 60 80
Frequency separation [MHz]

100




Figure 6. FCF up to 100 MHz lag of TDL-A model with non-quantized (left) and quantized (right) delays.
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Figure 7. PDP of TDL-A model with non-quantized (left) and quantized (right) delays.

PDPs and FCFs with tap reduction and quantization to 4ns and 1ns delays are shown in Figures 8 and 9, respectively. Results are similar to the ones shown in Figures 6 and 7, except the FCF on Method 1 and quantization to 4ns grid has generally slightly lower correlation than in the reference model. However, no unwanted peaks are present.
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Figure 8. TDL-A model with quantization to 4ns delay grid. PDP of quantized delays (left) and FCF up to 100 MHz lag (right).
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Figure 9. TDL-A model with quantization to 1ns delay grid. PDP of quantized delays (left) and FCF up to 100 MHz lag (right).

4.2.2
TDL-B

In Fig. 10 the main lobe of both methods follows the reference almost down to 0.5 correlation. Both non-quantized and quantized cases are similar. Method 1 provides few artificial correlation peaks, but they remain below 0.7 correlation. Method 2 has one close to 0.8 peak at 100MHz lag. Quantization to 5ns grid does not introduce significant difference to the non-quantized case.
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Figure 10. FCF up to 100 MHz lag of TDL-B model with non-quantized (left) and quantized (right) delays.
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Figure 11. PDP of TDL-B model with non-quantized (left) and quantized (right) delays.

PDPs and FCFs with tap reduction and quantization to 4ns and 1ns delays are shown in Figures 12 and 13, respectively. Results are similar to the above, except the FCF on both methods and delay grids lacks the high correlation peak on 100MHz lag.
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Figure 12. TDL-B model with quantization to 4ns delay grid. PDP of quantized delays (left) and FCF up to 100 MHz lag (right)
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Figure 13. TDL-B model with quantization to 1ns delay grid. PDP of quantized delays (left) and FCF up to 100 MHz lag (right).
4.2.3
TDL-C

FCF curves are very spiky in all cases and even the reference model has peaks up to 0.8 correlation. In non-quantized case of Fig. 14 (left) there are up to 0.9 correlation peaks with both methods. Both methods have difficulties in imitating the reference model with 12 taps. 

In the quantized case in Fig 14 (right) the maximum unwanted peak of Method 1 is slightly lower. 
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Figure 14. FCF up to 100 MHz lag of TDL-C model with non-quantized (left) and quantized (right) delays.
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Figure 15. PDP of TDL-C model with non-quantized (left) and quantized (right) delays.

PDPs and FCFs with tap reduction and quantization to 4ns and 1ns delays are shown in Figures 16 and 17, respectively. Results are similar to the above, i.e. non-quantized and 5ns quantized cases.
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Figure 16. TDL-C model with quantization to 4ns delay grid. PDP of quantized delays (left) and FCF up to 100 MHz lag (right)
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Figure 17. TDL-C model with quantization to 1ns delay grid. PDP of quantized delays (left) and FCF up to 100 MHz lag (right).
4.2.4
TDL-D

The original TDL-D model with 10ns delay spread has only 13 tap delays, thus any simplification method would need to reduce only a single tap, which is the weakest tap #12. Moreover, when quantized to any delay resolution ≥1ns the tap count becomes ≤10, since the model has several taps with very small delay separation. The tap count with delay quantization is actually the number of delay bins with non-zero power.
Figure 18 demonstrates evidently that both the tap reduction method and the quantization of delays have only negligible impact on FCF. Thus, either method and delay quantization are appropriate on this model. 
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Figure 18. FCF up to 100 MHz lag of TDL-D model with non-quantized (left) and quantized (right) delays.
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Figure 19. PDP of TDL-D model with non-quantized (left) and quantized (right) delays.
With TDL-D model no tap reduction using either method is needed when having quantized delays. Hence simplified model is the same as reference model. The impact of quantization can be read from the reference model Figures 4 and 5.
5
Conclusion

Method 1 may be slightly better with regard to FCF in all NLOS cases, but the maximum excess delay has larger deviation. In LOS there is not noticeable difference. Method 1 is very simple, but functions well with the chosen original TDL channel models. 

Observation 1: Delay quantization in the simulated cases has negligible impact on delay spread and FCF.

Proposal 1: The delay resolution, i.e. increment of the delay grid, should be ≤5ns. Parameter tables can be specified with 5ns delay grid, but a finer delay grid can be used in fading emulation, by rounding the specified delays to the utilized grid.
Proposal 2: The tap reduction method should pick 12 strongest taps and remove the rest with all the considered models (TDL-A…D).
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