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1. Introduction
TR 38.901 [2] defines PDPs with normalized delays. The delays that have to be applied in a simulator depend on the delay spread (DS) that should be emulated. They can be determined from the normalized delays via denormalization with the DS according to equation 7.7-1 in [2]. This denormalization in general leads to delays with a resolution of 1 pico second.
It will be shown in the next paragraph that a rougher delay resolution derived from the system BW could be used instead without affecting the receiver’s demodulation process. Thus a delay resolution of 1 ps can be considered as an extra effort that is not justified from the test purpose.

The receiver’s ability to resolve different paths in time is limited by the system bandwidth. An accepted metric to determine path resolvability is the inverse of the system BW [1].
Due to the limited resolvability it makes no difference for the receiver whether a given path i is emulated with delay  or with delay  satisfying




In other words: as seen from the receiver the channel properties are properly reproduced as long as the delays are emulated with an accuracy of   , i.e.




2. Discussion
According to the previous section the TDL/CDL models defined in [2] can be mapped to an equidistant delay grid

 with  

while maintaining the channel properties as long as we have



In the following subsections a mapping method and examples will be presented.

2.1 Delay grid

 As a result of the preceding discussion the emulated TDL/CDL delays could lie on an equidistant delay grid given as:

 with  and 

where  is the delay resolution and   denotes the natural numbers including 0.

Compare Figure 2.1 for a visualization.

[image: ]
[bookmark: _Ref501116619]Figure 2.1: Exemplary Power Delay Profile (PDP) with equidistant delay grid

2.2 Delay mapping to delay grid

TR 38.901 [2] defines PDPs with normalized delays. The delays that have to be applied in a simulator depend on the delay spread (DS) that should be emulated. They can be determined from the normalized delays via denormalization with the DS according to equation 7.7-1 in [2]. This denormalization in general leads to delays with a resolution of 1 pico second. However a delay grid with a delay resolution of 1 ps is not feasible for implementation. Therefore the delays generated through denormalization according to [2] should be mapped to a feasible delay grid.

If a PDP obtained from [2] defines a delay for path k, i.e. , that does not lie on that delay grid, i.e.:

 

Then  should be replaced with the closest delay  on the delay grid, compare Figure 2.2.




[image: ]
[bookmark: _Ref501119938]Figure 2.2: Original and mapped PDP.

Mathematically this can be expressed through the following steps:

At first determine

 

(Note:  can return up to two different values. Two values will be returned if and only if a given delay lies exactly in the middle between two adjacent delay grid values. In any other case one value will be returned. The  function makes sure that the bigger value is chosen in case that two values are returned.)

Then

 


2.3 [bookmark: _Ref502165485][bookmark: _Toc502249858]Combination of paths

If delay mapping is performed according to section 2.2 it may happen that two or more paths fall onto the same delay.
Those paths will then be combined to a single path by adding up their respective powers, compare Figure 2.3.

[image: ]
[bookmark: _Ref501125236]Figure 2.3: Original PDP and mapped PDP with aggregation/combination of paths

Mathematically:

Assume that after delay mapping K paths falls onto the same delay. Without loss of generality we number them with , i.e.

 

Those K paths with respective powers , ,…,  will then be combined to a single path with power  :

 

and delay .
2.3.1 [bookmark: _Toc502249859]Example

A PDP (Power Delay Profile) is given as:

	Tap k
	Power  (linear)
	Delay  [ns]

	1
	
	0

	2
	
	8

	3
	
	23

	4
	
	26

	5
	
	27

	6
	
	33


Table 2.1: Original PDP 

Assume that .
After mapping of delays according to section 2.2 one obtains:

	Tap k
	Power  (linear)
	Delay  [ns]

	1
	
	0

	2
	
	10

	3
	
	25

	4
	
	25

	5
	
	25

	6
	
	35


Table 2.2: PDP after mapping to delay grid (Mapped PDP)

After combination of paths one obtains

	Tap k
	Power  (linear)
	Delay  [ns]

	1
	
	0

	2
	
	10

	3
	
	25

	4
	
	35


Table 2.3: Power delay profile after combination of taps

2.4 [bookmark: _Toc502249860]Exemplary delay resolution

TS 38.211 [3] defines FFT baseband processing with different subcarrier spacings  for both downlink and uplink. Given a cell bandwidth BW and a subcarrier spacing  a required minimum FFT length can be determined. We will call it the native FFT length .

It can be determined as

 

The subcarrier spacing  and the native FFT length  lead to the native system sample rate :

 

 and  are the minimum FFT length and the minimum system sample rate, respectively, required in order to perform the baseband signal processing defined in [3].

The actual FFT length  and actual system sample rate  in any practical system will then be given as:

 

And

 

With .

From that it follows that a convenient delay resolution for channel emulation is given as  . The corresponding equidistant delay grid is then given as:

0, , …

Since we have 

 

the exemplary delay resolution is higher than actually required. Thus it is assured that the radio channel properties are properly reproduced.


2.5 [bookmark: _Toc502249861]PDP transformation method: Putting it all together

In this example the whole PDP transformation process will be exercised based on a exemplary PDP defined in [2].

2.5.1 [bookmark: _Toc502249862]Exemplary PDP from [2]

Assume a cell with BW = 200 MHz,  = 60 kHz and we intend to emulate CDL-D in [2] with a desired delay spread (DSdesired) of 10 ns.
The normalized PDP of CDL-D is given in [2] as:

	Cluster #
	Cluster PAS
	Normalized delay
	Power in [dB]

	1
	Specular (LOS path)
	0
	-0.2

	
	Laplacian
	0
	-13.5

	2
	Laplacian
	0.035
	-18.8

	3
	Laplacian
	0.612
	-21

	4
	Laplacian
	1.363
	-22.8

	5
	Laplacian
	1.405
	-17.9

	6
	Laplacian
	1.804
	-20.1

	7
	Laplacian
	2.596
	-21.9

	8
	Laplacian
	1.775
	-22.9

	9
	Laplacian
	4.042
	-27.8

	10
	Laplacian
	7.937
	-23.6

	11
	Laplacian
	9.424
	-24.8

	12
	Laplacian
	9.708
	-30

	13
	Laplacian
	12.525
	-27.7


Table 2.4: Normalized PDP of CDL-D in [2] ( = TDL-D in [2])

After denormalization of the delays given through equation 7.7-1 in [2] we obtain

	Cluster #
	Cluster PAS
	 Delay [ns]
	Power in [dB]

	1
	Specular (LOS path)
	0
	-0.2

	
	Laplacian
	0
	-13.5

	2
	Laplacian
	0.35
	-18.8

	3
	Laplacian
	6.12
	-21

	4
	Laplacian
	13.63
	-22.8

	5
	Laplacian
	14.05
	-17.9

	6
	Laplacian
	18.04
	-20.1

	7
	Laplacian
	25.96
	-21.9

	8
	Laplacian
	17.75
	-22.9

	9
	Laplacian
	40.42
	-27.8

	10
	Laplacian
	79.37
	-23.6

	11
	Laplacian
	94.24
	-24.8

	12
	Laplacian
	97.08
	-30

	13
	Laplacian
	125.25
	-27.7


Table 2.5: Denormalized PDP of CDL-D in [2] ( = denormalized TDL-D in [2])

In the following this denormalized PDP will be transformed according to our proposed method.

2.5.2 [bookmark: _Toc502249863]Transformation of PDP from [2] according to proposed method

BW = 200 MHz and = 60 kHz => 

 

 


PDP after mapping of delays to n*1/fs,native = n* 4.069 ns:

	Cluster #
	Cluster PAS
	Delay [ns]
	Power in [dB]

	1
	Specular (LOS path)
	0
	-0.2

	
	Laplacian
	0
	-13.5

	2
	Laplacian
	0
	-18.8

	3
	Laplacian
	8.138
	-21

	4
	Laplacian
	12.207
	-22.8

	5
	Laplacian
	12.207
	-17.9

	6
	Laplacian
	16.276
	-20.1

	7
	Laplacian
	24.414
	-21.9

	8
	Laplacian
	16.276
	-22.9

	9
	Laplacian
	40.69
	-27.8

	10
	Laplacian
	81.38
	-23.6

	11
	Laplacian
	93.587
	-24.8

	12
	Laplacian
	97.656
	-30

	13
	Laplacian
	126.139
	-27.7


Table 2.6: PDP after mapping of delays

Final PDP after mapping of delays and combination/aggregation of paths:

	Cluster #
	Cluster PAS
	Delay [ns]
	Power in [dB]

	1
	Specular (LOS path)
	0
	-0.2

	
	Laplacian
	0
	-12.4

	2
	Laplacian
	8.138
	-21

	3
	Laplacian
	12.207
	-16.7

	4
	Laplacian
	16.276
	-18.3

	5
	Laplacian
	24.414
	-21.9

	6
	Laplacian
	40.69
	-27.8

	7
	Laplacian
	81.38
	-23.6

	8
	Laplacian
	93.587
	-24.8

	9
	Laplacian
	97.656
	-30

	10
	Laplacian
	126.139
	-27.7


Table 2.7: Final PDP after mapping of delays and combination of paths

DStransformed = 9.92 ns

Note:

The DS of the transformed PDP (DStransformed) deviates slightly from the desired DS (DSdesired).
With the same argumentation as above this is not critical . since DSdesired - DStransformed = 10 ns -9.92 ns = 0.08 ns << 1/BW = 5 ns and thus the receiver can’t “see” the deviation.

2.6 [bookmark: _Ref502238732][bookmark: _Toc502249864]Transformation of angles

2.6.1 [bookmark: _Ref502236641][bookmark: _Toc502236679][bookmark: _Toc502249865]Transformation of path angles

For the sake of brevity so far we only considered the PDP of the CDL/TDL models in [2], i.e. path powers and delays. However the CDL models in [2] define angles AOD, AOA, ZOD and ZOA for each path aswell. 
Those angles are simply maintained during the proposed PDP transformation method as long as no path combination (compare section 2.3) is performed. If otherwise path combination has to be performed then the angle (AOD, AOA, ZOD or ZOA) of the resulting combined path is given through the average of the angles of the original paths.

Mathematically:

Assume that after delay mapping K paths falls onto the same delay. Without loss of generality we number them with , i.e.

 

Those K paths with respective angles , ,…,  with  will then be combined to a single path with angle  :

 

where  denotes the power path k and arg{x} denotes the angle of complex number x.

2.6.2 [bookmark: _Toc502236680][bookmark: _Toc502249866]Transformation of ray angles

Note: If the angular spread (AS) of the CDL models tabulated in [2] should be maintained through the angle transformation process described in this section then ray angles must be translated and scaled according to equation 7.7-5 in [2] which is repeated here for convenience:




where ASdesired and  are the angular spread and mean angle of the tabulated CDL model in [2] and ASmodel ,  and  are the angular spread, mean angle and ray angle of the transformed CDL model (after performing steps according to sections 2.2, 2.3 and 2.6.1) respectively.

2.7 [bookmark: _Toc502249867][bookmark: _Toc502249868]CDL transformation method: Putting it all together

In this example the whole CDL transformation process according to sections 2.2, 2.3 and 2.6 will be exercised based on a exemplary CDL defined in [2].

2.7.1 [bookmark: _Toc502249869]Exemplary CDL from [2]

Assume a cell with BW = 200 MHz,  = 60 kHz and we intend to emulate CDL-D in [2] with a desired delay spread (DSdesired) of 10 ns.
The normalized CDL-D is given in [2] as:


	Cluster #
	Cluster PAS
	Normalized Delay
	Power in [dB]
	AOD in [°]
	AOA in [°]
	ZOD in [°]
	ZOA in [°]

	1
	Specular(LOS path)
	0
	-0.2
	0
	-180
	98.5
	81.5

	
	Laplacian
	0
	-13.5
	0
	-180
	98.5
	81.5

	2
	Laplacian
	0.035
	-18.8
	89.2
	89.2
	85.5
	86.9

	3
	Laplacian
	0.612
	-21
	89.2
	89.2
	85.5
	86.9

	4
	Laplacian
	1.363
	-22.8
	89.2
	89.2
	85.5
	86.9

	5
	Laplacian
	1.405
	-17.9
	13
	163
	97.5
	79.4

	6
	Laplacian
	1.804
	-20.1
	13
	163
	97.5
	79.4

	7
	Laplacian
	2.596
	-21.9
	13
	163
	97.5
	79.4

	8
	Laplacian
	1.775
	-22.9
	34.6
	-137
	98.5
	78.2

	9
	Laplacian
	4.042
	-27.8
	-64.5
	74.5
	88.4
	73.6

	10
	Laplacian
	7.937
	-23.6
	-32.9
	127.7
	91.3
	78.3

	11
	Laplacian
	9.424
	-24.8
	52.6
	-119.6
	103.8
	87

	12
	Laplacian
	9.708
	-30.0
	-132.1
	-9.1
	80.3
	70.6

	13
	Laplacian
	12.525
	-27.7
	77.2
	-83.8
	86.5
	72.9


Table 2.8: CDL-D as defined in [2]
After denormalization of the delays given through equation 7.7-1 in [2] we obtain

	Cluster #
	Cluster PAS
	 Delay [ns]
	Power in [dB]
	AOD in [°]
	AOA in [°]
	ZOD in [°]
	ZOA in [°]

	1
	Specular(LOS path)
	0
	-0.2
	0
	-180
	98.5
	81.5

	
	Laplacian
	0
	-13.5
	0
	-180
	98.5
	81.5

	2
	Laplacian
	0.35
	-18.8
	89.2
	89.2
	85.5
	86.9

	3
	Laplacian
	06.12
	-21
	89.2
	89.2
	85.5
	86.9

	4
	Laplacian
	13.63
	-22.8
	89.2
	89.2
	85.5
	86.9

	5
	Laplacian
	14.05
	-17.9
	13
	163
	97.5
	79.4

	6
	Laplacian
	18.04
	-20.1
	13
	163
	97.5
	79.4

	7
	Laplacian
	25.96
	-21.9
	13
	163
	97.5
	79.4

	8
	Laplacian
	17.75
	-22.9
	34.6
	-137
	98.5
	78.2

	9
	Laplacian
	40.42
	-27.8
	-64.5
	74.5
	88.4
	73.6

	10
	Laplacian
	79.37
	-23.6
	-32.9
	127.7
	91.3
	78.3

	11
	Laplacian
	94.24
	-24.8
	52.6
	-119.6
	103.8
	87

	12
	Laplacian
	97.08
	-30.0
	-132.1
	-9.1
	80.3
	70.6

	13
	Laplacian
	125.25
	-27.7
	77.2
	-83.8
	86.5
	72.9


Table 2.9: Denormalized CDL-D

In the following this denormalized CDL will be transformed according to our proposed method.


2.7.2 [bookmark: _Toc502249870]Transformation of CDL from [2] according to proposed method

BW = 200 MHz and = 60 kHz => 

 

 


CDL after mapping of delays to n*1/fs,native = n* 4.069 ns:

	Cluster #
	Cluster PAS
	Delay [ns]
	Power in [dB]
	AOD in [°]
	AOA in [°]
	ZOD in [°]
	ZOA in [°]

	1
	Specular(LOS path)
	0
	-0.2
	0
	-180
	98.5
	81.5

	
	Laplacian
	0
	-13.5
	0
	-180
	98.5
	81.5

	2
	Laplacian
	0
	-18.8
	89.2
	89.2
	85.5
	86.9

	3
	Laplacian
	8.138
	-21
	89.2
	89.2
	85.5
	86.9

	4
	Laplacian
	12.207
	-22.8
	89.2
	89.2
	85.5
	86.9

	5
	Laplacian
	12.207
	-17.9
	13
	163
	97.5
	79.4

	6
	Laplacian
	16.276
	-20.1
	13
	163
	97.5
	79.4

	7
	Laplacian
	24.414
	-21.9
	13
	163
	97.5
	79.4

	8
	Laplacian
	16.276
	-22.9
	34.6
	-137
	98.5
	78.2

	9
	Laplacian
	40.69
	-27.8
	-64.5
	74.5
	88.4
	73.6

	10
	Laplacian
	81.38
	-23.6
	-32.9
	127.7
	91.3
	78.3

	11
	Laplacian
	93.587
	-24.8
	52.6
	-119.6
	103.8
	87

	12
	Laplacian
	97.656
	-30.0
	-132.1
	-9.1
	80.3
	70.6

	13
	Laplacian
	126.139
	-27.7
	77.2
	-83.8
	86.5
	72.9


Table 2.10: CDL after mapping of delays

Final CDL after mapping of delays and combination/aggregation of paths:

	Cluster #
	Cluster PAS
	Delay [ns]
	Power in [dB]
	AOD in [°]
	AOA in [°]
	ZOD in [°]
	ZOA in [°]

	1
	Specular(LOS path)
	0
	-0.2
	0
	-180
	98.5
	81.5

	
	Laplacian
	0
	-12.4
	16.4
	163.5
	95.5
	82.7

	2
	Laplacian
	8.138
	-21
	89.2
	89.2
	85.5
	86.9

	3
	Laplacian
	12.207
	-16.7
	29.3
	147.1
	94.6
	81.2

	4
	Laplacian
	16.276
	-18.3
	20.4
	-177.2
	97.8
	79

	5
	Laplacian
	24.414
	-21.9
	13
	163
	97.5
	79.4

	6
	Laplacian
	40.69
	-27.8
	-64.5
	74.5
	88.4
	73.6

	7
	Laplacian
	81.38
	-23.6
	-32.9
	127.7
	91.3
	78.3

	8
	Laplacian
	93.587
	-24.8
	52.6
	-119.6
	103.8
	87

	9
	Laplacian
	97.656
	-30.0
	-132.1
	-9.1
	80.3
	70.6

	10
	Laplacian
	126.139
	-27.7
	77.2
	-83.8
	86.5
	72.9


Table 2.11: Final CDL after mapping of delays and combination of paths


3. Conclusion

This contribution has shown that path delays can be varied within a certain tolerance without affecting the channel properties as seen from the receiver. Moreover it has presented a way to transform CDL/TDL models obtained from [2] to CDL/TDL models with a feasible delay resolution suitable for RAN4 testing. Examples were presented.

Proposal 1: RAN4 specifies that it is sufficient to emulate path delays with an accuracy of  , i.e.



where  is the specified delay for path i and  is the emulated delay for path i.

Equivalently:

Emulated path delays may lie on an equidistant delay grid 

 with  

with





Proposal 2: RAN4 accepts the proposed PDP transformation method that can be used to transform the TDL models in [2] into a feasible form. 
The proposed PDP transformation method comprises 2 steps:

Step 1:

If a PDP obtained from [2] defines a delay for path k, i.e. , that does not lie on the delay grid, i.e.:

 

Then  should be replaced with the closest delay  on the delay grid.

Mathematically:

At first determine

 

Then

 

Step 2:

If delay mapping is performed according to step 1 it may happen that two or more paths fall onto the same delay.
Those paths will then be combined to a single path by adding up their respective powers.

Mathematically:

Assume that after delay mapping K paths falls onto the same delay. Without loss of generality we number them with , i.e.

 

Those K paths with respective powers , ,…,  will then be combined to a single path with power  :

 



Proposal 3: RAN4 accepts the proposed CDL transformation method that can be used to transform the CDL models in [2] into a feasible form.
The proposed CDL transformation method comprises 4 steps:

Step 1:

If a PDP obtained from [2] defines a delay for path k, i.e. , that does not lie on the delay grid, i.e.:

 

Then  should be replaced with the closest delay  on the delay grid.

Mathematically:

At first determine

 

Then

 

Step 2:

If delay mapping is performed according to step 1 it may happen that two or more paths fall onto the same delay.
Those paths will then be combined to a single path by adding up their respective powers.

Mathematically:

Assume that after delay mapping K paths falls onto the same delay. Without loss of generality we number them with , i.e.

 

Those K paths with respective powers , ,…,  will then be combined to a single path with power  :

 

Step 3:

After path combination according to step 2 the angles (AOD, AOA, ZOD or ZOA) of the resulting combined paths are given through the average of the angles of the original paths.

Mathematically:

Assume that after delay mapping K paths falls onto the same delay. Without loss of generality we number them with , i.e.

 

Those K paths with respective angles , ,…,  with  will then be combined to a single path with angle  :

 

where  denotes the power of path k and arg{x} denotes the angle of complex number x

Step 4:

If the angular spread (AS) of the original CDL models tabulated in [2] should be maintained then ray angles must be translated and scaled according to equation 7.7-5 in [2] which is repeated here for convenience:




where ASdesired and  are the angular spread and mean angle of the tabulated CDL model in [2] and ASmodel ,  and  are the angular spread, mean angle and ray angle after performing steps 1 to 3, respectively.
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