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[bookmark: _Ref189046994][bookmark: _GoBack]Introduction
[bookmark: _Ref7792918]In this contribution we discuss the use of DL PRSs optimized for indoor industrial scenarios, which may strongly benefit from a higher degree of orthogonality than what is offered by a staggered comb alone.
[bookmark: _Ref7792923][bookmark: _Hlk7793276]Cyclic shifts may be used to achieve a radical increase in number of orthogonal PRSs. This may also be combined with the use of a staggered comb to further increase orthogonality.
Cyclic shift-based orthogonality
Cyclic shifts is a well-established technique to generate delay tolerant orthogonal signals which is already used both in NR and in LTE. Using N cyclically shifted signals requires propagation delays and delay spread to be smaller than the useful OFDM symbol time divided by N. The number of orthogonal signals that can be generated based on cyclic shifts is thus strongly dependent on the scenario.
In industrial scenarios or more generally in indoor scenarios delays and delay spreads are relatively small. Even in a huge industrial hall with a length of 300m the delay from one end of the hall to the other would only be ~1µs and the delay spread would only be a fraction of that, see Table 1.
	Description
	x [m]
	y  [m]
	z  [m]
	Diagonal [m]
	Diagonal delay [ns]
	Mean delay spread [ns]

	Small Industrial hall
	14
	9
	8
	18
	62
	27

	Medium size industrial hall
	40
	20
	3
	45
	149
	22

	Industrial lab
	35
	14
	6
	38
	127
	30

	Manufacturing hall
	16
	45
	10
	49
	163
	40

	Large industrial hall
	20
	77
	12
	80
	268
	49

	Very large Industrial hall
	94
	70
	10
	118
	392
	56

	Aircraft assembly hangar
	300
	120
	30
	324
	1082
	144


Table 1 - Example Indoor factory scenarios with spatial dimensions, maximum propagation delay difference for a pair of TRPs in opposite corners of the factory and the mean delay spread according to the Indoor factory model in 38.901.
Thus, utilizing cyclic shifts one can generate a large number of orthogonal signals and ensure that orthogonality is maintained even between delayed signals, see Table 2. 

	
	
	Number of orthogonal cyclic shift signals tolerating a given delay

	Subcarrier spacing
	OFDM symbol length without CP
	Max 0.5 µs delay
	Max 1 µs delay
	Max 1.5 µs delay

	15 kHz
	66.7 µs
	133
	67
	44

	30 kHz
	33.3 µs
	67
	33
	22

	60 kHz
	16.7 µs
	33
	17
	11

	120 kHz
	8.3 µs
	17
	8
	6


Table 2 - Number of orthogonal cyclic shift signals tolerating a certain delay for different numerologies.

This code orthogonality can obviously be combined with muting to generate even more orthogonal signals. In confined scenarios like industrial scenarios and indoor scenarios all PRSs could thus be made orthogonal without excessive overhead. As can be expected, simulation results for the use of 12 cyclic shifts for the 12 transmission points in the Indoor Open Office scenario show positioning accuracy on par with the interference free reference case, see Fig. 1. The same result can be achieved with comb-12. 
[image: image002][image: ]
Figure 1 - Comb-12, 12 Cyclic shifts, or a combination of comb-4 and 3 cyclic shifts all give 12 orthogonal signals. When used in the IOO scenario the PRS from the 12 transmission points can thus all be made orthogonal. As a consequence, the positioning performance for all these alternatives is similar and close to the performance in the interference free case.

Industrial halls can, however, be much larger than the IOO room and contain more than 12 transmission points. In such cases comb-12 will not be enough to ensure orthogonality between the PRS of all transmission points. Simulation results for an extended indoor open office scenario (EIOO) with a room size of 200m x 50m and 20 transmission points show performance on par with the interference free case using a combination of cyclic shifts and combs to make the PRSs for all 20 transmission points orthogonal, see Fig.2. The use of only comb-6 or comb-12 does, however, show degraded performance as compared to the interference free case.
[image: ]
Figure 2 - In an extended indoor open office scenario (EIOO) with a room size of 200m x 50m and 20 transmission points, 12 orthogonal signals is not sufficient to make the PRSs from all transmission points orthogonal. The use of comb-6 or comb 12 thus result in degraded positioning performance compared to the interference free case. The use of cyclic shifts or a combination of cyclic shifts and combs can, however, be used to generate 20 orthogonal signals or even more and thus give performance on par with the interference free case.

The number of cyclic shifts to be utilized need not be specified but can be adapted to the scenario. The UE is simply configured with a cyclic shift corresponding to each PRS. The granularity of the cyclic shift PRS configuration parameter will define the maximum number of cyclic shifts that can be utilized by the network. To achieve orthogonality the root signal on which the cyclic shift is applied must obviously be the same. Thus, it should be possible to configure PRSs in different cells that are identical, except for the cyclic shift utilized. This root signal could e.g. be a Gold code modulated QPSK OFDM signal. This would make it possible to have multiple groups of PRSs such that PRSs are orthogonal within a group and such that PRSs from different groups have good ‘gold-code based’ correlation properties. To ensure that the root signal can be configured to be the same for multiple PRSs with different cyclic shifts the initialization of the code sequence has to be independent of the cyclic shift parameter. 
Since there is no strong need for large numbers of alternative sequences with good correlation properties (like the Gold codes) one could also consider alternative sequences based on other design criteria.  Zadoff-Chu sequences have the characteristic that they have constant amplitude (power) in both frequency (across REs in the same symbol) and time (throughout an OFDM symbol). Both characteristics are very desirable. In the time domain this implies very good PAPR, which may be translated into a higher possible output power compared to the normal data symbols, while still fulfilling spectrum mask requirements. We thus propose to study Zadoff-Chu sequences as an alternative to Gold sequences in combination with cyclic shifts.
Note also that the cyclically shifted signals can be co-processed by the UE in a very efficient way significantly reducing UE complexity. The channel impulse response (CIR) of all cyclically shifted PRS can be estimated in one go and will show up cyclically shifted in time relative to each other, see Fig. 3. Since the propagation delays are limited, time is easily used to separate the CIR of the different transmission points from each other.
[image: ]
[bookmark: _Ref12530604]Figure 3 - The UE complexity is significantly reduced using cyclic shifts since only one channel impulse response (CIR) need to be calculated. The channel peaks of all cyclically shifted PRSs will show up in the same CIR. Since the propagation delays are limited, time is easily used to separate the different transmission points from each other.
We propose that the NR PRS should have configurable cyclic shifts
 
with , with the maximum number of cyclic shifts M configurable as 1, 12, 24, 48 or 96.
[bookmark: _Toc7814228][bookmark: _Toc24120587]Simulation results for the use of comb-1 and 12 cyclic shifts for the 12 transmission points in the Indoor Open Office scenario give a positioning error below 1m for 90% of the UEs (see Figure 22).
[bookmark: _Toc7814206][bookmark: _Toc16867202][bookmark: _Toc24120594]Support cyclic shifts   with  and with the maximum number of cyclic shifts M configurable as 1, 12, 24, 48 or 96.
[bookmark: _Toc7814229][bookmark: _Toc24120588]Zadoff-Chu sequences allow for constant power signals, with much improved PAPR compared to traditional Gold code modulated QPSK, which may allow increased output power for PRS symbols while still fulfilling regulatory spectral mask 
[bookmark: _Toc7814207][bookmark: _Toc16867203][bookmark: _Toc24120595]We propose that Zadoff-Chu sequences should be considered, as an alternative to Gold sequences in combination with cyclic shifts.
Cyclic shifts can be combined with staggered combs to give even more orthogonal sequences. As an example, the combination of a staggered Comb-6 with 12 cyclic shifts gives 72 orthogonal PRS resources. Note, however, that staggering is needed in order to get an increase in the number of orthogonal symbols. Non staggered combs and cyclic shifts both reduce the range and thus ‘eats from the same propagation delay budget’. If e.g. 12 cyclic shifts is combined with non-staggered comb-4, then only the first 3 cyclic shifts are useful and thus the number of orthogonal signals that can be generated is 4*3=12 just as for 12 cyclic shifts without comb. Non-staggered combs give no additional gain when combined with cyclic shifts.
[bookmark: _Toc7814230][bookmark: _Toc24120589]Cyclic shifts can be combined with staggered combs to give even more orthogonal sequences. As an example, the combination of a staggered 6-Comb with 12 cyclic shifts gives 72 orthogonal PRS resources.
[bookmark: _Toc7814208][bookmark: _Toc16867204][bookmark: _Toc24120596]The combination of staggered Comb-N signals with cyclic shifts shall be supported for the NR PRS. 
The use of a staggered N-comb makes sense if N symbols are needed for coverage. If only one symbol is needed for coverage as may be the case in many indoor and indoor industrial scenarios, then it’s better to use only cyclic shifts (i.e. cyclic shifts combined with comb-1). At RAN1#98 it was agreed that the DL PRS Resource comb-N value is configurable from the set {2, 4, 6} while the inclusion of other values in the set including values in {1, 8, 12} was left FFS. We propose that the PRS Resource Comb-N value can be configured to 1 in addition to the already agreed values 2, 4 and 6 for use in combination with cyclic shifts.
[bookmark: _Toc16867205][bookmark: _Toc24120597]The PRS Resource Comb-N value can be configured to 1 in addition to the already agreed values 2, 4 and 6 for use in combination with cyclic shifts.

Conclusion
In the previous sections we made the following observations: 
Observation 1	Simulation results for the use of comb-1 and 12 cyclic shifts for the 12 transmission points in the Indoor Open Office scenario give a positioning error below 1m for 90% of the UEs (see Figure 22).
Observation 2	Zadoff-Chu sequences allow for constant power signals, with much improved PAPR compared to traditional Gold code modulated QPSK, which may allow increased output power for PRS symbols while still fulfilling regulatory spectral mask
Observation 3	Cyclic shifts can be combined with staggered combs to give even more orthogonal sequences. As an example, the combination of a staggered 6-Comb with 12 cyclic shifts gives 72 orthogonal PRS resources.


Based on the discussion in the previous sections we propose the following:
Proposal 1	Support cyclic shifts   with  and with the maximum number of cyclic shifts M configurable as 1, 12, 24, 48 or 96.
Proposal 2	We propose that Zadoff-Chu sequences should be considered, as an alternative to Gold sequences in combination with cyclic shifts.
Proposal 3	The combination of staggered Comb-N signals with cyclic shifts shall be supported for the NR PRS.
Proposal 4	The PRS Resource Comb-N value can be configured to 1 in addition to the already agreed values 2, 4 and 6 for use in combination with cyclic shifts.
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Appendix A: Simulation assumptions
	Parameter/Settings
	Values/Remarks

	Carrier Frequency
	FR1 (2 GHz)

	Subcarrier Spacing
	30 kHz

	PRS bandwidth
	100 MHz (275 PRBs)

	PRS Signals
	1. TRS
1. Extended TRS (staggered comb-4 TRS)
1. NR-PRS
1. Comb-1
1. Comb-4
1. Comb-6
1. Comb-12

	Scenarios
	1. Urban Macro (UMa)
1. Number of sites: 19 (3 sector deployment)
1. Inter site distance: 500 m
1. Urban Micro (UMi)
1. Number of sites: 19 (3 sector deployment)
1. Inter site distance: 200 m
1. Indoor Open Office (IOO)
1. Number of sites: 12 (single sector deployment)
1. Deployment area size: 120 m x 50 m
1. Inter site distance: 20 m
1. Extended Indoor Open Office (EIOO), see layout in Figure 5.
1. Number of sites: 20 (single sector deployment)
1. Deployment area size: 200 m x 50 m
1. Inter site distance: X-ISD = 25 m and Y-ISD = 25 m and 50 m

	UE dropping procedure
	1. UMa: 50% indoor and 100% outdoor. Indoor UE speed: 3 kmph. Outdoor UE speed: 60 kmph. All UEs dropped at the central cell of the deployment.
1. UMi: All UEs outdoor. UE speed: 3 kmph. All UEs dropped at the central cell of the deployment.
1. IOO: All UEs indoor. UE speed: 3 kmph. UEs dropped uniformly distributed within the deployment area.

	Interference
	All simulations are done to evaluate performance of PRSs in case of interference. For UMa and UMi, sectors within a site are allocated the same comb offset and cyclic shift. Different sites are allocated different comb offsets and cyclic shifts according to the reuse plans in Figure 4. 
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PRS reuse 1/12 plan.

[bookmark: _Ref16871670]Figure 4 Reuse plans for comb offsets and cyclic shifts. Each hexagon corresponds to one site with three sectors. The same comb offset and cyclic shift is used in all three sectors of a site. Sites (i.e. hexagons) with different color differ in comb offset and/or in cyclic shift. Sites (i.e. hexagons) with the same color have the same comb offset and cyclic shift. PRSs transmitted from sites with different colors are thus orthogonal to each other.
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[bookmark: _Ref16848311]Figure 5 Layout of the Extended IOO scenario.
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