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1.  

Introduction
At RAN1#81, a text proposal for the "Randomization of PRS Frequency Shift (vshift)" was endorsed [1].
In this contribution, we provide the evaluation results and a corresponding text proposal for TR 37.857 [2].

2.  

Background and Discussion
PRS has been designed as a 6-tone stride pattern in every PRS OFDM symbol of a PRS subframe. The offset of the stride is determined by mod(PCI,6), where PCI is the physical cell ID of the cell transmitting the PRS. This means that two cells with the same mod(PCI,6), will collide in the frequency domain and create interference to each other. This is illustrated in Figure 1 below for two cells with PCI=4 and PCI=10. In every positioning subframe, the PRS symbols collide in frequency domain and create interference to each other. This interference is static. I.e., if for example Cell#2 cannot be heard because of the interference from Cell#1, it remains non-hearably for the whole positioning measurement time.
Such a situation as illustrated in Figure 1 will always occur, even with perfect network planning and muting. E.g., if OTDOA assistance data for 24 (or even more) cells are provided to the UE, many of those cells will have a colliding PRS pattern. In such cases, the different PRS sequences only distinguishes one cell from another. 
With changing the PRS frequency shift randomly from positioning subframe to positioning subframe for each cell, the interference is not static anymore. Such a "frequency hopping" can be realized by a different pseudo-random sequence for each cell. That is, the PRS frequency offset (vshift) will no longer be based on mod(PCI,6) value, but based on a random number generator distributed in the [0-5] range that can hop to a new value in every PRS subframe or in every positioning occasion. This is illustrated in Figure 2 below for the same two cells with PCI=4 and PCI=10 as in Figure 1. The frequency shift for each cell is different from positioning subframe to positioning subframe, and different for each cell (i.e., each cell has a different initialization seed for the random number generator). 

As illustrated in Figure 2, the PRS pattern between the two cells do not collide in every positioning occasion anymore. Since the vshift is randomly generated for each cell, it could still happen that PRS pattern from different cells collide in frequency domain in some occasions, as for example illustrated in Figure 2 for the second occasion. However, if a PRS pattern collide in frequency domain in one occasion, it is highly unlikely that it will collide again in the next occasion or the one after it.
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Figure 1: Illustration of PRS pattern for 2 cells with the same PCI mod 6.
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 Figure 2: Illustration of PRS pattern for 2 cells with the same PCI mod 6, but with random PRS vshift.
3. 

Evaluation Results 
To evaluate the improvements with a random vshift, we consider Case #1 with 0 small cells per cluster [2] (i.e., macro only). The baseline results for this scenario were obtained with a mod(PCI,6) network planning, as described in the Annex of [3]. With a random vshift no special PCI network planning would be required. 

The Figure 3 below summarizes the evaluation result for Case#1 with 0 small cells. The blue solid line corresponds to the baseline results for this scenario [3]. As described in [3], the baseline results were obtained with a 16-bit muting pattern, 10log6 dB power boosting, and mod(PCI,6) network planning. The dashed blue line corresponds to the same scenario, but without muting. 

The red solid line corresponds to the case where no mod(PCI,6) network planning is used. The PCIs were assigned randomly to each cell. Otherwise, the parameters are the same as for the baseline results (i.e., 16-bit muting pattern and 10log6 dB power boosting). The dashed red line corresponds to the case where no PCI network planning is used and no muting.

As can be seen from the Figure 3 by comparing the blue and red curves, no network planning results in a performance degradation; i.e., the red curves are shifted to the right compared to the blue curves. 

The green curves show the results with no network planning and random vshift; solid green line uses a 16-bit muting pattern and dashed green line are the results without muting. 

It can be observed from Figure 3, that the green dashed line is already close to the baseline results. That is, random vshift without muting and without PCI network planning results in almost the same performance as the baseline. Muting on top of the random vshift provides a small additional improvement, but the difference between muting and no muting in case of random vhsift is less compared to the existing PRS pattern based on the PCI (blue and red curves). 
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Figure 3: Case #1a (0 small cells) results with and without random vshift.

	
	PCI planning 
muting

(baseline)
	PCI planning
 no muting
	No PCI planning 
muting
	No PCI planning 
no muting
	No PCI planning
muting
random vshift
	No PCI planning
no muting
random vshift

	40-% error [m]
	21
	26
	23
	28
	21
	22

	50-% error [m]
	26
	31
	28
	33
	25
	27

	70-% error [m]
	36
	44
	40
	46
	36
	39

	80-% error [m]
	43
	53
	47
	57
	43
	46

	90-% error [m]
	57
	66
	58
	71
	56
	59

	Success rate [%]
	99.42
	98.60
	99.42
	98.71
	99.42
	99.53

	% < 50 m [%]
	86
	77
	83
	75
	87
	84


Figure 4 shows the corresponding results for Case#1c (10 small cells per cluster). The trend of the results is the same as for Case#1a in Figure 3 above. However, the performance degradation in an unplanned network comparted to the baseline is bigger in this case (i.e., the blue and red curves are further apart compared to Case#1a), as can be expected. PCI network planning has a bigger impact on OTDOA performance in a dense deployment scenario.

Therefore, from these results it can be concluded that the random vhsift could provide similar performance results as the baseline, but without muting and without PCI network planning.
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Figure 4: Case #1c (10 small cells) results with and without random vshift.

	
	PCI planning 
muting

(baseline)
	PCI planning
 no muting
	No PCI planning 
muting
	No PCI planning 
no muting
	No PCI planning
muting
random vshift
	No PCI planning
no muting
random vshift

	40-% error [m]
	14
	17
	17
	18
	16
	15

	50-% error [m]
	17
	20
	20
	22
	18
	18

	70-% error [m]
	23
	28
	27
	32
	25
	24

	80-% error [m]
	27
	35
	32
	39
	30
	29

	90-% error [m]
	35
	50
	42
	52
	36
	37

	Success rate [%]
	99.06
	86.90
	96.26
	87.60
	99.06
	99.48

	% < 50 m [%]
	96
	90
	93
	89
	96
	96


Observation 1: 
The random PRS frequency shift (vhsift) could provide essentially the same performance results as the baseline, but without PCI network planning for PRS.

4.

Backwards Compatibility
New or modified PRS designs need to be introduced in a backwards compatible manner. E.g., if the vshift is changed dynamically in each cell, legacy UEs would not be able to measure PRS anymore. A possible way to implement legacy and new PRS designs would be to interleave the old and new design and adapt the assistance data according to the UE capabilities. 

An example is illustrated in Figure 5 below. The PRS transmission schedule is determined by the PRS Configuration Index IPRS, which in turn defines the PRS subframe offset PRS and the PRS periodicity TPRS. In the example of Figure 5, legacy PRS are configured according to the red subframes, and the corresponding IPRS is signalled in the OTDOA assistance data. The new/modified PRS is configured in the green subframes, which would result in a different PRS configuration index IPRS. Only new UEs with the corresponding capability would receive the OTDOA assistance data for the green subframes. Such UEs may measure the legacy and new PRS according to its definition. How many PRS occasions are configured with legacy and new/modified PRS depends on the network. E.g., over time it may be expected that legacy UEs disappear, and the TPRS for the legacy PRS gets bigger (i.e., more green occasions comparted to red occasions). 

It should be noted that the PRS overhead is not increased in this example. It is just that the legacy UEs will usually see a larger PRS periodicity TPRS compared to new UEs.
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Figure 5: Coexistence of legacy and modified PRS.
Another option to solve backwards compatibility issues may be to configure new/modified PRS only on a subset of cells in the network (e.g., on TBS sites or small cells only), such that legacy UEs would still be able to receive at least some cells with legacy PRS configuration. 

4. 

Summary

In this contribution, we provided evaluation results for the "Randomization of PRS Frequency Shift (vshift)". A corresponding text proposal for TR 37.857 [2] is proposed in the Annex of this contribution.

Proposal 1:
Include the attached text proposal in TR 37.857 [2].
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Annex:
Text Proposal for TR 37.857 V0.4.0
7.1.1.1
Enhanced Positioning Reference Signals (PRS)

For purposes of evaluation, potential enhancements related to PRS include the following candidates; increased density of PRS in time domain, new PRS pattern(s), and PRS transmission enhancements for the same PCI case.

Editor’s Note: This section is agreed as a baseline, and can be further discussed/updated.

7.1.1.1.1
New PRS patterns

7.1.1.1.1.1
Random vshift

PRS has been designed as a 6-tone stride pattern in every PRS OFDM symbol of a PRS subframe. The offset of the stride is determined by mod(PCI,6), where PCI is the physical cell ID of the cell transmitting the PRS. This means that two cells with the same mod(PCI,6), for example PCI’s 0 and 6, will collide in the frequency domain and create interference to each other. 

Since the frequency offset is determined by the PCI, the PRS pattern is a by-product of the network PCI planning. In practice, PCI network planning is done for communication purposes, and positioning often plays a secondary role. 

But even for a perfectly mod(PCI,6) planned network, there will always be two or more cells interfering each other, and this interference is static (apart from fading phenomena). If a neighbour cell cannot be heard at the UE because of colliding PRS pattern, the cell usually remains non-hearable for the whole positioning measurement time (LPP response time). 

If the static property of the interference is removed, the UE can potentially hear more neighbour cells (or more cells with better measurement geometry). 

One way to remove the static PRS interference would be to change the PRS offset factor (vshift) per positioning occasion (or per subframe within a positioning occasion), i.e., to make each cell to hop to a different frequency bin from one PRS subframe (or positioning occasion) to another.  Such a "frequency hopping" can be realized by a different pseudo-random sequence for each cell. That is, the PRS offset (vshift) will no longer be based on mod(PCI,6) value, but based on a random number generator distributed in the [0-5] range that can hop to a new value in every PRS subframe or in every positioning occasion (it may be preferred to hop to a new value even in different subframes of the same occasion to benefit from frequency selectivity of the channel). This random number generator could be similar to the scrambling code generator and could be initialized with a seed value known at the UE (e.g., via OTDOA assistance data), thus enabling the UE to replicate the same pattern and decipher the PRS signal. 

Such a dynamic PRS pattern may improve hearability and should remove "blind spots/clusters" that may persistently exist in the network with a static PRS pattern. If a cell is blocked from detection due to PRS collision in frequency domain in one occasion, it is highly unlikely that it will be blocked again in the next occasion or the one after it. 

Further, it would significantly simplify network planning (essentially, no special PRS network planning would be needed anymore). 
7.1.1.1.1.1.1
Evaluation Results

To evaluate the improvements with a random vshift, we consider Case #1a (macro only) (see Table 5.1.1‑1). The baseline results for this scenario were obtained with a mod(PCI,6) network planning (see Table 5.1.2‑1). With a random vshift no special PCI network planning would be required. 

The Figure 7.1.1.1.1.1.1‑1 below summarizes the evaluation result for Case#1 with 0 small cells. The blue solid line corresponds to the baseline results for this scenario [17]. The baseline results were obtained with a 16-bit muting pattern, 10log6 dB power boosting, and mod(PCI,6) network planning (Table 5.1.2‑1). The dashed blue line corresponds to the same scenario, but without muting. 

The red solid line corresponds to the case where no mod(PCI,6) network planning is used. The PCIs were assigned randomly to each cell. Otherwise, the parameters are the same as for the baseline results (i.e., 16-bit muting pattern and 10log6 dB power boosting). The dashed red line corresponds to the case where no PCI network planning is used and no muting.

As can be seen from the Figure 7.1.1.1.1.1.1‑1 by comparing the blue and red curves, no network planning results in a performance degradation; i.e., the red curves are shifted to the right compared to the blue curves. 

The green curves show the results with no network planning and random vshift; solid green line uses a 16-bit muting pattern and dashed green line are the results without muting. 

It can be observed from Figure 7.1.1.1.1.1.1‑1, that the green dashed line is already close to the baseline results. That is, random vshift without muting and without PCI network planning results in almost the same performance as the baseline. Muting on top of the random vshift provides a small additional improvement, but the difference between muting and no muting in case of random vhsift is less compared to the existing PRS pattern based on the PCI (blue and red curves). 
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Figure 7.1.1.1.1.1.1‑1: Case #1a (0 small cells) results with and without random vshift (Qualcomm).

	
	PCI planning 
muting

(baseline)
	PCI planning
 no muting
	No PCI planning 
muting
	No PCI planning 
no muting
	No PCI planning
muting
random vshift
	No PCI planning
no muting
random vshift

	40-% error [m]
	21
	26
	23
	28
	21
	22

	50-% error [m]
	26
	31
	28
	33
	25
	27

	70-% error [m]
	36
	44
	40
	46
	36
	39

	80-% error [m]
	43
	53
	47
	57
	43
	46

	90-% error [m]
	57
	66
	58
	71
	56
	59

	Success rate [%]
	99.42
	98.60
	99.42
	98.71
	99.42
	99.53

	% < 50 m [%]
	86
	77
	83
	75
	87
	84


Figure 7.1.1.1.1.1.1-2 shows the corresponding results for Case#1c (10 small cells per cluster). The trend of the results is the same as for Case#1a in Figure 7.1.1.1.1.1.1-1 above. However, the performance degradation in an unplanned network comparted to the baseline is bigger in this case (i.e., the blue and red curves are further apart compared to Case#1a), as can be expected. PCI network planning has a bigger impact on OTDOA performance in a dense deployment scenario.

Therefore, from these results it can be concluded that the random vhsift could provide similar performance results as the baseline, but without muting and without PCI network planning.
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Figure 7.1.1.1.1.1.1‑2: Case #1c (10 small cells) results with and without random vshift (Qualcomm).

	
	PCI planning 
muting

(baseline)
	PCI planning
 no muting
	No PCI planning 
muting
	No PCI planning 
no muting
	No PCI planning
muting
random vshift
	No PCI planning
no muting
random vshift

	40-% error [m]
	14
	17
	17
	18
	16
	15

	50-% error [m]
	17
	20
	20
	22
	18
	18

	70-% error [m]
	23
	28
	27
	32
	25
	24

	80-% error [m]
	27
	35
	32
	39
	30
	29

	90-% error [m]
	35
	50
	42
	52
	36
	37

	Success rate [%]
	99.06
	86.90
	96.26
	87.60
	99.06
	99.48

	% < 50 m [%]
	96
	90
	93
	89
	96
	96


Observations:

· The random PRS frequency shift (vhsift) could provide essentially the same performance results as the baseline, but without PCI network planning for PRS..

7.1.1.1.1.1.2
Backwards Compatibility

New or modified PRS designs need to be introduced in a backwards compatible manner. E.g., if the vshift is changed dynamically in each cell, legacy UEs would not be able to measure PRS anymore. A possible way to implement legacy and new PRS designs would be to interleave the old and new design and adapt the assistance data according to the UE capabilities. 

An example is illustrated in Figure 7.1.1.1.1.1.2‑1 below. The PRS transmission schedule is determined by the PRS Configuration Index IPRS, which in turn defines the PRS subframe offset PRS and the PRS periodicity TPRS. In the example of Figure 7.1.1.1.1.1.2‑1, legacy PRS are configured according to the red subframes, and the corresponding IPRS is signalled in the OTDOA assistance data. The new/modified PRS is configured in the green subframes, which would result in a different PRS configuration index IPRS. Only new UEs with the corresponding capability would receive the OTDOA assistance data for the green subframes. Such UEs may measure the legacy and new PRS according to its definition. How many PRS occasions are configured with legacy and new/modified PRS depends on the network. E.g., over time it may be expected that legacy UEs disappear, and the TPRS for the legacy PRS gets bigger (i.e., more green occasions comparted to red occasions). 

It should be noted that the PRS overhead is not increased in this example. It is just that the legacy UEs will usually see a larger PRS periodicity TPRS compared to new UEs.
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Figure 7.1.1.1.1.1.2‑1: Coexistence of legacy and modified PRS.
Another option to solve backwards compatibility issues may be to configure new/modified PRS only on a subset of cells in the network (e.g., on TBS sites or small cells only), such that legacy UEs would still be able to receive at least some cells with legacy PRS configuration. 

7.1.1.1.1.1.3
Specification Impacts

3GPP TS 36.211 [23]:
A random number generator needs to be defined which creates uniformly distributed integers in the 0-5 range. This random number generator would be initialized with a cell specific initialization seed cinit. 
The PRS frequency shift (vshift) need to be specified based on this random number generator output. 
3GPP TS 36.355 [19]:
The cell specific initialization seed cinit need to be included in the OTDOA assistance data for each cell (e.g., in IE PRS‑Info [19]). The starting PRS subframe for the random sequence need to be defined; e.g., the first PRS subframe after SFN=0.
The OTDOA UE capabilities need to be updated to allow the UE to indicate to the location server that the UE supports the new PRS pattern based on a random vshift. 
3GPP TS 36.455 [20]:
The cell specific initialization seed cinit need to be included in the OTDOA INFORMATION REQUEST and OTDOA INFORMATION RESPONSE messages.
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