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1
Introduction
In RAN1#84, the following has been agreed for PRACH design for eLAA[1].
· Contention based PRACH transmission on LAA Scell is not supported in Rel-14

· Non-contention based PRACH transmission on LAA Scell is supported in Rel-14 subject to LBT

· FFS: PRACH duration up to 1msec is supported

· FFS: A UL transmission burst containing PRACH without other UL channel immediately follows a single idle observation interval of at least 25 micro sec

· FFS: new PRACH waveform
In this contribution, we will discuss the potential impact of regulatory requirements on the PRACH waveform design and the TA impact on the channel access of PRACH, and further present our preferences on PRACH design for eLAA.

2
Impact of regulatory requirements 
Unlicensed band operation involves various regulatory rules which aim at fair spectrum usage for different devices. In order to ensure smooth operation under Listen-Before-Talk (LBT), all signal(s) must be easily detectable by the neighbouring nodes. The key regulatory rules impacting UL waveform include:

· Limitations related to occupied channel bandwidth. 

· According to ETSI regulation, the Occupied Channel Bandwidth, defined to be the bandwidth containing 99% of the power of the signal, shall be between 80% and 100% of the declared Nominal Channel Bandwidth.
· Limitations related to maximum power spectral density (PSD)

· For most cases the requirement is stated with a resolution bandwidth of 1 MHz. For example, the ETSI 301 893 specs requires 10 dBm/MHz for 5150-5350 MHz. Similar limitations are involved also in USA (governed by FCC). Peak UE’s PSD for 5.15 – 5.725 MHz is 11 dBm/MHz in USA.

As addressed in our previous contribution [2], LTE PRACH occupies roughly 1 MHz, which obviously does not fulfil the ETSI Occupied Channel Bandwidth requirement. Further, considering the limitations related to maximum power spectral density, it can be noted that the maximum transmit power with LTE PRACH occupying roughly 1 MHz would be limited to 10 or 11 dBm according to European and US regulations for unlicensed band operation, respectively. This would inevitably limit the PRACH coverage significantly and make the practicality of such LAA PRACH questionable as such. Therefore, it can be concluded that the current LTE PRACH design does not suit unlicensed band operation without modifications.

Observation 1: LTE PRACH design does not match well with the regulatory requirements set for unlicensed band operation.

3
LAA-PRACH waveform design
To satisfy the regulatory requirements for unlicensed band, the resource allocation for PUSCH in the frequency domain is based on RB-level multi-cluster (>2) transmission (e.g., RB-level IFDMA (B-IFDMA)), as be agreed in [1]. It is proposed that the resource allocation in frequency domain for PRACH can directly follow the same principle as PUSCH to meet the regulatory requirements [3]

 REF _Ref447107174 \n \h 
[4]. 
For LTE, the preambles of the PRACH are designed based on the Zadoff-Chu sequences. The eNB obtains TA estimation by calculating the cross-correlation sequence between the received preamble (with delay) and the original preamble (without delay) in time domain. However, mapping the Zadoff-Chu sequences into non-contiguous subcarriers will damage the autocorrelation characteristic of the sequence. We have done some simple simulations to demonstrate the point. Figure 1 shows the corresponding PRACH waveform patterns in the frequency domain. Localized pattern represents the legacy PRACH for LTE. RB-based interlace pattern represents B-IFDMA and RE-based interlace pattern represents subcarrier-level (15 kHz) IFDMA. Figure 2 shows our simulation results of TA estimation with different PRACH waveform pattern in the frequency domain. This is based on the cross-correlation of the two sequences in the ideal condition (i.e. no noise or interference), and there is a delay of 1.6 μs between the two sequences. It can be easily observed that LAA-PRACH with IFDMA and B-IFDMA waveform cannot perform well for TA estimation. Detailed simulation assumptions are listed in the Appendix A.
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Figure 1 The waveform patterns for PRACH in the frequency domain
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Figure 2 TA estimation for PRACH with different waveform patterns in the frequency domain
Observation 2: IFDMA based and B-IFDMA based (e.g. with the cluster size of 1 RB) LAA-PRACH waveform cannot guarantee accurate TA estimation.

According to the aforementioned discussion, resources allocated to LAA-PRACH with a single Zadoff-Chu sequence should be contiguous in the frequency domain. Hence, the structure of the legacy PRACH could be considered as a starting point for LAA-PRACH waveform design. A simple extension would be to repeat the legacy PRACH in the frequency domain to meet the limitations related to occupied channel bandwidth, as shown in Figure 3. Due to the maximum PSD limitation, the number of repetitions N in the frequency domain affects the maximum transmission power of PRACH, and consequently determines the PRACH coverage. Hence the value of N could be made configurable to achieve different balance between resource overhead and coverage for LAA-PRACH.
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Figure 3 N repetitions of the legacy PRACH preamble in the frequency domain
Proposal 1: LAA-PRACH is based on N repetitions of the legacy PRACH preamble in frequency domain, where N is configurable and ≥ 2.

In order to ensure that the basic coverage requirements are met, LAA-PRACH based on repetitions of PRACH format 0 in frequency domain should be supported as the baseline for a regular 1ms subframe, since it has a similar performance as the legacy PRACH format 0. Whether a shorter format such as PRACH format 4 with frequency domain repetitions for a regular 1 ms UL subframe is supported depends on the performance requirements. Obviously a shorter format would result in smaller coverage compared to PRACH format 0, so it would need to be investigated further whether a shorter format can still achieve sufficient coverage for eLAA.
Proposal 2: For a regular 1ms UL subframe,

· PRACH format 0 is supported with frequency domain repetitions.
· FFS: PRACH format 4 can be considered with frequency domain repetitions.
When PRACH does not occupy the entire bandwidth in a subframe, the remaining resources can be used by PUSCH/PUCCH in an FDM fashion. If in such a subframe the definition of PUSCH/PUCCH interlaces follows the same definition as in the subframes without PRACH, the resources of some PUSCH/PUCCH interlaces will overlap with PRACH. One of the following alternative methods could be used to handle it.
· Alt. 1: The definition of PUSCH/PUCCH interlaces is kept unchanged except that the resources used by LAA-PRACH are not counted. This means that there will be some interlaces that cannot occupy 80% of the nominal channel bandwidth.

· Alt. 2: Adopt a different definition for the PUSCH/PUCCH interlaces in a subframe with LAA-PRACH, so that they do not overlap. Depending on the exact definition and the LAA-PRACH configuration, there may also be some interlaces that cannot occupy 80% of the nominal channel bandwidth. But compared to Alt. 1, the advantage is that the number of such interlaces can be minimized.
For the interlaces that cannot be occupy 80% of the nominal channel bandwidth, the following options can be considered: 
· Option 1: When a UE uses such an interlace, it can transmit a reservation preamble in LAA-PRACH in order to satisfy the requirements on the occupied channel bandwidth.
· Option 2: Such an interlace can’t be allocated to a UE alone. It needs to be allocated together with other interlace(s) in order to satisfy the requirements on the occupied channel bandwidth. This may not require specification changes and can be left to eNB implementation.
Both Alt. 1 and Alt. 2 are feasible options. It can be further discussed which one to adopt.

Proposal 3: It should be discussed further how to define PUSCH/PUCCH interlaces when PRACH coexists with PUSCH/PUCCH by FDM within a regular UL subframe.

4
TA Impact on channel access of PRACH

When a UE performs the PRACH transmission in current LTE systems, it is based on DL timing and has no additional UL synchronization information or TA command. On the other hand, PUSCH/PUCCH timing is adjusted based on the TA command, so it occurs earlier than PRACH for the same UE. PUSCH/PUCCH transmission of intra-cell UEs may block PRACH transmission in the same subframe, since the UE with PRACH transmission may detect the power of timing-advanced PUSCH/PUCCH transmission of other UEs during the CCA measurement window. Within a CCA slot (9 μs), the UE needs to detect the power (CCA measurement) in at least 4 μs window [5]. If the measurement window locates at the very end of the CCA slot duration, the mentioned block issue has higher chance to happen.

Figure 4 illustrates an example of the blocking issue between two UEs at the cell edge, where the PRACH transmission from a UE is blocked by the PUSCH transmission from another UE. In this figure, “Sensing” represents the CCA measurement window y=4 μs, and “Rx-Tx Switching” represents the gap z=5 μs between the CCA measurement and the UL transmission. Note that “Rx-Tx Switching” is not only the time reserved for RF switching, but could also include some additional gap. The value of TA for PUSCH is x=6 μs, which is the maximum TA for the cell (with a cell radius of ~900 m). The value of TA for PRACH is w=0 μs. The worst case corresponds to the maximum TA x, which is basically the maximum round-trip time and depends on the cell radius. When the sensing window for PRACH of the second UE overlaps with PUSCH of the first UE, or mathematiclally, when
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PUSCH/PUCCH transmission will block PRACH transmission for UEs in cell edge. For instance, assuming Rx-Tx switching z=5 μs, the maximum cell radius without blocking issue is 750 m.
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Figure 4 PUSCH transmission blocks PRACH transmission in cell edge
However, note that this is just an example. The actual values of y and z can be different depending on the UE implementation. It is expected there is always a minimum gap that needs to be present at the UE to guarantee Rx-Tx switching. For example, the UE can choose to do a 5 μs measurement (y = 5 μs) in the middle of a CCA slot and leave only 2 μs gap (z = 2 μs) between the measurement window and PUSCH (as long as Rx-Tx switching can complete within 2 μs). For a smaller gap, the blocking issue would occur more often. With a 2 μs gap, the maximum cell radius that can be supported without blocking would be only 300 m.

Observation 3: PUSCH/PUCCH transmission may block PRACH transmission when the cell size is relatively large.
Observation 4: The CCA measurement window duration should not occur in the last few μs before UL transmission.
A simple way to solve the issue is to introduce a fixed TA offset for PRACH. With a moderate offset, the difference in the transmission timing between PRACH and PUSCH/PUCCH can be absorbed by the Rx-Tx switching. Figure 5 shows the example, where the preamble of PRACH is transmitted with a fixed 3 μs timing advance. It can be seen that when the fixed offset is properly chosen, PUSCH transmission does not block PRACH transmission for UEs in cell edge, and PRACH transmission does not block PUSCH/PUCCH for UEs in cell centre, as shown in Figure 6.
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Figure 5 PUSCH transmission does not block PRACH in cell edge with a fixed TA offset for PRACH
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Figure 6 PRACH transmission does not block PUSCH in cell centre with a fixed TA offset for PRACH

In order to avoid both types of blocking, the value of the fixed TA offset for PRACH w μs should satisfy:
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, a proper value for the fixed TA offset for PRACH is available to completely to solve this issue. Basically, by using the fixed TA offset for PRACH, the cell radius can be doubled without causing any blocking issue.
Obviously the fixed TA offset value depends on the maximum RTT in a cell (or equivalently cell radius) and the gap duration for Rx-Tx switching. The cell radius depends on the deployment scenarios and is not a fixed value. So it would be necessary to allow the PRACH TA offset value to be configured by the eNB based on the deployment scenarios.
On the gap duration for Rx-Tx switching, as discussed earlier, it depends on the UE implementation and there is no requirement on it for now. But without any knowledge of this value, the eNB would not be able to set the PRACH TA offset properly. So it may be reasonable to set a minimum value for the gap duration in the standards, and this minimum value can take into account both the actual time needed for Rx-Tx switching and the targeted maximum cell radius for LAA. Assuming we want to support a maximum cell radius of 1km for LAA, it would require a minimum gap of 3.33 us.
Proposal 4: A fixed TA offset for PRACH is introduced and it is configured by the eNB. Meanwhile, specify a minimum gap between the end of the measurement window in a CCA slot and the end of the CCA slot.
5
Conclusion
In this contribution, we discuss the design of eLAA PRACH and present our design considerations, considering various regulatory requirements that affect PRACH operation on unlicensed carriers. The following observations and proposal are made.
Observation 1: LTE PRACH design does not match well with the regulatory requirements set for unlicensed band operation.

Observation 2: IFDMA based and B-IFDMA based (e.g. with the cluster size of 1 RB) LAA-PRACH waveform cannot guarantee accurate TA estimation.

Proposal 1: LAA-PRACH is based on N repetitions of the legacy PRACH preamble in frequency domain, where N is configurable and ≥ 2.

Proposal 2: For a regular 1ms UL subframe,

· PRACH format 0 is supported with frequency domain repetitions.

· FFS: PRACH format 4 can be considered with frequency domain repetitions.
Proposal 3: It should be discussed further how to define PUSCH/PUCCH interlaces when PRACH coexists with PUSCH/PUCCH by FDM within a regular UL subframe.

Observation 3: PUSCH/PUCCH transmission may block PRACH transmission when the cell size is relatively large.
Observation 4: The CCA measurement window duration should not occur in the last few μs before UL transmission.
Proposal 4: A fixed TA offset for PRACH is introduced and it is configured by the eNB. Meanwhile, specify a minimum gap between the end of the measurement window in a CCA slot and the end of the CCA slot.
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Appendix A: Simulation assumptions for PRACH TA estimation
	Parameters
	

	Simulation level
	Baseband

	System bandwidth
	20 MHz

	Noise/Interference
	None

	Number of paths
	1

	Path delay
	50 Ts (1.6 μs)

	Number of transmitter antennae
	1

	Number of receiver antennae
	1

	ZC sequence length
	839

	Root
	34th

	Subcarrier bandwidth for preamble
	1250 Hz

	Preamble length
	0.8 ms

	Sample rate
	30.72 MHz
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