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1. 	Introduction
This contribution discusses PRACH preamble design for capacity enhancement. The following agreements were made in the previous RAN1 meetings [1], [2]:
	`Conclusions:
· Continue study on necessity of RACH capacity enhancement and possible solutions (if capacity enhancement is necessary) until next meeting with considering at least following aspects 
· Capacity limit due to short sequence length (e.g., which can be applied to beam sweeping)
· Capacity due to higher subcarrier spacing
· Supported cell radius as function of PRACH preamble reuse distance
· Capacity impact due to cell radius impact on Ncs
· Possibility to exploit spatial separation
· Arrival rate of UEs within a beam/cell
· UE distribution within cell
· 
Agreements:
· For the shorter sequence length than L=839, NR supports sequence length of L = 127 or 139 with subcarrier spacing of {15, 30, 60, 120}kHz
· Note: this is based on the assumption that 240 kHz subcarrier spacing is not available for data/control
· FFS: 7.5 kHz subcarrier spacing

Agreements:
· NR RACH capacity shall be at least as high as in LTE
· Such capacity is achieved by time/code/frequency multiplexing for a given total amount of time/frequency resources
· Zadoff-Chu sequence is adopted in NR
· FFS other sequence type and / or other methods in addition to Zadoff-Chu sequence for the scenario, e.g., high speed and large cells
1. FFS definition of large cell and high speed
· FFS other sequence type and / or other methods for capacity enhancements, e.g.:
1. At least in multi-beam and low speed scenario, regarding multiple/repeated PRACH preamble formats, option 2 with OCC across preambles 
· FFS: Option 2 with OCC across multiple/repeated preambles in high speed scenarios
2. PRACH preamble design composed with multiple different ZC sequences
3. Sinusoidal modulation on top of option 1

Agreements:
· At least for the case without gNB Tx/Rx beam correspondence, gNB can configure an association between DL signal/channel, and a subset of RACH resources and/or a subset of preamble indices, for determining Msg2 DL Tx beam.
· Based on the DL measurement and the corresponding association, UE selects the subset of RACH resources and/or the subset of RACH preamble indices
· A preamble index consists of preamble sequence index and OCC index, if OCC is supported
· Note: a subset of preambles can be indicated by OCC indices




2. Need for Capacity Enhancement
2.1 Use of Higher Tone Spacing in PRACH

NR has already agreed to support high tone spacing for PRACH transmission. This allows base stations to receive PRACH and UL data with the same tone spacing and reduce gNB receiver implementation complexity [4]. This suggests that gNB would use 60 kHz or 120 kHz tone spacing to receive PRACH in over-6 GHz. In order to meet link budget, UE will need to transmit PRACH multiple times. However, NR has only agreed to support option 1 for multiple/repeated PRACH preambles. 
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Figure 1: Transmission of multiple/repeated PRACH preambles with option 1
Figure 1 shows the transmission of multiple/repeated PRACH preambles with option 1. CP between different sequences are omitted. Even in the presence of round trip delay, each sequence can act as a cyclic prefix of the next sequence. This method increases the link budget of PRACH detection by transmitting repeated sequences without incurring the cost of additional cyclic prefix.
However, in option 1, the number of available cyclic shifts is limited by the duration of one RACH symbol. Hence, the total number of available PRACH resources will be very small due to the use of high tone spacing.
Observation 1: Transmission of multiple/repeated preambles with option 1 and high tone spacing limits the total number of available PRACH resources.
2.2 Conveying of SS block Index to gNB in multi-beam scenario

In multi-beam scenario, NR has already agreed to convey SS block index through PRACH preamble/resource if gNB does not have full beam correspondence. 
If gNB has analog RX beamforming constraint, RACH resources corresponding to different SS blocks are time division multiplexed and gNB can find UE’s selected SS block index from transmission time of PRACH. 
On the other hand, if gNB employs digital RX subsystems to receive RACH, then RACH resources corresponding to multiple SS blocks can be located together to reduce overhead. In this scenario, SS block indices can be mapped to PRACH preamble indices (generated from waveform and subcarrier regions). This will allow gNB to reduce the number of hypothesis for each different RX beam. In addition, it will also provide gNB the flexibility to use different beams to transmit DL SYC signals and receive UL RACH signals.
Observation 2: The required number of RACH preambles in a multi-beam scenario should be high to support UE’s indication of SS block indication to gNB through RACH preambles.
2.3 New uses cases like Indoor Stadiums

NR over-6 GHz band can be deployed in indoor stadiums human blockage loss may significantly influence the link gain. Our analysis in indoor stadium type of scenario suggests that human blockage can lead to additional 5-20 dB loss in a packed stadium. This means that the body movement of audience located nearby may force frequent handovers in the cell [5]. Hence, NR will need to support higher number of PRACH preambles especially in over-6 GHz band.
Observation 3: The body movement of nearby audience in an indoor stadium may lead to frequent handover among neighbouring cells and requires higher number of PRACH preambles.
Proposal 1: NR should support higher number of PRACH preambles than LTE.
3. Different Techniques for Increasing RACH Resources
NR is currently discussing four different options to increase RACH resources. They are given below.
1. RACH preamble generation based on ZC sequence spread by other sequences
2. Multiple/repeated PRACH preamble with option 2
3. Multiple/repeated PRACH preamble with option 1 and sinusoidal modulation
4. Multiple/repeated PRACH preamble with option 4 and different sequences
In the next few sections, we describe each of these techniques.
4. Investigation of ZC Sequence Spread by Other Sequence
The original Zadoff Chu sequences, along with the additional spread sequences, allow NR to generate much higher number of PRACH preambles than LTE [6]. 

The authors of [6] mention that one option to generatenumber of sequences is to spread different cyclic shifted ZC sequences and different cyclic shifted M sequences. 
For example, let the cover coded sequence be,

where,
with  and where the sequence  is a BPSK () modulated m-sequence; and,
			
.
However, many of these cover extended PRACH preambles are just time shifted versions of each other. For example,


= 
= 
= 
= 

 In the presence of NCS timing uncertainty, only (NZC/NCS)*(NZC-1) unambiguous PRACH preambles can be generated from the spreading of cyclically shifted a single root ZC sequence and cyclically shifted M sequences. This is same as number of preambles that one can generate by using different ZC roots and cyclic shifts without using any cover code.
Besides, these cover coded sequences suffer from higher PAPR compared to pure ZC sequences.
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Figure 1: PAPR comparison between ZC and ZC spread by M sequence
Figure 1 shows that pure ZC sequence provides roughly 1 dB better PAPR that ZC sequence spread by M sequences in the 50 percentile scenario.
Observation 4: In the presence of timing uncertainty, the number of preambles generated from the spreading of a cyclically shifted single root ZC sequence and cyclically shifted M sequence is the same as the number of preambles generated from a pure ZC sequence with different roots and cyclic shifts.
Observation 5: The PAPR properties of ZC sequence are better than those of ZC spread by cover sequences.
Authors of [6] mention that the preamble space of the cover code can be further increased by considering ZC sequences with different roots. However, our previous contribution [7] shows that the spreading of ZC sequences with different roots and M sequences increase cross-correlation power among these preambles. Hence, NR should support only pure ZC sequences for short sequences.
Proposal 2: NR should support only pure ZC sequences for short sequence formats.

5. Multiple/Repeated Preamble with OCC across Preambles
Option 2 with orthogonal cover code across preambles increase the total number of available PRACH resources. A higher number of users can simultaneously transmit PRACH preambles across these symbols using different spreading codes. gNB can still coherently combine these symbols to detect PRACH. As a result, option 2 simultaneously increase link budget and PRACH capacity at the expense of additional CP overhead. 
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Figure 2: Use of OCC across two RACH Symbols in option 2
Figure 2 shows that two UEs can use two different orthogonal cover codes, i.e., [+1 +1] and [+1 -1], across two RACH symbols and simultaneously transmit RACH preamble. 
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Figure 3: Impact of coherent combining with OCC in RACH detection (3 km/hr speed)
Figure 3 shows the impact of coherent combining with spreading in RACH detection performance at 60 kHz tone spacing and 30 GHz band. We used the agreed parameters for RACH simulation, shown in appendix, to generate these curves. We show the performance of these schemes in terms of average post beamforming per tone SNR. 
The ‘red’ curve was generated based the performance of one symbol long RACH sequence. We used the following steps to generate the ‘green’ curve of Figure 8: 1) UE uses an orthogonal cover code of [+1 +1] to transmit the RACH sequence across two consecutive symbols, i.e., UE transmits the same RACH sequence across two symbols. 2) BS tries two different orthogonal cover code hypotheses, [+1 +1] and [+1 -1], to detect RACH across these two symbols. The green curve shows the probability of miss detection at 0.1% false alarm rate.
Figure 4 shows that the performance gap between ‘no combining’ and ‘coherent combining with spreading’ is roughly 3 dB. That means that, OCC based transmission of two RACH preambles allow both UEs to achieve 3 dB higher link budget and increase user multiplexing capacity by a factor of two. 
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Figure 4: Impact of coherent combining with OCC in RACH detection (100 km/hr speed)
Figure 4 shows the performance of OCC based coherent combining at 100 km/hr speed. The performance difference between OCC based combining and one symbol detection is roughly 2.5 dB in this scenario, which is smaller than the idea 3 dB difference that is achieved at 3 km/hr speed. This difference occurs due to high Doppler. However, Figure 8 shows that OCC based combining, at 60 kHz tone spacing in 30 GHz band, jointly increases PRACH link budget and PRACH resources even at high speed scenarios.
The complexity of receiver reduces if data tone spacing and RACH tone spacing are the same. For these tone spacings, the use of orthogonal cover code increases the number of supportable preambles in the PRACH occasion.
Observation 6: The presence of cyclic prefix between multiple repetitions of “short” RACH preambles allows the use of orthogonal cover codes across these symbols and increases the user multiplexing capacity of RACH transmission.
Observation 7: Option 2 with OCC increases both PRACH capacity and link budget of PRACH detection.
Now, we describe option 1 with sinusoidal modulation. However, we first describe general PRACH receiver algorithms for option 1 without sinusoidal modulation and option 2 with OCC to facilitate our discussion about option1 with sinusoidal modulation

6. Multiple/Repeated RACH Preamble with Option 1 and Sinusoidal Modulation
We now describe option 1 with sinusoidal modulation. However, we first describe general PRACH receiver algorithms for option 1 without sinusoidal modulation and option 2 with OCC to facilitate our discussion about option1 with sinusoidal modulation

6.1 PRACH Receiver Design for Option 1 without Sinusoidal Modulation and Option 2 with OCC
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Figure 5: PRACH Receiver Design with Option 1 but without Sinusoidal Modulation
Figure 5 shows how gNB can combine multiple/repeated sequences, which are transmitted with option 1 but without sinusoidal modulation, to detect PRACH. Here, MF denotes matched filter, i.e., gNB correlates the received signal with the root sequence in the frequency domain. This figure is generated from a similar figure that was shown in [8].  The order of the summation and power delay profile operation can be decided based on gNB’s decision to coherently or non-coherently combine the sequences. 
Figure 6 shows how gNB can combine multiple/repeated sequences, which are transmitted with option 2 and OCC, to detect PRACH. gNB tries two different paths to detect sequences with cover code [+1, +1] and [+1, -1]. In one path, gNB sums the output of the matched filter. In the other case, it subtracts the output of the matched filter of the second half of the sequence from that of the first of the sequence.
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Figure 6: PRACH Receiver Design with Option 2 and OCC


6.2 PRACH Receiver with Option 1 and Sinusoidal Modulation

[image: ]
Figure 7: Transmission of Multiple Preambles with Option 1 and Sinusoidal Modulation
In this scenario, different UEs can transmit different PRACH preambles by modulating these with different sinusoidal signals. For a repetition of length M, UEs can generate these repeated/multiple preambles by occupying every M-th tone of the symbol. For example, Figure 7 shows a scenario where two UEs transmit two preambles by occupying the odd and even tones before IFFT. In this scenario, assuming an IFFT of length 2N, the transmitted signal can be denoted as,

,
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Figure 8: PRACH receiver design with length 2N FFT to detect multiple preambles that are transmitted with Option 1 and sinusoidal modulation

Where Xk,n denotes the transmitted signal of the k-th UE at the n-th time instant. Sn, where n ranges from 0 to 2N-1, denotes the repeated version of the original signal. This signal gets repeated since each UE occupies every other tone. 
Using the values of k, the transmitted signal of the user that occupies the even tones is,


Similarly, the transmitted signal of the user that occupies the odd tones is,


The PRACH receiver of Figure 5 works because the first half of the sequence can act as a cyclic prefix of the second half. However, due to the sinusoidal modulation of equation (3), the first half of the transmitted sequence (where n ranges from 0 to N-1) cannot directly act as a cyclic prefix of the second half of the sequence (where n ranges from N to 2N-1). As a result, the PRACH receiver shown in Figure 5 cannot be readily applied to detect multiple PRACH preambles that are transmitted with option 1 and sinusoidal modulation.
A gNB can use several mechanisms to detect the multiple preambles with option 1 and sinusoidal modulation. In one method, gNB can take a length 2N FFT of the two halves of the sequence; separate out the even and odd tones and detect the preambles there. Figure 8 shows the flowchart of the PRACH receiver based on this method. 
However, if gNB has to use length 2N FFT, there are other ways to achieve similar PRACH capacity than transmitting multiple PRACH preambles with option 1 and sinusoidal modulation. For example, each UE can occupy both even and odd tones, transmit a length 2N sequence and network can allow higher number of cyclic shift due to the longer duration of the sequence. For higher number of multiple PRACH preambles, gNB has to employ a much higher FFT size which will increase implementation complexity.
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Figure 9: PRACH receiver design with sinusoidal demodulation before FFT block to detect multiple preambles that are transmitted with Option 1 and sinusoidal modulation

In another method, gNB can use length N FFT of both halves of the sequence. But it needs to demodulate these halves by pre-multiplying with  before taking FFT to detect the sequence that was transmitted in odd tones. Figure 12 shows the PRACH receiver based on this method. Note that, the method shown in Figure 9 is just the standard ‘decimation-in-frequency’ FFT algorithm, which computes a length 2N FFT of a long sequence by computing the length N FFT of each half of the sequence. A detailed description of this ‘decimation in frequency’ algorithm can be found in [10].
This method requires gNB to demodulate the received signal before taking FFT to detect some PRACH preambles and this increases complexity at gNB.
Observation 8: Method 1 with sinusoidal modulation increases computational complexity at gNB because it forces gNB to detect preambles by either taking long FFT or by demodulating each section of the sequences before taking FFT.
Observation 9: Method 2 with OCC allows gNB to detect sequences with small FFT and without requiring any demodulation before the FFT operation.
Proposal 3: NR should support both option 1 and option 2 for multiple/repeated preamble formats. Option 2 should be supported with OCC across multiple/repeated PRACH preambles.

7. Multiple/Repeated RACH Preamble with Option 4 and Different ZC Sequences
As mentioned in [11], if preamble 1 and preamble 2 are ZC sequences for two stage short preamble scheme, gNB may face ambiguity when two UEs transmit PRACH with two different sets of preambles in symbol 1 and symbol 2. In order to resolve this ambiguity, the authors of [11] propose two approaches. The first approach tries to solve it by relative timing estimation; i.e., gNB tries to match the different preambles received in two symbols from their time of arrival [11]. However, in order for this solution to work, gNB needs to individually detect the preambles in each stage. Hence, this method does not get the benefit of combining gain across multiple/repeated PRACH preambles.
The second method, uses a ZC sequence spread by M sequence, in the second symbol [11]. However, this reduces PAPR property of the transmitted sequence and increases cross correlation of different preambles and these have been described, in details, in section 4 of this document.
Observation 10: Different methods proposed to tackle the ambiguity issues of option 4 may suffer at low SNR or from higher PAPR and cross correlation.
Based on these, we propose NR to adopt option 2 with OCC, along with option 1, to transmit multiple/repeated preambles.

8. Conclusion
Observation 1: Transmission of multiple/repeated preambles with option 1 and high tone spacing limits the total number of available PRACH resources.
Observation 2: The required number of RACH preambles in a multi-beam scenario should be high to support UE’s indication of SS block indication to gNB through RACH preambles/resources.
Observation 3: The body movement of nearby audience in an indoor stadium may lead to frequent handover among neighbouring cells and required higher number of PRACH preambles.
Observation 4: In the presence of timing uncertainty, the number of preambles generated from the spreading of a cyclically shifted single root ZC sequence and cyclically shifted M sequence is the same as the number of preambles generated from a pure ZC sequence with different cyclic shifts and roots.
Observation 5: The PAPR and cross correlation power properties of ZC sequence are better than those of ZC spread by cover sequences.
Observation 6: The presence of cyclic prefix between multiple repetitions of “short” RACH preambles allows the use of orthogonal cover codes across these symbols and increases the user multiplexing capacity of RACH transmission.
Observation 7: Option 2 with OCC increases both PRACH capacity and link budget of PRACH detection.
Observation 8: Method 1 with sinusoidal modulation increases computational complexity at gNB because it forces gNB to detect preambles by either taking long FFT or by demodulating each section of the sequences before taking FFT.
Observation 9: Method 2 with OCC allows gNB to detect sequences with small FFT and without requiring any demodulation before the FFT operation.
Observation 10: Different methods proposed to tackle the ambiguity issues of option 4 may suffer at low SNR or from higher PAPR and cross correlation.
Proposal 1: NR should support higher number of PRACH preambles than LTE.
Proposal 2: NR should support only pure ZC sequences for short sequence formats.
Proposal 3: NR should support both option 1 and option 2 for multiple/repeated preamble formats. Option 2 should be supported with OCC across multiple/repeated PRACH preambles.
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10. Appendix
Updated Link Level Evaluation Assumptions for RACH Preamble [3]
	·  
	· Below 6GHz
	· Above 6GHz

	· Carrier Frequency
	· 4 GHz
	· 30, 70 GHz

	· Channel Model
	· CDL-C (other CDL models are not precluded), AWGN
· with delay scaling values of 100 ns (mandatory),  300 ns (optional)  and 1000 ns (optional) for 4 GHz, 30 ns for 30/70 GHz
· with all combination of ASA and ASD scaling values in sec. 7.7.5.1 in 38.900, for above 6 GHz cases
· ZSA = 5 degree, ZSD = 1 degree 
· The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA

	· Antenna Configuration at the TRP
	· (1,1,2) with omni-directional antenna element
	· (4,8,2), with directional antenna element (HPBW=650, directivity 8dB)
· 

	· Antenna Configuration at the UE
	· (1,1,2) with omni-directional antenna element
	· (1,1,2) 




	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30, 70 GHz

	Antenna port virtualization
	Clarified by each proponent in simulation assumptions 
(e.g. the beamforming method, beam directions, number of beams)

	Frequency Offset
	· +/- 0.05 ppm at TRP ,  +/-0.1 ppm at UE

	UE speed
	3 km/h and 120 km/h  (mandatory)
 30km/h and 500km/h (optional)
	· 3km/h
· [bookmark: _GoBack]Other values are not precluded

	UE movement modeling
	· FFS

	Initial timing Offset
	
	 Uniformly distributed in [0 5] us
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