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1. Introduction

At the RAN1#86 meeting, discussion on initial access procedures including random access was initiated and the evaluation assumptions for synchronization signal, PRACH, and DL/UL mobility were agreed. For example, the evaluation assumption and performance metrics for the PRACH are seen in [1]. In this contribution, we focus on and discuss designs for the RACH preamble that works for both single-beam and multi-beam operations. At the RAN1#84bis and 85 meetings, it was also agree to support scalable numerologies, which implies the larger subcarrier spacing and shorter symbol length will be used especially for higher carrier frequencies. These new target scenarios and necessary changes in the physical channels also necessitate new aspects and requirements for the RACH preamble for NR. The detection performances for the RACH preamble are shown based on the agreed assumption. Designs for the synchronization signals and system information delivery are discussed in our companion document [2]. Also, the RACH procedure is described in [3].
2. RACH Preamble Design for NR
2.1. Basic preamble design

As is the case with RACH preamble for NR, there are several points or requirements to consider when designing RACH preamble, e.g., coverage, capacity for RACH preambles, and detection performance. These points are directly related to RACH preamble design and summarized below.

· Coverage

· Support for similar level of coverage to that for LTE is desired when NR is deployed using lower carrier frequency (below 6 GHz). In LTE, five preamble formats are supported and coverage of up to 14 km is supported by preamble format 0. However, for a higher carrier frequency, e.g., 40 GHz, the RACH preamble may not need to be optimized for such a large coverage. When designing the CP length and guard time (GT) for the RACH preamble, the level of coverage should be taken into account.
· Capacity

· In LTE, 64 preambles are available in each cell and created using cyclic shift and 838-root sequences. In NR, the same amount of orthogonal or quasi-orthogonal preamble resources should be considered unless there are concerns in the existing LTE deployment. 
· Detection performance
· In [3], the requirements for false alarm and detection probability are defined. The false alarm probability and detection probability are respectively set to less than 0.1% and larger than 99%. Again, similar requirements to those for LTE must be considered. The detection probability comprises three error cases, i.e., detecting different preamble than the one that was sent, not detecting a preamble at all, and correct preamble detection but with the wrong timing estimation. One thing to be noted is that more accurate timing estimation would be needed for higher carrier frequencies when the larger SC spacing and shorter symbol length are used for the physical uplink channels. For example, in [4], a timing estimation error of larger than 1.04 us is regarded as an estimation error for AWGN. When a subcarrier spacing of 60 kHz (4 x 15 kHz) and the symbol length of 16.7 us are assumed, more stringent value, e.g., an estimation error of smaller than 0.26us, is needed. When evaluating the detection performance for higher carrier frequencies, more stringent requirement for timing estimation error should be considered.
· Affinity to both single-beam and multi-beam operations
· For a single-beam operation, the RACH preamble and the RACH procedure would be similar to those for LTE. On the other hand, for a multi-beam operation, how to apply analog/digital beaming to the RACH preamble needs to be considered. 
Based on the discussion above, the current RACH preamble can be reused to meet most of the above requirements although it needs to be adjusted for higher carrier frequency and multi-beam operations. Therefore, we consider that the current RACH preamble formats should be used as the basic RACH preamble for NR. 
Proposal 1: The RACH preamble format(s) in LTE should be considered as the basic RACH preamble.
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Figure 1 – Single-beam and multi-beam operation.
2.2. Support for higher carrier frequency and multi-beam operation

Below, based on the RACH preamble defined in LTE, we discuss how to adopt them for higher carrier frequencies and multi-beam operations. For the RACH preamble at a higher carrier frequency, as is the case with numerologies for other physical channels, scalable numerologies, i.e., the subcarrier spacing of 1.25 x 2n kHz, could be considered as shown in Fig. 2. Four times wider subcarrier spacing is assumed while the length of preamble sequence is kept as 839. Thus, the RACH bandwidth (BW) is increased to 4.2 MHz and preamble length is reduced to 200us. The other examples made based on preamble formats 0, 1, and 2 are also shown in Table I and II. The resultant RACH preamble seems to be suitable for higher carrier frequency since timing estimation accuracy can be improved due to wider RACH BW. On the other hand, the preamble length and CP length are reduced and coverage is shrunk. However, this may not be issue for higher carrier frequency. If the coverage needs to be ensured, the other format with longer CP/GT should be used. One concern for this format is the reduced MCL due to degradation in required SINR for achieving target detection probability. Although multi-beam operation can improve the required SINR and compensate the MCL, simulation evaluation needs to be performed, which is presented in Sect. 3. 


[image: image2]
Figure 2 – Example of scalable RACH preamble.

Table I – Scalable RACH preamble with subcarrier spacing of 1.25 x 4 kHz
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Table II – Scalable RACH preamble with subcarrier spacing of 1.25 x 16 kHz
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Finally, we show how to apply multi-beam operation to the RACH preamble. We consider that multi-beam operation is most likely to be used for higher carrier frequencies. The preamble format described above is still applicable to multi-beam operation. In our view, it is highly desirable to apply beam-forming to RACH preamble to compensate the MCL for the RACH preamble. Here, we note that beam-forming refers to receiver beam-forming at gNB side for simplicity, but transmitter beam forming at UE side is also applicable, e.g., relying on channel reciprocity for TDD. When digital beam-forming is only assumed, the RACH preamble received by multiple antennas can be coherently combined to improve the detection probability. This procedure is the same as the current LTE. On the other hand, for analog beam-forming, since different analog beams can’t be created in the same time interval, different analog beams should be created using different time intervals (analog-beam sweeping). In such a case, multiple RACH preambles need to be reserved in different time intervals to cover all the analog beam patterns as shown in Fig. 3. Hence, for multi-beam operation with analog beam sweeping, shorter preamble would be suitable to reduce the RACH preamble overhead. Our companion document [3] describes how to transmit the RACH preamble at the timing when the best beam-forming is created at the gNB.
Proposal 2: 
· Scalable numerologies are applied to the basic RACH preamble. 
· Scaling factor of 2n is considered.

[image: image5]
Figure 3 – Example of scalable RACH preamble for multi-beam operation.

3. Detection probability performance

In this section, the detection probability is evaluated to know the required SNR when scalable RACH preamble is used. Table I shows the detailed parameters for preamble used in the evaluation. The subcarrier spacings of 1.25, 2.5, 5kHz, and 10kHz are assumed as the parameter. As the subcarrier spacing becomes larger, both symbol length and CP length become shorter. Hence, different cell radius is assumed depending on the subcarrier spacing (preamble length). For preamble format 0 with 1.25 kHz SC spacing, time uncertainty of 0 ~ 100 us that corresponds to a cell radius of 14.5km is assumed. For 2.5, 5, and 10kHz SC spacings, the values for time uncertainty are scaled down as shown in Table III. 
Figures 4 – 5 show the detection probability as a function of received SINR per receiver antenna with the subcarrier spacing as the parameter. The detection probability comprises the following three error cases.

· Detecting different preamble than the one that was sent
· Not detecting a preamble at all
· Threshold is set such that the false alarm probability does not exceed 0.1%

·  Correct preamble detection but with the wrong timing estimation
· In LTE, wrong timing estimation is counted if estimated value exceeds 2.08 us for ETU70 [4]. As CDL-C provides a similar delay spread to ETU, we use the similar value of 2.0 us for 1.25 SC spacing. Fig. A1 shows the BLER performance for the PUSCH when the fixed timing offset of 2.0 us is added. Fig. A1 demonstrates that the performance degradation is limited to 0.5dB. When subcarrier spacings of 2.5, 5 and 10kHz are assumed, more accurate timing estimation is needed and the values are set to 1.0, 0.5 and 0.25us, respectively.

The preamble index n and estimated timing ta are detected based on the following two methods.

· Method 1: 
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· Method 2: 
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where t is the sampled timing, rx (rx=0~Nrx1) is the receiver antenna index, rrx(t) is the received preamble sequence, and pn(t) is the nth candidate preamble sequence. vrx(t) is the weight which is based on the beam index. Method 1 is only possible for digital beam forming while method 2 would be applicable to both digital and analog beam-forming. However, for analog beam-forming, search for vrx(t) may not be needed as the best Rx beam for a UE can be derived from RACH preamble reception timing [3]. In the evaluation, 32-orthogonal beams based on DFT-precoder are assumed for a carrier frequency of 30GHz. 
Table III – Parameters for preamble.

[image: image8]
In Fig. 4, we assume Method 1. It is observed from Fig. 4 that the detection probability becomes worse for AWGN and CDL(3km/h) as the subcarrier spacing is increased due to lower signal energy for RACH preamble. However, for high-speed scenario, i.e., CDL (120km/h), the subcarrier spacing of 1.25 kHz significantly degrades the detection probability due to higher Doppler frequency. Hence, for a lower carrier frequency, the subcarrier spacing of 2.5kHz shows a good balance between required SINR and robustness against high Doppler frequency.
In Fig. 5, we assume beam-forming at the gNB side with Tx/Rx reciprocity and use Method 2. For the carrier frequency of 30 GHz, we assume larger subcarrier spacing to combat with higher Doppler frequency. As can be seen from Fig. 5, a very lower required SNR can be achieved even for a subcarrier spacing of 5kHz thanks to the very sharpened beam-form. 
Figure A2 in Annex shows the CDF of timing error for the subcarrier spacings of 1.25kHz and 5kHz. We confirmed that accurate timing estimation is achieved and the estimated timing errors are always within 2us and 0.5us for the subcarrier spacings of 1.25kHz and 5kHz, respectively.
Table III summarizes the maximum coupling loss (MCL). When subcarrier spacing is 5 kHz for RACH preamble, antenna beam forming can achieve the MCL close to the MCL value in LTE.
Observation: 

· The MCL for RACH preamble is degraded when larger subcarrier spacing/BW. However, larger subcarrier spacing is robust against higher Doppler frequency.
· Scalable RACH preamble would be applicable to higher carrier frequency and multi-beam operation.
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(a) 1.25kHz subcarrier spacing                                     (b) 2.5kHz subcarrier spacing

Figure 4 – Miss-detection probability for 1.25kH and 2.5kH subcarrier spacing at carrier frequency of 4GHz.
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Figure 5 – Miss-detection probability for 5kHz and 10kHz subcarrier spacing at carrier frequency of 30GHz.
Table IV – MCL for carrier frequency of 4GHz.
	Subcarrier spacing (kHz)
	1.25
	2.5

	Transmitter

	(0) Max Tx power  (dBm)
	23.0 
	23.0 

	(1) Actual Tx power (dBm)
	23.0 
	23.0 

	Receiver

	(2) Thermal noise density (dBm/Hz)
	-174.0 
	-174.0 

	(3) Receiver noise figure (dB)
	5.0 
	5.0 

	(4) Interference margin (dB)
	0.0 
	0.0 

	(5) Occupied channel bandwidth (Hz)
	1080000.0 
	2160000.0 

	(6) Effective noise power
 = (2) + (3) + (4) + 10 log((5))  (dBm)
	-108.7 
	-105.7 

	(7) Required SINR (dB)
	-9.5 
	-6.9 

	(8) Receiver sensitivity
         = (6) + (7) (dBm)
	-118.2 
	-112.6 

	(9) MCL 
         = (1) - (8) (dB)
	141.2 
	135.6 


Table V – MCL for carrier frequency of 30GHz.

	Subcarrier spacing (kHz)
	5
	10

	Transmitter

	(0) Max Tx power  (dBm)
	23.0 
	23.0 

	(1) Actual Tx power (dBm)
	23.0 
	23.0 

	Receiver

	(2) Thermal noise density (dBm/Hz)
	-174.0 
	-174.0 

	(3) Receiver noise figure (dB)
	5.0 
	5.0 

	(4) Interference margin (dB)
	0.0 
	0.0 

	(5) Occupied channel bandwidth (Hz)
	4320000.0 
	8640000.0 

	(6) Effective noise power
 = (2) + (3) + (4) + 10 log((5))  (dBm)
	-102.6 
	-99.6 

	(7) Required SINR (dB)
	-16.4 
	-13.6 

	(8) Receiver sensitivity
         = (6) + (7) (dBm)
	-119.0 
	-113.2 

	(9) MCL 
         = (1) - (8) (dB)
	142.0 
	136.2 


4. Conclusion
In this contribution, we presented the RACH preamble design for NR. We consider that the scalable RACH design can meet most of the requirement for RACH preamble. However, there are some points that need to be considered for NR such as support for higher carrier frequencies and multi-beam operations. For a higher carrier frequency, as larger subcarrier spacing and shorter symbol for the other channel will be used and more accurate timing estimation is needed, the use of larger subcarrier spacing/BW and shorter preamble length would be suited to RACH preamble as well. Although the shorter preamble length would degrade the detection performance, it would be suitable for time-varying beam-sweeping operation. Based on the discussion and preliminary simulation evaluation, we propose the followings.
Proposal 1: The RACH preamble format(s) in LTE should be considered as the basic RACH preamble.

Proposal 2: 

· Scalable numerologies are applied to the basic RACH preamble. 

· Scaling factor of 2n is considered.

Observation: 

· The MCL for RACH preamble is degraded when larger subcarrier spacing/BW. However, larger subcarrier spacing is robust against higher Doppler frequency.

· Scalable RACH preamble would be applicable to higher carrier frequency and multi-beam operation.
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Figure A1 – BLER performance for PUSCH (MCS#0) when timing offset is considered.
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Figure A2 – CDF for timing error for 1.25kHz and 5kHz subcarrier spacings.
Table A1 – Simulation assumptions.
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[image: image1][image: image16.jpg]Below 6GHz Above 6GHz
Carrier Frequency 4GHz 30GHz
Channel Model CDL-C, AWGN
- with delay scaling values of 100 ns for 4 GHz, 30 ns for 30/70 GHz
- combination of ASA and ASD scaling values in sec. 7.7.5.1in 38.900, for
above 6 GHz cases, is not considered
Antenna Configuration | (1,1,2) with omni-directional (4,8,2), with directional antenna
at the TRP antenna element element (HPBW=65°, directivity 8dB)
Antenna Configuration | (1,1,2) with omni-directional (2,4,2), with directional antenna
at the UE antenna element element (HPBW=90°, directivity 5dB)
Antenna port Analog-beam selection from 32 candidate beams. 2D-DFT beams
virtualization generated by the Kronecker productof 2 DFT weights, consisting of 4
beams in vertical plane and 8 beams in horizontal plane
Frequency Offset +/-0.05 ppm at TRP , +/-0.1 ppm at UE
UE speed 3kmvh, 120kmv/h 3km/h

UE movement modeling

Not considered

Initial timing Offset

[0 — 100us] assuming cell radius of 14.4km for preamble format 0
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Parameters
1.25kHz 2.5kHz SkHz 10kHz
reamble bandwidth [MHz] 1.08 2.16 4.32 8.64
Tx SamplingRate [MHz] 1.92 3.84 7.68 15.36
SamplingRate [MHz] 30.72
adoff-Chu Sequence Length 839
CP length [us] 103.13 51.56 25.78 12.89
GT length [us] 96.88 48.44 24.22 12.11
Cell radius [km] 145 7.26 3.63 1.82
Timing uncertainty [us] 0-100 0-50 0-25 0-12.5
reamble length [us] 800 400 200 100
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