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Introduction
The random access procedure is described in [1], where the physical design of the random access response (RAR) is described in [2]. This contribution discusses the details of the PRACH preamble design.
In RAN1#86bis the following agreement was made:
· NR supports multiple RACH preamble formats, including at least
· RACH preamble format with longer preamble length 
· RACH preamble format with shorter preamble length
· FFS how many signatures (e.g. number of RACH sequences, payload size, etc.)
· Multiple/repeated RACH preambles in a RACH resource is supported
· FFS: How to support single-beam and/or multi-beam operation
· FFS: Preamble could be the same or different
· Numerology for RACH preamble can be different depending on frequency ranges
· FFS: How many numerologies will be supported per frequency range
· Numerology for RACH preamble can be different or the same from that for the other UL data/control channels	

[bookmark: _Ref178064866]Discussion
[bookmark: _Ref465847748]The impact of the number of antennas on PRACH preambles is described in section 2.1, an NR preamble design is proposed in section 2.2, and flexibility in the PRACH preamble detector is discussed in section 2.3. 
[bookmark: _Ref466010558]Impact of number of antennas
[bookmark: _Toc458168671]Receiver beamforming (BF) is used to increase the received signal strength to the preamble detector by combining received signals from several antennas such that more signal energy is received in specific spatial directions.
With digital and frequency domain beamforming, the signal is transformed from time to frequency domain using an FFT, see illustration in Figure 1. Here, the antenna signals are first received in a Radio Unit (RU), and then sampled and quantized in an Analog-to-Digital Converter (ADC). A transformation from time to frequency domain is done using an FFT, after which the preamble detector is applied. The FFT is typically calculated for each antenna or subset of antennas, such that different users and channels in different sub-bands of the received signal can be extracted before further signal processing. In Figure 1, the preamble detector is applied after the FFT and extracting the sub-carriers allocated to PRACH. When beamforming is done in the frequency domain, one or several specific beamformers can be applied to those sub-carriers that are used for random access. By these beamformers, the preamble detector is sensitive in several spatial directions.	

[bookmark: _Ref462648318]Figure 1. Digital beamforming with one FFT per antenna
When constructing an OFDM symbol in the transmitter, one IFFT is typically calculated for each antenna if digital beamforming is used in the UE.
With increasing carrier frequency, the number of antenna elements are expected to increase, both in transmitter and receivers such that the computational complexity of the IFFTs and FFTs becomes large. These processing blocks have a large impact on power consumption and hardware cost. 

[bookmark: _Toc462657879][bookmark: _Toc462725723][bookmark: _Toc462996710][bookmark: _Toc462997355][bookmark: _Toc465848631][bookmark: _Toc465930372][bookmark: _Toc465930387][bookmark: _Toc466010500][bookmark: _Toc466010990]For digital beamforming, a large number of FFTs are required in both transmitters and receivers

For analog beamforming, the beamforming is done before the FFT in the receiver, see illustration in Figure 2. Time-domain signals from many antennas are thus combined in the beamforming resulting in the same beamforming for all the sub-carriers. Here, the same beamforming is then used for all sub-carriers, such that the beamforming used for uplink data and control, is also used for simultaneously received PRACH preambles.



[bookmark: _Ref462650879]Figure 2. Analog beamforming with one FFT per beam
At initial access, the base station has limited knowledge of the position of the UE. The preamble receiver must therefore evaluate several beams in order to be able to detect the preamble. With time-domain beamforming, this requires one sequence of processing from FFT to preamble detector per beamformer.

[bookmark: _Toc462725724][bookmark: _Toc462996711][bookmark: _Toc462997356][bookmark: _Toc465848632][bookmark: _Toc465930373][bookmark: _Toc465930388][bookmark: _Toc466010501][bookmark: _Toc466010991]For analog beamforming, a beam sweeping might be needed during one or several PRACH preambles

[bookmark: _Ref458150899]PRACH waveform design for NR
Five different PRACH formats for the RA preamble parameters are currently available in LTE, where formats 0-3 are defined for frame structure type 1 and 2, while format 4 is defined only for frame structure type 2, as summarized below in Table 1.
[bookmark: _Ref442347994]Table 1: Random access preamble parameters in Rel-13 [TS 36.211]
	Preamble format
	

	


	0
	

	


	1
	

	


	2
	

	


	3
	

	


	4 (see Note)
	

	


	

NOTE:	Frame structure type 2 and special subframe configurations with UpPTS lengths and only.



PRACH preamble format 0 is based on a PRACH preamble sequence of length 24576. This length corresponds to a sub-carrier spacing of 1.25 kHz, in contrast to PUSCH and PUCCH which use a sub-carrier spacing of 15 kHz. For LTE release 8, the inter-carrier interference, due to different sub-carrier spacings, is limited by having small guard bands between PRACH and PUSCH and by allocating PRACH to a single interval of adjacent sub-carriers. Also, the small sub-carrier spacing makes the PRACH preamble more sensitive to frequency errors and other impairments as compared to other physical channels, see discussion in section 2.3.2
A transmitter for PRACH preamble formats 0 to 3 needs at least one IFFT of size 24576, in addition to support for IFFT of 2048 for generating ordinary OFDM symbols for PUSCH and PUCCH. Also, a straightforward receiver of this PRACH preamble format needs FFTs of size 24576. This FFT is then only used for PRACH preamble detection and used in parallel to FFTs of size 2048 for receiving PUSCH and PUCCH, see illustration in Figure 3. With digital beamforming in frequency domain, one such FFT is needed per antenna. 



[bookmark: _Ref446486532][bookmark: _Ref458410990]Figure 3. Receiver FFTs of size 2048 for user data (PUSCH and PUCCH) and of size 24576 for LTE PRACH preamble format 2.

A PRACH preamble design that preserves similar coverage properties but avoids the need to support several sizes of IFFTs in transmitter and FFTs in receiver is highly desirable, in order to simplify implementation and reduce power consumption. 

[bookmark: _Toc458408997][bookmark: _Toc458515397][bookmark: _Toc462657925][bookmark: _Toc462996713][bookmark: _Toc462997358][bookmark: _Toc465838400][bookmark: _Toc465848634][bookmark: _Toc465930375][bookmark: _Toc465930390][bookmark: _Toc466010503][bookmark: _Toc466010993]The PRACH preamble should enable the use of the same receiver FFT as for other reference signals, user data and control channels. 

A possible design of PRACH preambles is illustrated in Figure 4, where again one OFDM symbol is repeated several times such that each OFDM symbol acts as a cyclic prefix for the next OFDM symbol. However, the OFDM symbols which is repeated has much smaller length as compared to LTE PRACH, and equals the same length as adjacent user data OFDM symbols. The received signal within each FFT window in Figure 4 will then act on a cyclic shifted version of the PRACH preamble sequence. 


[bookmark: _Ref446488097]Figure 4. PRACH preamble format with preamble constructed by repeating OFDM symbols

The PRACH preamble as illustrated in Figure 4 has the same sub-carrier spacing as the user data, thus avoiding inter-carrier interference. One benefit of this repeating of the same OFDM symbol of the same length as user data OFDM symbols is the negligible inter-carrier interference if the preamble is delayed. The only OFDM symbols which will have some inter-carrier interference are the first and last OFDM symbols of the sub-frame, if a partial PRACH preamble OFDM symbol is received within an FFT window due to a delayed preamble. 

[bookmark: _Toc458168674][bookmark: _Toc458408998][bookmark: _Toc458515398][bookmark: _Toc462657926][bookmark: _Toc462996714][bookmark: _Toc462997359][bookmark: _Toc465838401][bookmark: _Toc465848635][bookmark: _Toc465930376][bookmark: _Toc465930391][bookmark: _Toc466010504][bookmark: _Toc466010994]The PRACH preamble is based upon repetition of one OFDM symbol of the same length as other frequency multiplexed user data or control OFDM symbols

The number of available preamble sequences is reduced when reducing the length of the sequence. This can be compensated by allocating different time and frequency resources to different UEs, as discussed in [3].
The received signals in all FFTs in Figure 4 can be coherently added such that a similar link budget is achieved with this repetition of a short sequence as having one long sequence. For example, if 13 repetitions are used of a 2048 length sequence, then a coherent combination of these corresponds to a 13*2048 = 26624 long sequence which is larger than the 24576 long sequence in LTE. 
A few evaluation results of the proposed PRACH preamble format are given in [4].
[bookmark: _Ref465847850]Receiver
Analog beamforming sweeping 
If an analog beamforming in time domain is used, then a switching between beams over time is done in the receiver. Here, only one beamforming can be evaluated in a time interval corresponding to the samples used in one FFT. The LTE PRACH design in Figure 3 can thus only support two beamforming configurations; one for each block of 24576 samples of one PRACH sequence. A PRACH preamble design is thus desired in which several beamforming candidates can be evaluated during the PRACH preamble. 
The PRACH preamble format with repeating a short sequence in Figure 4 is also illustrated in in Figure 5, with three examples of changing beamforming configurations during the PRACH preamble. In the first example, only the received signal in one received short sequence is used for each beam, from 1 to 13. A large number of beams can thus be evaluated. Fewer beams are evaluated in the second example in Figure 5, but now the signal received during two short sequences are used in the detector. In the third example, all short repetitions are used to evaluate one beamforming, which can be a very broad beam or coving a large spatial area. 


[bookmark: _Ref458168638]Figure 5. Time switching between beamforming candidates.

The trade-off between coherent combing or number of beamforming configurations to use can be decided in the gNB without need for configuring the UE. With several gNBs receiving one PRACH transmission simultaneously, these gNBs can thus be configured for different amount of beamforming. 

[bookmark: _Toc458174017][bookmark: _Toc458408991][bookmark: _Toc462657880][bookmark: _Toc462725725][bookmark: _Toc462996712][bookmark: _Toc462997357][bookmark: _Toc465848633][bookmark: _Toc465930374][bookmark: _Toc465930389][bookmark: _Toc466010502][bookmark: _Toc466010992]The PRACH preamble can be designed such that the time interval to include in each beamforming can be selected in gNB without configuring the UE

[bookmark: _Ref465848458]Adjusting for impairments
Simulation results are presented in [4], where the number of coherent accumulations in the PRACH preamble receiver is adjusted toward the maximum specified frequency error.

Conclusion
In section 2 we made the following observations:
Observation 1	For digital beamforming, a large number of FFTs are required in both transmitters and receivers
Observation 2	For analog beamforming, a beam sweeping might be needed during one or several PRACH preambles
Observation 3	The PRACH preamble can be designed such that the time interval to include in each beamforming can be selected in gNB without configuring the UE

Based on the discussion in section 2 we propose the following:
Proposal 1	The PRACH preamble should enable the use of the same receiver FFT as for other reference signals, user data and control channels.
Proposal 2	The PRACH preamble is based upon repetition of one OFDM symbol of the same length as other frequency multiplexed user data or control OFDM symbols
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