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1. Introduction
There were lengthy discussions on the 2-step RACH in RAN1#87 meeting. Some schemes for the 2-step RACH were proposed and discussed.

In this contribution, we discuss different approaches for 2-step RACH for future study.

2. Motivation of 2-step RACH
The main motivation of simplified RACH procedure is to reduce the RACH overhead and access delay, especially when a small packet is to be transmitted. The simplified procedure seems more feasible in a small cell scenario if no special interference mitigation approaches are adopted, where in small cell, the timing advance is less important for receiving the payload or data. A fast procedure may also be beneficial in unlicensed band operation. A 2-step RACH procedure is a candidate for the simplified random access procedure. Transmission contents in step 1 and step 2 are called Msg1 and Msg2 respectively.  
Some simulations from our RAN2 contribution [1] showed that 2-step RACH can achieve the performance gain at 3 aspects including the power consumption, signaling overhead and delay for UL transmission.
3. General aspects of 2-step RACH
3.1. Evaluation aspects
From the analysis of Section 2, it is generally believed that 2-step RACH can at least help to achieve the lower power consumption, signaling overhead and latency. 
At least some requirements for 4-step RACH should be fulfilled in 2-step RACH. The resource overhead should be comparable to 4-step RACH.
Apart from the access delay mentioned above, the following performance metrics need to be evaluated. 
Detection rate and false alarm rate:
If 2-step RACH Msg1 has preamble, the preamble detection rate and false alarm rate can refer to the 4-step RACH preamble. The 4-step RACH link level simulation assumptions in TR 38.802 can be the baseline of 2-step RACH simulations.
Some RACH related information is carried in the payload in Msg1 which undergoes similar modulation and coding processes as of PUSCH. The detection rate and false alarm rate are mainly determined by the payload configuration (MCS, TB size etc.), which should be clearly stated in the simulations.
 If we want to keep the same detection rate and false alarm rate with the preamble, the MCS level and the coding rate will be very low for the Msg 3 payload and this will bring the huge resource overhead. In this regards, the detection rate and false alarm rate can be relaxed compared to those of preamble. If the payload has its own CRC check, the false alarm rate can be ignored.
TA measurement accuracy: If the 2-step RACH Msg1 is used for TA measurement, the accuracy of the measurement would be a very important metric. The uplink timing after the adjustment should be kept in the CP duration to guarantee the orthogonality between different subcarriers.  NR supports different subcarrier spaces. The wider the subcarrier space is, the shorter the CP. TA measurement accuracy should fulfill the various subcarrier spaces. Moreover the requirement of TA measurement accuracy in different scenarios will be different.
Target SNR:
It is obvious that the target SNR of preamble will be lower than that of the payload when we want to ensure the higher payload and higher code rate. The target BLER and SNR of payload and supported cell radius should be determined based on the required time/frequency resources.
Payload time/frequency collision issue between multiple uses:
The Msg1 of 2-step RACH will follow the contention based principle; it is inevitable that the time/frequency resources of multiple users’ payload will collide with each other. The partial or full collision will cause decoding failure of user’s payload. Similar to 4-step RACH, the retransmission of payload will increase the access delay of 2-step RACH.
Observations: 
1) If 2-step RACH used for UL synchronization, the TA measurement accuracy should fulfil different scenarios.
2) Whether the detection rate and false alarm rate should be the same between the preamble and payload should be studied.
3) The target SNR and cell radius supported by 2-RACH payload should be studied.
4) The collision of 2-step RACH should be evaluated and solved.
3.2. Preamble + payload without spreading Solution
In this scheme of 2-step RACH, the preamble portion is assumed be the same as the preamble in 4-step RACH preamble. The payload at least includes the UE ID, maybe like the Msg3 content in the 4-step RACH. It is a natural extension from the 4-step RACH, and can fall back to the 4-step RACH when the payload cannot be decoded successfully. Some characteristics of (preamble + payload) solution are described in the contribution [2]. 
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Figure 1 (Preamble + payload) solution in 2-step RACH procedure

The preamble in the Msg1 of 2-step RACH has at least the following three functions:

1) Demodulation of payload if the physical resource of preamble resource is next to the physical resource of the payload. 

2) Indication to the gNB/TRP that there is a random access request. 

3) TA measurement in case that the UL sync is lost.
The payload is not spread here. If multiple users send Msg1 at the same time-frequency resource, the payload collision is more severe than the preamble collision. Reducing the code rate of payload can slightly improve the receiver performance under collision but resource overhead will increase.
3.3. Preamble + payload with spreading Solution

As the payload collision becomes very severe, payload spreading is a suitable way for solving the interference between multiple users.
In figure 2, the Msg1 has both the preamble and payload with spreading for interference and collision mitigation.
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Figure 2 Preamble + payload with spreading solution in 2-step RACH procedure
The preamble in this scheme of the Msg1 of 2-step RACH may have one new function besides the function listed in section 3.2: Indication to the spreading code used by the payload.
The spreading code can be orthogonal or non-orthogonal. The performance and complexity of the payload decoding should be evaluated for different spreading codes.
3.4. Payload Only Solution
Preamble+ payload with spreading can be a good way for 2-step RACH, but the time-frequency resource consumption is very large. Considering that the payload can be spread, payload with spreading can substitute the preamble for sequence detection to save the resource. In this solution, Msg1 is indeed the payload to convey a small amount of information just like Figure 3.
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Figure 3 payload-only in 2-step RACH procedure

In Msg1-only solution, what is transmitted contains just the pure data and if needed can include some DMRS for demodulation. The above-mentioned functions such as user identification, TA measurement and channel estimation should be fulfilled by the payload itself. This can be done through the following two ways:

1) DMRS.
2) MA signatures such as spreading code.
The functionality of DMRS is similar as preamble where the differences are mainly the position of resources, the numerology as well as the overhead. The DMRS, if is designed as same as that in LTE, the collision probability would be considerably high due to the short length of sequence and it thus limit the capability of random access.

The MA signatures, such as the spreading code used in MUSA [3] can also be adopted for the simplified RACH procedure. In this case, the data is spread by using the short sequence which is randomly chosen by each user. And at the receiver side, blind detection is needed for both the identification of spreading sequence and the detection of data signal.
One promising advantage of MUSA is it can handle spreading sequence collision, which means two or more than two users choose the same spreading code. The resource collision, such as preamble collision will significantly degrade performance of some PRACH schemes, while it does not significantly affect the 2-step PRACH scheme by using MUSA. 
3.5. Msg2 content
The Msg2 is from gNB/TRP to UE. The function of Msg2 in 2-step RACH combines from the LTE Msg2 and Msg4 functions. Generally the design of Msg2 of 2-step RACH should follow the LTE principle as baseline. But if the approaches of the Msg1 transmission are different, the detail content of Msg2 may be slightly different. This should be studied in future. 
4. Analysis and evaluation 
4.1. Qualitative analysis
If all the approaches use the same time/frequency resource, the part of the structure of preamble + payload with/without spreading includes the preamble, so the amount of data with preamble will be less than the payload only structure. The ability of data transmission with preamble tends to be poor than payload-only approach.
For the small data scenario, the payload only approach has advantage than the other two approaches as the free preamble overhead.
If the data is big to be split to multiple packages, the approach of preamble + payload with/without spreading will be more robust. Preamble can achieve the TA result under the lower SNR to ensure the scheduled data transmission.
To combat the high likelihood of resource collision, transmitter side schemes such as spreading and interleaving are normally employed to improve the performance and ease the burden of advanced receivers. Spreading and interleaving can also provide time and/or frequency diversity when the data are distributed over time and/or frequency resources. In addition, other cell interference can be randomized by spreading and interleaving so that the interference power is more steady and amiable to receivers. The preamble + payload structure with spreading has advantage over the preamble + payload without spreading structure.
4.2. Evaluation results 
For scheme of payload only Msg1 of 2-step RACH, we use Fig.4~5 and table 1~2 to show the performance of this scheme, for example the detection performance. 
From Fig. 4 it is observed as user number increases from 2 to 8, the average BLER increases due to inter-user-interference increasing. Because the total spreading code is 64, as user number increases, the probability of users choosing the same spreading code increases significantly. In conventional preamble based PRACH scheme, the performance will degrade drastically due to preamble collision. However, for the 2-step PRACH scheme based on MUSA, although the same spreading sequences are selected, the information bit of each user is different. The blind detection of MUSA can handle such spreading sequence collision. Thus the performance of 2-step PRACH scheme only slightly degrades due to larger inter-user-interference. 
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Fig. 4 Average BLER for different number of users, time delay random uniform distribution for [0, 50us]
In Fig. 5, the average BLER performance for single user is shown for random uniform distributed of [0, 5.2us]. The BLER performance is almost the same for user number of 2 and 4. When user number is 8, there is performance loss due to large user interference.
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Fig. 5 Average BLER for different number of users, time delay random uniform distribution for [0, 5.2us]
In TABLE 1 the detection probability of TA (time alignment) is shown for different number of user. The time delay is random uniform distributed from 0 to 5.2 us. The SNR is from 4 to 40 dB. For 2-step PRACH scheme here first user data is decoded, and then it is applied for time delay estimation. The accuracy of 2-step PRACH is within 1 us. In the calculation of TA detection probability only the estimated time delay and the real delay is within 1 us, it is regarded as successfully detected. When number of user is large, the detection probability degrades slightly. The TA detection probability is 83% for 8 users’ case.
TABLE 1 USER NUMBER vs. TA DETECTION PROBABILITY for [0, 50us]

	User number
	Average BLER
	TA detection probability (Accuracy of TA is 1 us)

	2
	0.064
	93%

	4
	0.070
	91.7%

	8
	0.11
	83%


In TABLE 2 the detection probability of TA is shown for multiple users. The time delay is random uniform distributed from 0 to 5.2 us. When the largest time delay is small, the BLER performance is much better than that for time delay of 50 us case. The BLER is about 0.02 for user number of 2 and 4. When the user number is 8, the performance degrades. The BLER is 0.044 in this case.  The TA detection probability is not smaller than 94% when user number is 2 and 4. It is only 88% when user number is 8 due to large inter-user-interference.
TABLE 2 USER NUMBER vs. TA DETECTION PROBABILITY for [0, 5.2us]

	User number
	Average BLER
	TA detection probability (Accuracy of TA is 1 us)

	2
	0.023
	97%

	4
	0.025
	94%

	8
	0.044
	88%


For scheme of Preamble + payload with spreading Msg1 of 2-step RACH, we use Fig.6 and TABLE 3 to show the performance.
In Fig. 6, the average BLER for different number of users is shown. With the growth of user number, the BLER performance degrades quickly. There are 2 major reasons for the performance degradation: (1) the collision of preamble/spreading codes, (2) the increase of multiple access interference in both preamble and payload reception. The number of available preamble/spreading codes is 64, and a 1-to-1 mapping between preamble and spreading codes is assumed. The function of preamble includes: user detection/time offset estimation/channel estimation. In case of preamble collision, the channel estimation obtained on the corresponding preamble resource would be a combination of channel experienced by the collided users. As a result, the payload detection would be impacted significantly. 
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Fig. 6 Preamble + payload with spreading Solution: User number vs. BLER, with uniform distributed time delay in [0, 5.2us]
In TABLE 3, the detection probability of TA is given for different user number. It is observed that the TA detection probability depends on the miss detection probability of preamble. In other words, for successfully detected UE, its TA calculation is accurate within [0, 5.2us] time delay assumption. 
TABLE 3 Preamble + payload with spreading Solution: USER NUMBER vs. TA DETECTION PROBABILITY, with uniform distributed time delay in [0, 5.2us]
	User number
	Miss Detection Probability
	TA detection probability (Accuracy of TA is 1 us)

	2
	3.3%
	97%

	4
	3.8%
	96%

	8
	6.9%
	93%


Since the preamble design is based on ZC sequence with cyclic shift, the cell radius is limited by the max phase rotation between adjacent cyclic shifts (instead of CP length). In current simulation case, 2 roots per cell and 32 cyclic shifts per root are used. It is easy to know that the cell radius is around 1.8km with this configuration (corresponding to max time delay of 5.2us). Though a larger cell radius could be supported with more roots per cell and less cyclic shifts per root, the ZC roots planning would be more difficult for the network deployment apparently. It implies that advanced receiver design should be considered to improve both payload detection performance and TA detection performance in practical deployment.
Observations:
5) Spreading can mitigate the collision of payload in Msg1 of 2-step RACH.
Proposal: The non-orthogonal access scheme should be considered in the 2-step RACH evaluation. 
5. Conclusion
In this contribution, we compared a few potential schemes of Msg1 in 2-step RACH. Some observations and proposal based on the analysis are listed as below:
Observations: 
1) If 2-step RACH used for UL synchronization, the TA measurement accuracy should fulfil different scenarios.
2) Whether the detection rate and false alarm rate should be the same between the preamble and payload should be studied.
3) The target SNR and cell radius supported by 2-RACH payload should be studied.
4) The collision of 2-step RACH should be evaluated and solved.
5) Spreading can mitigate the collision of payload in Msg1 of 2-step RACH.
Proposal: The non-orthogonal access scheme should be considered in the 2-step RACH evaluation. 
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ANNEX 
Simulation parameters for payload only Msg1 are shown on TABLE I.
TABLE I SIMULATION PARAMETERS
	Bandwidth
	864   subcarrier and 1 symbol

	Subcarrier   space
	1250Hz

	Modulation
	BPSK

	Channel   code
	Turbo

	Code   rate
	1/3

	Time   delay
	Random   uniform distributed from [0, 50us]

	Spreading code length
	4

	Number of spreading codes
	64

	Channel
	TDL-A

	Number   of TX
	1

	Number   of RX
	2

	Channel   estimation
	Real

	SNR   distribution
	Uniform [4, 20]   dB

	User   number
	1,2,4,8

	Receiver
	SIC based blind detection


Simulation parameters for Preamble + payload with spreading solution are given in TABLE II. 
TABLE II SIMULATION PARAMETERS
	Bandwidth
	1080kHz with 432 subcarriers, 1 OFDM symbol for preamble and 1 OFDM symbol for payload

	Subcarrier   space
	2500Hz

	Modulation
	QPSK

	Channel   code
	Turbo

	Code   rate
	1/3

	Time   delay
	Uniform distributed in [0, 5.2us], corresponding to cell radius of 1.8km

	Spreading code length
	4

	Number of preamble/spreading codes
	64, 1-to-1 mapping, preamble uses ZC sequence with 2 roots per cell and 32 cyclic shifts per roots

	Channel
	TDL-A

	Number   of TX
	1

	Number   of RX
	2

	Channel   estimation
	Real

	SNR   distribution
	Uniform distributed in [4, 20]dB

	User   number
	1:8

	Receiver
	MMSE-SIC
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