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Introduction
The last RAN1 meeting had the following two agreements:

1. RACH resource [1]
· A time-frequency resource to send RACH preamble
· Whether UE needs to transmit one or multiple/repeated preamble within a subset of RACH resoueces can be informed by broadcast system information
· For example, to cover gNB RX beam sweeping in case of NO Tx/Rx reciprocity at the gNB

2. WF on RACH Preamble [2]
· 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
· FFS: Numerology for RACH preamble can be different or the same from that for the other UL data/control channels	

Beam reciprocity can play an important role in communication in a multi-beam scenario over 6 GHz. If beam reciprocity exists between downlink and uplink, UE could select a RACH transmit resource tied to the best DL beam it found on DL SYNC. Non-overlapping resources for RACH can be defined based on DL sync beams.
 Next section describes different levels of beam reciprocity.


Different Levels of Beam Reciprocity
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Figure 1: Full beam sweep in DL
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Figure 2: Beam pair selection after DL beam sweep
Figure 1 shows that the BS and UE sweep beams to find best beam pair in the downlink. BS and UE select B5 and U2 to be the best beams respectively after DL beam sweep. Next three subsections denote the different levels of beam reciprocity of the system.



Full Beam Reciprocity
If full beam reciprocity holds, BS and UE can use beam B5 and U2 respectively as their best UL beams respectively. UL beam sweep is not necessary. 
No beam reciprocity
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Figure 3: Full beam sweep in UL
If no beam reciprocity holds between DL and UL, BS and UE will have to perform full beam sweep in the uplink to find the best beam pair. Figure 3 shows that the BS and UE perform full beam sweep in the uplink and select a different beam pair (B2-U1).
Partial beam reciprocity
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Figure 4: Partial beam sweep in UL


If partial beam sweep holds, nodes can utilize the best beam pair in one link to find the amount of beam sweep in the other link. Figure 4 shows that the BS sweeps through B4-B6 beams and UE sweeps through U1-U3 beams in the uplink because B5 and U2 were the best beams in DL.
Next section shows how phase error can lead to different levels of beam reciprocity at a wireless node.



Reasons of beam reciprocity and mitigating methods
Our companion contribution [3] shows how full/partial/no beam reciprocity can arise due to different amount of phase errors. The contribution also shows how self-calibration techniques can allow base station and UE to utilize full beam reciprocity. 
Full beam reciprocity reduces beam training overhead in the system.

RACH Techniques with Different Levels of Beam Reciprocity

Full Beam Reciprocity
[image: ]
Figure 5: RACH resource selection based on full beam reciprocity
Figure 5 shows a possible SYNC and RACH subframe configuration. Both SYNC and RACH sub-frame have 14 symbols. The frequency of SYNC sub-frame might be greater to reduce search complexity at the UE.
If full beam reciprocity at the BS holds, BS should utilize it between transmitting DL SYNC signals and receiving UL random access signals. UE can select the resource of the random access sub-frame based on the signal strength of DL SYNC beams to transmit RACH signal. Figure 5 shows that UE transmits RACH in symbol 3 of the RACH sub-frame because the UE received best DL SYNC beam in 3rd symbol index.
Full beam reciprocity allows a UE to transmit in one symbol of the RACH sub-frame. As a result, the probability of collision to other UEs get reduced.
Proposal 1: Base station should use beam reciprocity to the extent possible between transmitting DL synchronization signals and receiving UL random access signals.
Proposal 2: If beam reciprocity holds, UE can select a resource of the random access subframe based on the signal strengths of DL synchronization beams to transmit RACH signal.


Lack of Beam Reciprocity at BS


Complete Lack of Beam Reciprocity at BS
[image: ]
Figure 6: RACH resource selection with complete lack of beam reciprocity at BS
If beam reciprocity does not hold at all at the BS, UE, as an example, has to repeat transmitting RACH preamble in all symbols of the sub-frame. BS sweeps through all beams while receiving UL RACH signal and finds the best UL RX beam from the received signal.
UE has to convey the index of best DL SYNC beam to the BS so that the BS can use it while transmitting Msg2 of RACH transmission.
Observation 1: Complete lack of beam reciprocity significantly increases RACH resource usage of each UE.

Partial Beam Reciprocity at BS
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Figure 7: RACH resource selection with partial beam reciprocity at BS
If partial beam reciprocity exists at BS, UE can assume some level of beam reciprocity at the BS. UE can select the set of symbols to transmit RACH using the symbol index where it received the best DL SYNC beam. In Figure 7, UE found the best DL SYNC beam at symbol 3. Hence, it transmits RACH in symbol 2, 3 and 4 of the RACH subframe. BS finds the best UL RX beam by sweeping through these three symbols. UE conveys the best DL SYNC beam by selecting the subcarrier region index #3.
Spec should allow BS to convey information regarding different (e.g. two) levels beam reciprocity through MIB or minimum SIB. These two levels could be: 1) Full beam reciprocity and 2) Partial beam reciprocity with uncertainty region of 2*N+1 symbols.
Partial beam reciprocity with uncertainty region of 2*N+1 symbol means that the UE transmits RACH in the symbol corresponding to the best DL SYNC beam, along with transmitting RACH in N neighboring symbols of both sides of the symbol that corresponds to the best DL SYNC beam.
Proposal 3: Spec should allow BS to convey information regarding different (e.g. two) levels of beam reciprocity through MIB or minimum SIB.
Proposal 4: If partial beam reciprocity holds at BS, UE should select the set of symbols to transmit RACH using the SYNC symbol index where it received the best DL SYNC beam. The exact number of symbols to transmit RACH in the presence of partial reciprocity is FFS.

No Beam Reciprocity at UE but beam reciprocity at BS
[image: ]
Figure 8: RACH resource selection with full beam reciprocity at BS but with no beam reciprocity at UE where UE has good link gain
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Figure 9: RACH resource selection with full beam reciprocity at BS but with partial beam reciprocity at UE where UE has poor link gain

If full beam reciprocity does not hold at UE, it should use SYNC signals to check if it has good link gain and its level of beam reciprocity. If it has good enough link gain to meet link budget with pseudo-omni beam, it should transmit RACH in one symbol of the RACH subframe with pseudo-omni gain. If it does not have good enough link gain to meet link budget with pseudo-omni beam but the UE has partial beam reciprocity, it should transmit RACH in one symbol of different RACH sub-frames and sweep through a set of beams in different RACH sub-frames. The set of selected beams may depend on the symbol index of the SYNC subframe where the UE received best DL SYNC beam. Figure 8 and 9 show both these scenarios.
UE selects the symbol of the RACH sub-frame using the best DL SYNC beam in both these scenarios.
Observation 2: If beam reciprocity does not hold at UE and the UE has good link gain, it should transmit RACH in one symbol of the RACH subframe with pseudo-omni gain.
Observation 3: If partial beam reciprocity holds at UE and the UE has poor link gain, it should transmit RACH in one symbol of different RACH sub-frames and sweep through different TX beams in different RACH sub-frames. The selected symbol of the RACH subframe can depend on the best DL SYNC beam. The selected TX beams can be similar to the RX beam that the UE used to receive the best DL SYNC beam.
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Figure 10: RACH resource selection with no beam reciprocity at UE and where the UE has poor link gain

Observation 4: If beam reciprocity does not hold at the UE and the UE has poor link gain, UE should transmit RACH in all symbols of different RACH sub-frames and sweep through its different TX beams in different RACH sub-frames.

No Beam Reciprocity at both BS and UE
If no beam reciprocity holds at both BS and UE, the procedure of observation 4 has to be adopted.
Spreading of RACH Symbols
Our previous sub-sections show that UE may have to transmit for more than one symbol in the absence of beam reciprocity at the BS. Recent RAN1 agreement supports repetition of RACH preamble in these symbols. In this scenario, different UEs can spread RACH preambles of different symbols with different spreading codes to increase user multiplexing.
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Figure 11: Transmission of RACH in Two Symbols
Figure 11 shows that two UEs transmit RACH using two symbols. Assume that both these UEs occupy the same resource, i.e., time-frequency grid of the RACH subframe and select same cyclic shifts in both symbols.
BS can still distinguish the RACH preamble of these two resources if one UE multiplies its RACH preamble with [+1, +1] and transmits in two symbols, and the other UE multiplies its RACH preamble with [+1, -1] and transmits in two RACH symbols. The length of spreading will depend on the coherence time of the channel.
In other words, assuming SEQ to be the RACH preamble, UE1 and UE2 can transmit their sequences in the following way:
SEQ1 = +SEQ, SEQ2 = +SEQ, SEQ3 = -SEQ.
Proposal 5: In the presence of partial beam reciprocity at BS, spec should allow UEs to generate a random access message from a repetition of a random access sequence, weight each repetition with a different element of a spreading code and transmit over a plurality of symbols.

Motivation for Calibration Techniques
This study shows that the absence of beam reciprocity significantly increases the RACH resource usage of each UE. Hence, BS and UE should strive towards achieving beam reciprocity to the extent possible. BS and UE should perform self-calibration or over-the-air calibration techniques to achieve beam reciprocity. Our companion contribution of [3] describes self-calibration techniques.
Proposal 6: The spec should allow calibration procedures at BS and UE so that they can achieve beam reciprocity.
Conclusions
Observation 1: Complete lack of beam reciprocity significantly increases RACH resource usage of each UE.
Observation 2: If beam reciprocity does not hold at UE and the UE has good link gain, it should transmit RACH in one symbol of the RACH subframe with pseudo-omni gain.
Observation 3: If partial beam reciprocity holds at UE and the UE has poor link gain, it should transmit RACH in one symbol of different RACH sub-frames and sweep through different TX beams in different RACH sub-frames. The selected symbol of the RACH subframe can depend on the best DL SYNC beam. The selected TX beams can be similar to the RX beam that the UE used to receive the best DL SYNC beam.
Observation 4: If beam reciprocity does not hold at all at the UE and the UE has poor link gain, UE should transmit RACH in all symbols of different RACH sub-frames and sweep through its different TX beams in different RACH sub-frames.

Proposal 1: Base station should use beam reciprocity to the extent possible between transmitting DL synchronization signals and receiving UL random access signals.
Proposal 2 : If beam reciprocity holds, UE can select a resource of the random access subframe based on the signal strengths of DL synchronization beams to transmit RACH signal.
Proposal 3: Spec should allow BS to convey information regarding different (e.g. two) levels of beam reciprocity through MIB or minimum SIB.
Proposal 4: If partial beam reciprocity holds at BS, UE should select the set of symbols to transmit RACH using the SYNC symbol index where it received the best DL SYNC beam. The exact number of symbols to transmit RACH in the presence of partial reciprocity is FFS.
Proposal 5: In the presence of partial beam reciprocity at BS, spec should allow UEs to generate a random access message from a repetition of a random access sequence, weight each repetition with a different element of a spreading code and transmit over a plurality of symbols.
Proposal 6: The spec should allow calibration procedures at BS and UE so that they can achieve beam reciprocity.
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