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Introduction
Agreements related to the RACH procedure without beam reciprocity from RAN1#86bis include the following [1]: 
Agreements:
· For the cases with and without Tx/Rx reciprocity, the common random access procedure should be strived
· When Tx/Rx reciprocity is not available, the following could be further considered for at least UE in idle mode
· Whether or how to report DL Tx beam to gNB, e.g.,
· RACH preamble/resource
· Msg. 3
· Whether or how to indicate UL Tx beam to the UE, e.g., 
· RAR
This contribution considers design aspects of preamble, especially how to determine UL Tx beam, for random access procedure without beam reciprocity. 
Discussion
Design aspects of preamble for RACH procedure without beam correspondence
The outstanding issue of RACH procedure without beam correspondence, for multi-beam operation, is how to determine the Tx beam and UL Tx beam, different to the case of RACH with beam reciprocity where UL Tx beam can be obtained through estimating the best Rx beam of e.g. downlink synchronization signals/BRS and DL Tx beam can be implicit indicated by association between e.g. downlink synchronization signals/DL BRS and preambles/resources. 
It is desirable to avoid the beam sweeping as much as possible for the case without beam correspondence, to save energy and physical resources as well as to reduce the latency. Such aspects are elaborated in companion contribution [2]. In addition, to maximize the commonality of RACH procedure for the cases with/without Tx/Rx reciprocity, DL Tx beam reporting and UL Tx beam indication are necessary to allow for single RAR and single Msg 3 transmission, at least for initial UL access. 
Given the necessity of reporting DL Tx beam for RAR transmission and indicating UL Tx beam for Msg 3 transmission, preamble transmission (msg 1) should be used for determining the DL Tx beam and UL Tx beam at gNB. Accordingly, preamble design should take such aspect into account.  
Observation 1: for multiple beam operation without beam correspondence, Msg 1 of random access procedure should provide means for determining UE’s preferred DL Tx beam and UL Tx beam at gNB. 
Hence, aside from those driving factors of LTE preamble design, NR RACH preamble design should additionally consider how to facilitate gNB to determine UE preferred DL Tx beam for RAR and expected UE UL Tx beam for msg 3, at least for the case without beam correspondence. In general, the following aspects should be considered at least:
1. Trade-off between preamble sequence length and overhead;
2. Maximum targeted round-trip delay;
3. Subcarrier spacing considering compatibility with data channel subcarrier spacing;
4. Coverage performance;
5. Easy for beam alignment;
Proposal 1: for multi-beam operations without beam correspondence, NR preamble design should additionally consider facilitating beam alignment at gNB, i.e. estimation of preferred beam, on top of LTE preamble design principles.
For example, the preamble structure should facilitate the beam sweeping based reception at gNB to find the best receive beam direction. One possible preamble structure is depicted in Fig. 1.

Fig. 1: preamble structure to facilitate the receiver beam sweeping
In Fig. 1, one preamble sequence is repeated n times, by which gNB can proceed n Rx beams at the same time to facilitate the receive beam sweeping. Meanwhile, this repetition structure also makes it possible to remove CP since the previous preamble sequence can be regarded as CP of next sequence, by which overhead somewhat can be saved.
On the other hand, the preamble design should also facilitate gNB to find the preferred UE Tx beam. And it is preferred to avoid long duration of preamble repetition and/or beam sweeping for that purpose. Once gNB determines the Tx beam for Msg 2, an indication can be included in RAR and then UE does not need to transmit multiple Msg3. Next section focuses more on this aspect.
Msg3 Tx beam determination based on preamble design
As analysis previously, the preamble structure that facilitates the determination of transmit beam direction of Msg 3 is also important. The main motivation is to reduce the duration of preamble transmission and to speed up the beam probing by proper preamble structure design, relative to exhaustive beam sweeping for Msg 1 transmission. The basic principle is to transmit two preamble sequences which use beam patterns with differential relationship (a.k.a differential beamforming [3]) in orthogonal resource. 
These two sequences can be transmitted in either TDM manner, as depicted in Fig. 2, or in CDM manner, as shown in Fig. 3. In Fig. 2, the sequences A and B are transmitted in a TDM manner and the beam pattern A and B are switched in time domain. In Fig. 3, two panels are used for preamble transmission within the same time-frequency resources and one panel uses beam pattern A and the other one uses beam pattern B. Note that sequences A and B can be also transmitted in FDM manner with similar structure in Fig. 3. For FDM manner, the same preamble sequences are transmitted in different time-frequency resources through different panels with different beam patterns. Note that further repetition and/or beam sweeping can be added in Fig.2 and Fig. 3 structure if there is a need, e.g. due to coverage issue, which can be seen as different RACH formats as in LTE. The beams with same beam index and different beam patterns are actually for covering the same beam direction (wider beam-width relative to beam sweeping case). However, beamforming coefficients are different and have differential relationship with each other (beam pattern B is the differential beam for beam pattern A).
One example for differential beam patterns and differential beamforming rationale are provided in the Appendix. The normal beam (i.e. pattern A in the figures) uses the conventional beamforming coefficients while for differential beam pattern (i.e. pattern B in the figures), the first half of coefficients are the same with that of conventional one while the other half are the opposite. Through differential beamforming, a mapping relationship between preferred Tx beam direction and received power ratio of differential beam pairs is constructed. Hence, after receiving the sequences with different patterns, gNB can deduce the preferred UE UL Tx beam direction within the wider beam range covered by normal beam pattern, according to the received power ratio of normal beam pattern and differential beam pattern. And then, in terms of the predefined spatial granularity of Tx beams and the received power ratio of differential beamforming pair, eNB can indicate the preferred UL Tx beam to UE in RAR with limited bits. 
Fig.2: TDM manner

Fig. 3: CDM manner
One benefit of aforementioned preamble design is the possibility to reduce beam sweeping for preamble transmission which can speed up the detection of preamble at gNB. Another benefit is the possibility to allow more accurate Tx beam for Msg 3, by e.g. indicating estimated best Tx beamformer/precoder in RAR rather than beam IDs corresponding to fixed beam directions. 
Observation 2: differential beamforming is beneficial to facilitate beam alignment.
There may be concern on coverage using wider beam-width for differential beamforming based preamble transmission. However, coverage and numerology of preamble should be considered jointly for the design. With the proposed preamble structure, there is more freedom of preamble sequence length design because the required beam sweeping for preamble transmission can be significantly reduced. Hence it is possible to use relatively smaller subcarrier spacing (longer preamble sequence) to compensate the coverage. In other words, there is more freedom to achieve the good trade-off among resource overhead for preamble transmission, coverage performance and preamble detection latency.
As discussed above, at least for multi-beam RACH without channel reciprocity, the following is proposed:
Proposal 2: for multi-beam operations without beam correspondence, Tx beam for msg 3 should be measured from preamble and indicated to UE. Differential beamforming based preamble structure can be considered as a candidate.
Conclusion
In this contribution, considerations on preamble design for multi-beam RACH with the case without beam correspondence and a preamble structure based on differential beamforming is presented. In particular, the following are proposed:
Proposal 1: for multi-beam operations without beam correspondence, NR preamble design should additionally consider facilitating beam alignment at gNB, i.e. estimation of preferred beam, on top of LTE preamble design principles.
Proposal 2: for multi-beam operations without beam correspondence, Tx beam for msg 3 should be measured from preamble and indicated to UE. Differential beamforming based preamble structure can be considered as a candidate.
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Appendix
A. Concept of differential beamforming
Assume that the gNB equips with N transmit antennas while UE equips with 1 receive antennas. Note that the case for other antenna configurations can be easily extended. The probing direction is  (bore-sight of normal beam). The beamforming coefficients of normal beam pattern can be written as

The beamforming coefficients of differential beam pattern is

It can be seen that the last half coefficients of differential beam pattern are the opposite numbers of that of normal beam pattern. Assume the actually preferred direction from UE to gNB is  (best Tx beam), the channel gains of normal beam and differential beam are depicted in Fig. 4(a). It is easy to observe that the normal beam pattern is the same with conventional beam while the differential beam pattern is complementary to normal beam pattern within certain range.
[image: ][image: ]
(a) Channel gain of normal beam and differential beam             (b) Beam direction adjustment
Fig. 4: Illustration of differential beamforming
By dividing the received signals of differential beam and normal beam (i.e., power ratio), the beam direction error between the probing direction and actually preferred direction can be obtained according to the mapping relationship constructed by differential beamforming, as depicted in Fig. 4(b). By this way, the actually preferred Tx beam direction can be calculated at gNB and the granularity of beam direction is enhanced compared to the conventional sweeping way. Meanwhile, the searching duration of the actual beam direction is also reduced since for channel direction probing, wider beam can be used while for data transmission, narrower beam with accurate beam direction can be used, as shown in Fig. 5. It should be noted that the wider beam-width of differential beamforming for beam probing may decrease the coverage, so it is more suitable to small coverage case, e.g. above 6Ghz cells. However, it is also possible to use repetition to compensate this issue. There can be a trade-off between required repetition for coverage and beam sweep times. 
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Fig. 5: Comparison between conventional beam sweeping and differential beamforming
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