Page 1
3GPP TSG RAN WG1 RAN1 NR AdHoc 	R1-1700797
January 16th - 20th, 2017
Spokane, U.S.A.

Agenda item:	5.1.2.1
Source: 	Qualcomm Incorporated
Title: 	UL MIMO Transmission Schemes
[bookmark: DocumentFor]Document for:	Discussion/Decision
Introduction
[bookmark: _Ref450583331]Since RAN1#86, several WFs related to UL MIMO [1-5] have been discussed.  Some agreements are as follows [6-8]. 
Transmission schemes
· At least one of the following candidate schemes/methods is to be supported
· Candidate 1: Codebook based transmission
· Candidate 2: Non-codebook based transmission
· Note: Other transmission schemes/methods are not precluded

UL precoding granularity
· Frequency selective precoding is supported for UL MIMO with CP-OFDM waveform when the transmission ports is greater than X
· Following examples can be studied
· Example 1: Precoding information for a given partial BW is explicitly indicated by gNB
· The precoding information can be indicated through a hierarchical indication manner with wideband W1 and subband W2
· W1 and W2 can be signaled in one DCI or two separate DCIs
· Example 2: A single beam group in UL codebook is indicated by BS for UL transmission in perspective of the system bandwidth
· Example 2a: Precoder cycling  is adopted within the beam group 
· Example 2b: The UE has certain flexibility to decide which particular beam/precoder in the beam group for actual transmission.
· Example 3: Reciprocity based precoding
· Other examples are not precluded
· FFS: X value

UL open-loop operation
· RAN1 can still continue discussion in the next meeting regarding how to refine the terminology related “closed-loop/precoding” and “open-loop/precoder cycling (including transmit diversity)”
In this contribution, we discuss some details of UL MIMO transmission schemes and related signalling.
Discussion
UL MIMO waveform
It was agreed in RAN1#86bis that NR supports both DFT-S-OFDM based waveform and CP-OFDM waveform, at least for eMBB uplink for up to 40GHz.  The CP-OFDM waveform can be used for both single-stream and multi-stream transmissions, while the DFT-S-OFDM based waveform is limited to a single stream transmissions and is targeting for link budget limited cases.  
If a UE has multiple transmit RF chains, it can be configured with a MIMO transmission scheme.  Usually, the UE may be scheduled a multi-stream transmission when at least following two conditions are met:
1) The UL MIMO channel is less correlated; and 
2) The UE is not link budget limited.
The first condition provides that there are sufficient degrees-of-freedom in the UL channel can be exploited for spatial multiplexing of multiple streams.  The second condition implies that after splitting the transmit power onto multiple streams, per stream SINR is higher enough to support a larger sum-rate over the single-stream transmission.  If a UE is in a link budget limited case, splitting transmit power onto multiple streams will results in a low SINR on each stream, the sum-rate of multiple streams may be lower than the that of single-stream but with a higher SINR.  If either of these two conditions cannot be met, a UE may need to be scheduled with a single-stream transmission.  
Observation 1: Single-stream transmission is preferred for users with limited link budget.
The DFT-S-OFDM based waveform has a lower PAPR which allows more efficient power-amplifier utilization.  This is very crucial when link budget is limited.  Hence, DFT-S-OFDM based waveform shall be used for single-stream transmission when the UE is power limited, regardless of the uplink transmission method.
Proposal 1: DFT-S-OFDM based waveform shall be used for single-stream transmission when the UE is link budget limited, for both single-stream only transmission and the rank-1 transmission in a multi-stream transmission with rank-adaptation.
One uplink transmission method is spatial multiplexing with rank adaptation.  To adapt the variation of the link quality, a UE’s transmission rank can be determined by the network based on UL measurement.  The UE can be dynamically indicated to transmit a single-stream or multiple streams in the UL grant.  When a UE is scheduled with a multi-stream transmission, the CP-OFDM waveform shall be used as agreed in RAN1#86bis.  But when a UE is scheduled with a single-stream transmission, either CP-OFDM or DFT-S-OFDM based waveform can be used.  In case of rank-1 transmission, the network may determine one of these waveform based on UE’s transmit power utilization, e.g., based on the power headroom report.  The waveform for rank-1 transmission can either be semi-statically configured via higher layer signaling, or be dynamically indicated in the UL grant, e.g., via a 1-bit indication in the DCI or using two DCI formats.  The latter enables dynamic switching between CP-OFDM waveform and DFT-S-OFDM waveform.  This can be useful when there’s a sudden change in link quality.  In mmW, for example, the link quality can change significantly with the UL beam switching due to blockage.  A UE may switch rapidly between a beam that can support a multi-stream transmission and a beam that only supports single-stream transmission due to the limited link budget.  Dynamic indication of waveforms can avoid frequency RRC reconfiguration.
Proposal 2: For uplink spatial multiplexing with rank adaption, a UE can be dynamically indicated with one of CP-OFDM or DFT-S-OFDM waveform for rank-1 transmission.
Reciprocity based UL MIMO
The uplink MIMO precoding can be based on a predefined precoding matrix codebook as in LTE.  When the UL/DL channel reciprocity is available, the uplink precoding may also be done without a codebook.  This can be achieved with the help of precoded UL sounding.  It may also support frequency selective precoding without indicating multiple subband PMIs in the DCI.  
For non-codebook based transmission, the UL precoding matrix needs to be determined by exploiting the UL/DL channel reciprocity.  It is well known that even under TDD operation, the reciprocity is guaranteed only for the physical propagation channel between the transmit and receive antennas at both ends, but not for the effective baseband channel due to asymmetric RF circuits in the transmitting/receiving paths.  So, the channel estimates from the DL reference signals cannot be directly utilized for deriving the UL precoding matrix.  
Observation 2: DL channel estimation may not be directly utilized for deriving UL precoding matrix.
One workaround to this issue is to estimate the UL channel at the UE side by two-way channel training [9].  Based on this, an analogue feedforward scheme was proposed in [10] to acquire CSI for UL transmission.  The idea is that the TRP transmits the received SRS samples in an amplify-and-forward manner to the UE, in addition to the regular DL reference signals.  The UE thus has the observation of the DL channel and the observation of the round-trip channel (i.e., concatenation of UL channel and DL channel).  The UE first estimates its DL channel from the DL reference signals, and then estimates UL channel from the round-trip channel given the estimated DL channel.  With this method, the UE may estimate the UL channel and derive the UL precoding matrix.  But there could be some potential risks.  First, the amplify-and-forward protocol is mainly useful in high signal-to-noise ratio environments, because the TRP amplifies whatever it receives, including noise and interference.  For cell-edge UEs, the observation of the round-trip channel can be very noisy with strong interference.  Hence, the UL channel estimation quality may be insufficient for deriving the UL precoding matrix.  Second, dedicated DL resources (power and time-frequency resources) need to be allocated for forwarding the UL channel observation to the UE.  Additional signalling to support the amplify-and-forward protocol is also needed. 
Observation 3: Cell-edge UEs may not exploit two-way channel training to obtain reliable UL channel estimation. 
Another solution to resolve this issue is to perform RF calibration at the UE side.  This is similar to the RF calibration at the TRP side when performing DL precoding based on UL channel estimation.  TRP side calibration has been thoroughly discussed in LTE.  Essentially, there are two types of calibration schemes – self-calibration methods (e.g. [11]) and over-the-air (OTA) calibration methods (e.g., [12]).  Self-calibration does not need any additional air-interface signalling, but does require additional analogue switches and attenuators to be implemented for wiring all the antennas together.  OTA calibration which doesn’t require any additional hardware support, on the other hand, requires some additional signaling support.
Observation 4: UE side calibration is needed for exploiting channel reciprocity in UL MIMO transmission.
One possible procedure of UE-side OTA calibration can be as follows.  The gNB estimates the UL channel,   based on SRS, and the UE estimates the DL channel,   based on CSI-RS.  The gNB sends , a representation of the estimated UL channel, to the UE.  The representation of  could be a sub-row-matrix of  itself, the estimation of UE side transmit matrix , or the dominant eigen-components of .  The UE computes a calibration matrix  based on  and , e.g., by solving following optimization problem:

where  is the UL channel recovered from G.  The UE can derive the UL precoding matrix based on .
Proposal 3: Study OTA UE calibration solutions for non-codebook based UL MIMO transmission at below 6GHz.
UL open-loop MIMO
In some scenarios, the precoding matrix selected by the gNB may not be suitable for forthcoming UL transmission.  For example, in high mobility scenarios, the precoding matrix selected by the TRP may be outdated when UE receives the UL grant and transmits using the indicated PMI due to channel decorrelation.  In such scenarios, open-loop precoding can provide a means to benefit from the degrees-of-freedom provided by multiple antennas.  
The open-loop operation may support both single-stream transmission and multi-stream transmission.  The single-stream open-loop transmission should be targeting on achieving diversity gain.  As discussed in Section 2.1, both CP-OFDM waveform and DFT-S-OFDM waveform can be used for single-stream transmission.  The transmit diversity scheme with DFT-S-OFDM based waveform should preserve the single carrier property.  
Observation 5: The single-stream open-loop operation shall preserve single carrier property if DFT-S-OFDM based waveform is used.
SFBC is incompatible with DFT-S-OFDM based waveform.  This is because the SFBC scheme applies space frequency block coding over two adjacent frequency tones, its resulting waveform is not a single carrier waveform anymore.  Random beamforming is one way to achieve diversity in UL for DFT-S-OFDM based waveform.  The gNB may randomly or pseudo-randomly select a wideband rank-1 UL precoding matrix (or a beamformed SRS port).  Precoding matrix cycling can be thought as a pseudo-random precoding matrix selection.  The selected precoding matrix (or beamformed SRS port) is then indicated to the UE via UL grant.  So, the open-loop operation can be transparent to UE.  But full diversity gain cannot be achieved by this method.  
In order to achieve full diversity with DFT-S-OFDM based waveform, STBC can be considered.  A 2-TX STBC requires a pair of symbols.  It may result in an “orphan” symbol in the UL duration in a slot, depending on the channelization of UL signals and channels.  When there are even number of PUSCH symbols in a slot, the use of STBC is straightforward.  If the PUSCH occupies an odd number of symbols, there will be one symbol cannot be utilized by STBC.  One solution to address the “orphan” symbol problem is to make the STBC self-contained within a DFT-S-OFDM symbol, a.k.a., split-symbol STBC (SS-STBC).  In Figure 1, we illustrate the time-domain construction of a SS-STBC.  More details about SS-STBC can be found in [11].


Figure 1.  SS-STBC time-domain signal construction.
Proposal 4: NR supports STBC and SS-STBC for open-loop transmission scheme for PUSCH with DFT-S-OFDM based waveform.
Besides STBC, cyclic delayed diversity (CDD) can be another option of transmit diversity scheme for PUSCH using DFT-S-OFDM based waveform.  CDD with a small delay can preserve the single carrier property and can be transparent to gNB.  The gNB can get additional processing gain from wideband channel estimation based on DMRS with a small cyclic delay.  One potential issue with CDD is how to achieve sufficient diversity for small RB allocation.  How to choose the amount of delay needs further study.
Proposal 5: Consider CDD for open-loop transmission for PUSCH with DFT-S-OFDM based waveform.
Single antenna port transmission
For low cost UEs, there could be only a single TX RF chain with a low cost power amplifier.  The single antenna port scheme using DFT-S-OFDM waveform can be useful for those UEs.  It’s worth noting that although there is only a single TX RF chain, the UE may still be equipped with multiple antennas.  Those multiple antennas may either connected to the single RF chain via a RF switch, or via a RF beamforming unit.  UE transmit antenna or transmit beam switching can be considered.
Observation 6: Single antenna port transmission using single-carrier waveform is useful for low cost UEs.
Proposal 6: NR UL MIMO shall support single antenna port transmission using DFT-S-OFDM based waveform.
UL precoding granularity
In RAN1#86, it is agreed to study frequency selective UL precoding.  Frequency selective UL precoding may not always provide substantial gain over wideband UL precoding.  First, the gain may only be observed when the resource allocation in frequency domain is wide enough.  In case of narrow band resource allocation, e.g., for cell-edge UEs which have limited transmit power, frequency selective UL precoding cannot bring any performance benefit at all.  Second, even for the cell-center UEs which can support a wider band UL transmission may still not be benefit from frequency selective precoding.  This is because the precoding granularity is getting less significant as the number of receive antennas is increasing, which is true that much more antennas can be used for UL receiving at the NR gNB than those at an LTE eNB.  Third, there is a trade-off between the gain brought by finer precoding and the overhead required to indicate subband precoding information in UL grant.  This may even limit the usefulness of frequency selective precoding.  At last but not least, the increased UE implementation complexity is another important aspect which needs to be taken into account.  
In Figure 2, we show simulation results of the beamforming gain with reciprocity based 2-TX beamforming in TDL-C channel with 300ns r.m.s. delay spread.  We assume the MSE of channel estimation is 10dB, 20dB, or 50dB.  We compare the beamforming gain of per-RB beamforming and wideband beamforming with a resource allocation of 10 RBs.  The beamforming gain is normalized by that of open-loop beamforming.  We observe that the maximum beamforming difference between the two precoding designs is always smaller than 0.32 dB even in the most optimistic scenarios, as shown in Figure 2(a).  Note also that the low channel estimation quality, which is likely the case when the UE is in the cell-edge, the difference between the two precoding designs is even smaller or even zero, as shown in Figure 2(c).  Note that if the allocation is smaller, for example 6 RBs (1.08 MHz), then the difference is generally even smaller, for example smaller than 0.2 dB even for the case of relatively high channel estimation quality (MSE of 20 dB), as shown in Figure 2(d).
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(a) 10 RBs, MSE of 50dB                                                          (b) 10 RBs, MSE of 20dB
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(c) 10 RBs, MSE of 10dB                                                       (d) 6 RBs, MSE of 20dB


Figure 2.  Beamforming gain w.r.t. OL beamforming of per-RB beamforming and wideband beamforming with different channel estimation quality in TDL-C (300ns).
Proposal 7: Frequency selective precoding is not supported for UL MIMO with CP-OFDM waveform when the transmission ports is 2. 
Conclusions 
To summarize, we discussed several uplink MIMO transmission schemes.  We have following observations.
Observation 1: Single-stream transmission is preferred for users with limited link budget.
Observation 2: DL channel estimation may not be directly utilized for deriving UL precoding matrix.
Observation 3: Cell-edge UEs may not exploit two-way channel training to obtain reliable UL channel estimation. 
Observation 4: UE side calibration is needed for exploiting channel reciprocity in UL MIMO transmission.
Observation 5: The single-stream open-loop operation shall preserve single carrier property if DFT-S-OFDM based waveform is used.
Observation 6: Single antenna port transmission using single-carrier waveform is useful for low cost UEs.
The proposals are as follows.
Proposal 1: Proposal 1: DFT-S-OFDM based waveform shall be used for single-stream transmission when the UE is link budget limited, for both single-stream only transmission and the rank-1 transmission in a multi-stream transmission with rank-adaption.
Proposal 2: For uplink spatial multiplexing with rank adaption, a UE can be dynamically indicated with one of CP-OFDM or DFT-S-OFDM waveform for rank-1 transmission.
Proposal 3: Study OTA UE calibration solutions for non-codebook based UL MIMO transmission at below 6GHz.
Proposal 4: Adopt STBC as one option of the open-loop transmission scheme for PUSCH with DFT-S-OFDM based waveform.
[bookmark: _GoBack]Proposal 6: Adopt CDD as one option of the open-loop transmission scheme for PUSCH with DFT-S-OFDM based waveform.
Proposal 5: NR UL MIMO shall support single antenna port transmission using DFT-S-OFDM based waveform.
Proposal 7: Frequency selective precoding is not supported for UL MIMO with CP-OFDM waveform when the transmission ports is 2. 
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