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1. [bookmark: _Ref521334010]Introduction
Due to the huge potential of increasing spectral efficiency and system capacity, multiple-input multiple-output (MIMO) has been regarded as one of the core technologies in 4G and 5G systems. The performance gains with MIMO system come from the spatial degree-of-freedom of multi-antenna channel. Therefore, the dimension extension for MIMO has always been the most important direction of evolution in both standardization and industry development. For example, up to 4 layers and 2 layers can be supported for single and multi-user downlink transmissions respectively in the first release of LTE, i.e., Rel-8. In release 10, to satisfy the requirement of emerging traffics in the future, the supported numbers of layers for single and multi-user transmissions have been extended to 8 and 4 respectively. To further improve the channel measurement accuracy and enhance MIMO transmission, the number of reference signal ports for channel measurement has been increased from 4 to 8, 16 and even 32 in subsequent releases of LTE system gradually. 
Meanwhile, the trends of further extending the scale of antenna array were justified by massive antenna theory as well. Theoretically, with increased number of antennas, the channels of different users tend to be orthogonal to each other. Consequently, inter-user interference and additive noise will vanish as long as the number of antennas could increase infinitely. Subsequently, in 5G era, the performance advantages of massive MIMO in terms of system capacity, user experience as well as spectral and energy efficiency were widely verified by extensive theoretical researches, field tests and practical deployments. Therefore, massive MIMO is viewed as one of the most promising technologies for enabling the 5G system by both industrial and academic communities.
Throughout the research and standardization of MIMO in 5G, the following aspects and design criteria are especially considered.
 (1) Beam-space operations: facing the propagation characteristics such as path loss, blockage and penetration loss, beamforming serves as an important manner to ensure reasonable coverage and link reliability of the system. However, considering the cost, power consumption and complexity, it is not practical to implement full-digital antenna array in higher frequency bands. In such case, the mechanism for analog beam searching, tracking, reporting and recovery was specified since the first release of NR, i.e., Rel-15. In the subsequent releases of NR, enhancements on beam reporting, latency reduction and support of multi-TRP operation have been adopted. Especially considering the efficiency of beam management, unified TCI framework has been established to enable both single and multi-TRP transmissions. Based on the hybrid beamforming architecture currently being used, with further increased number of the antennas, it’s still one of the key factors to be considered on how to ensure the efficiency and reliability of the beam management mechanism in future releases.
(2) Enhancement on multi-user MIMO: considering the increasing of users and traffic load in the future, improvement of spectrum efficiency is still of great importance to 5G system. With large-scale antenna array and more flexible 3-D beamforming capability, massive MIMO can be used to further enhance the performance of multi-user transmission. Compared with single-user MIMO, the performance of MU-MIMO relies heavily on the accuracy of CSI feedback. Therefore, from release-15 to 18, CSI feedback enhancements have always been one of the key issues in standardization of NR MIMO. In addition to that, the solution supporting 24 orthogonal DMRS ports is being standardized in Rel-18. It’s noted that the enhancement for single-TRP MIMO transmission is the foundation for improving the performance of NR systems. However, from the perspective of the overall system, from a larger and more global perspective, optimization of the transmission/reception of more than one TRP is even more important to the overall system.
(3) Multi-TRP transmission/reception: multi-TRP operation is of great significance for balancing the quality of service for UEs at all the coverage areas of a system. With multi-TRP operation, optimal resource and interference management can be achieved in larger scale. Both the spectral efficiency and robustness can be improved with multi-TRP transmission/reception. Especially in higher frequency bands, multi-TRP operation is helpful in overcoming blocking effects, ensuring transmission reliability, and reducing latency. Multi-TRP can also be used in high-mobility scenarios to combat the impact of bidirectional Doppler shift on reception performance. However, considering the timing and synchronization accuracy issues between TRPs, the current multi-TRP coordination schemes mainly focuses on NCJT approaches, where a layer is transmitted from only one TRP. The standardization of CSI enhancement for CJT is still undergoing. However, it is difficult to truly achieve the performance gain of CJT without compensating non-ideal factors, such as calibration error among coordination points, in actual deployment conditions.
(4) UL MIMO: compared to DL MIMO, the evolution of UL MIMO's capabilities is relatively lagging behind. In Rel-18, UL transmissions with 8Tx, multi-panel and 2TA in NCJT are still under discussion. In the future, considering the use of more powerful terminals, such as CPE and vehicle-type UEs, and more traffic with symmetric UL and DL data rates, further enhancement for UL still needs to be supported. For example, with more Tx antennas in UL, the full utilization of frequency selectivity of UL channel may provide significant improvement in UL performance. Also, considering the fact that more Tx antennas than Tx chains are usually equipped at UE side, Tx antenna selection can be considered to support dynamic selection of antenna subset with better channel qualities, and then more robust and higher data rate UL transmission can be expected. 
Targeting higher requirement on system performance and more flexible deployment scenarios, in this contribution, some potential areas to further enhance MIMO operation in the upcoming release are discussed. Based on analytical and evaluation results, solutions to enhancements on beam management, UL transmission and CJT are provided.
2. Beam management enhancement
With the development of massive MIMO, larger antenna array with up to 2048 or even 4096 antenna elements becomes applicable. Considering the cost of RF chain, the number of TXRU would not be increased significantly. Therefore, each TXRU would be mapped to more antenna elements, which results in larger number of analog beams. For example, assuming 16 TXRUs for an antenna array with 256 antenna elements, each TXRU is mapped to 16 antenna elements. If an antenna array with 4096 antenna elements is used, each TXRU is then mapped to 256 antenna elements. In this way, the number of analog beams may be increased to 16 times. From the beam management perspective, such large number of analog beams requires more CSI-RS for beam management resources to be measured, which increases RS overhead, beam management delay, and UE power consumption. Therefore, in Rel-19, enhancement on beam management for lower RS overhead and lower operation delay should be considered for larger antenna array. The potential enhancements may include RS design, procedure of beam management, codebook design and corresponding CSI report.
[bookmark: _Ref144396889][bookmark: _Ref144396953]Proposal 1: 
· In Rel-19, enhancement on beam management for lower RS overhead and lower operation delay should be considered.
3. UL MIMO enhancement
3. Frequency-selective precoding
The benefits of frequency-selective precoding have been well documented in DL where significant performance improvements over wideband precoding was demonstrated. Similar to DL, when the allocated  bandwidth is substantially wide (e.g. up to 100MHz in FR1 and up to 400MHz in FR2), a single wideband precoder cannot sufficiently exploit the channel frequency-selectivity in UL. Therefore, in order to fully exploit the link adaptation gain, frequency-selective precoding is excepted to be supported for UL as well. 
Relevant scenarios include near stationary applications (e.g., home entertainment, office, shopping center) where channel is stable within a relatively long period of time to facilitate closed-loop link adaptation. For lightly-loaded scenarios, such as where a small number of users are present (e.g., home entertainment), each user may occupy the entire system bandwidth. In such case, frequency-selective precoding allows higher MCS and higher spectral efficiency. For densely loaded cells, frequency-selective precoding allows more accurate FDM and efficient spectrum utilization. Specification impacts of frequency-selective precoding in UL include enhancements of TPMI/TRI indication and splitting of subbands, and possibly include enhancements for codebook. 
In Figure 1, system-level performance evaluation results are provided to demonstrate the performance gain of UL frequency-selective precoding over wideband precoding. In brief, a system bandwidth of 100MHz on a carrier frequency of 3.5GHz is assumed. The gNB is equipped with 32 antennas and the UE is equipped with 1x2 ULA with cross-polarized antenna for 4Tx and 1x4 ULA for 8Tx. In the simulation, full-buffer traffic is assumed, and UL scheduling of SU-MIMO and rank = 1 are adopted. 
Observation 1:
· It is observed that subband precoding with TPMI subband size of 16PRB provides substantial performance improvements over wideband precoding. Specifically, up to 13.6% average and 22.6% edge UPT gain can be achieved by frequency-selective precoding with 4Tx, and up to 24.6% average and 31.7% edge UPT gain can be achieved by frequency-selective precoding with 8Tx.
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Figure 1: Performance comparison of frequency-selective precoding and wideband precoding
[bookmark: _Ref144396981]Proposal 2: 
· Support UL frequency-selective precoding in Rel-19, at least for 4Tx.
3. Transmit antenna selection for UEs
Due to cost and power constraint, most of commercial NR UEs are equipped with fewer Tx RF chains than the Tx/Rx antennas. To be specific, typical NR UE is denoted as an xTyR UE with x < y, i.e., the UE has x Tx RF chains and y Tx/Rx antennas. 
An UE with x Tx RF chains and y Tx/Rx antennas can be denoted as xTyR UE, where x < y. Compared with always transmitting the PUSCH with x given antennas, antenna diversity gain can be achieved by allowing gNB dynamically selecting x antennas from the y antennas. In current NR systems, implementation-based dynamic transmit antenna selection can be supported for UL transmission with the following schemes:
· Option 1: When the UE transmits different SRS resources in the SRS resource set for PUSCH transmission with different Tx antennas, dynamic transmit antenna selection can be achieved by SRI indication;
· Option 2: When the UE transmits different antenna ports of the same SRS resource for PUSCH transmission with different Tx antennas, dynamic transmit antenna selection can be achieved by TPMI indication.
Due to the restriction of the maximum number of SRS resources in an SRS resource set for PUSCH transmission, the application of option 1 is limited. For example, dynamically selecting 1 antenna from 8 antennas is not supported for codebook based PUSCH transmission of an 1T8R UE since the maximum number of SRS resources in an SRS resources set is 4 for full power transmission mode 2 and 4 for other configurations. Besides, for non-codebook based PUSCH, option 1 can only be applied to the cases where maxRank = 1 is configured. When maxRank > 1 is configured, multiple SRS resources can be indicated by SRI. Since arbitrary combinations of SRS resources can be indicated by gNB, when two SRS resources transmitted with different Tx antennas but the same RF chain are indicated simultaneously for PUSCH transmission, it would exceed UE’s capability on UL transmission. 
The application of option 2 is also limited. It is only applicable to codebook based PUSCH transmission. Furthermore, dynamic transmit antenna selection from more than x antennas is not supported by option 2 since only SRS resource(s) with no more than x-port can be configured for PUSCH transmission for an xTyR UE.
In order to achieve promising antenna diversity gain and improved system performance, network controlled  UL dynamic transmit antenna selection is desired for xTyR UEs. SRI indication based solution can be considered as a start since it is simple and has little spec impacts. 
During the period that UE switches antennas, performance degradation of UL transmission is observed. Therefore in Rel-17, for the SRS transmission of an SRS resource set with usage set to “antennaSwitching”, a gap of Y symbols exists between SRS resources of an SRS resource set, in which the UE does not transmit any other signal. Similarly, for SRI indication based solution, a gap should be introduced between SRS resources transmitting with different Tx antennas.
[bookmark: _Ref144396987]Proposal 3: 
· Support enhancement on UL dynamic transmit antenna selection for xTyR (x < y) UEs in Rel-19.
4. Inter-site antenna calibration
In order to improve user perceived throughput and/or link reliability, multi-TRP transmission has been introduced since NR Rel-16. Single-DCI and multiple-DCI based non-coherent joint transmission schemes for PDSCH were specified in Rel-16. TDM/FDM repetition of PDSCH was also specified to improve link reliability. Multi-TRP transmission for PDCCH was specified in Rel-17. In Rel-18, Type II codebook and SRS transmission are enhanced to facilitate operation of coherent joint transmission. The enhancement of Type II codebook targets providing high accuracy CSI for transmission hypothesis of coherent joint transmission. Enhancement on SRS improves the quality of CSI for coherent joint transmission based on channel reciprocity in TDD system. 
Coherent joint transmission based on channel reciprocity has good potential to improve both cell edge and cell average user throughput significantly. In Figure 2, simulation results are given based on the agreed simulation assumption in [1] and assuming ideal channel reciprocity. When coherent joint transmission involves 4 TRPs, more than 17% and 71% UPT gain can be obtained for cell average and cell edge, respectively.
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[bookmark: _Ref136363565]Figure 2: Performance of coherent joint transmission assuming ideal channel reciprocity
Observation 2:
· Coherent joint transmission based on channel reciprocity is able to achieve significant performance gain under the condition of ideal channel reciprocity.
4.1. Impact of non-ideal channel reciprocity
The baseband signal to be transmitted from TRP will pass through the transmitting IF and RF circuits before it is fed to the antenna feeder, similarly, the received signal at the antenna will also pass through receiving RF and IF circuits before it is delivered to baseband unit, as shown in Figure 3. The equivalent channel between the TRP and UE (the channel between baseband unit at transmitting side and the baseband unit at receiving side) in downlink includes the TRP transmitting RF/IF circuits transfer function, actual radio channel and UE receiving circuits transfer function. On the other hand, in uplink the equivalent channel between UE and the TRP includes the TRP receiving RF/IF circuits transfer function, actual radio channel and UE transmitting RF/IF circuits transfer function. Due to the difference in equivalent channel in downlink and uplink, caused by different transfer functions at transmitting side and receiving side, channel reciprocity is not ideal.


[bookmark: _Ref136363593]Figure 3: Tx/Rx between TRP and UE
Antenna calibration techniques can compensate the transmitting and receiving transfer functions of the RF circuit, thus controlling the difference to make sure that they are within a limited range. There are two types of antenna calibration techniques: self-calibration (including calibration among TRPs or within a TRP) and over the air (OTA) calibration. For self-calibration technique, there is a separate calibration port other than the regular antenna ports used for transmission and reception. Calibration reference signal is exchanged between calibration port and regular antenna ports, and then after some processing the calibration coefficients can be derived. It is feasible to calibrate the antenna arrays of a single TRP with self-calibration technique. However even after calibrating the antennas at each TRP, there is difference among different TRPs. Self-calibration among the antennas in different TRPs is rather difficult in practice. Over the air calibration can be performed among the antennas in one TRP or among the antennas in different TRPs. However, this technique requires UE to report some assistance information for the purpose of TRP calibration. 
System level evaluation is conducted to assess the impact of reciprocity error on coherent joint transmission. The model of reciprocity error can be found in the Appendix. The error is modeled as the combination of per-antenna error and per-TRP error. The per-TRP error does not have impact on DL performance of single-TRP transmission. As the per-TRP error is different across TRPs, if coherent joint transmission is employed, the performance would degrade. In order to investigate the impact of reciprocity error, per-TRP self-calibration is assumed and different levels of per-TRP error are assumed in the simulation. The amplitude of per-TRP error is modelled as normal distribution with standard derivation C dB, and the phase of the per-TRP error is modeled as uniform distribution within [-D, D] degrees. The results are collected and shown in Figure 4.
It can be observed from the evaluation results that if the phase error is within 10 degrees, the reciprocity error has marginal impact on system performance. But when the phase error grows to 20 degrees, the system performance degrades by more than 10%. It should be noted that without inter-TRP antenna calibration, the range of phase error would be [-180, 180] degrees. In this case, coherent joint transmission is impossible and the performance is even worse than single-TRP transmission.
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[bookmark: _Ref136363637]Figure 4: Impact of reciprocity error on coherent joint transmission 
The performance of coherent joint transmission depends on the reciprocity error across TRPs. From the evaluation results, significant performance loss is observed.
Observation 3:
· Inter-TRP antenna calibration is essential to guarantee system performance of coherent joint transmission.
4.2. Potential solution
As discussed previously, existing antenna calibration schemes can be put into two categories: 
· Self-calibration method: Utilizing hardware circuits connection or mutual coupling effects. The self-calibration method can be simply run at the TRP without the need of help from UE. 
· OTA calibration method: The OTA method calibrates the TRP antenna array with the OTA feedback from UE or the other TRPs.
For intra-TRP antenna calibration, self-calibration is widely used. However for inter-TRP antenna calibration, it is almost impossible to introduce connection or coupling circuit between TRPs. OTA calibration process has to be considered. OTA calibration can be performed with assistance information reporting from UE. Assume each TRP is already self-calibrated. OTA is only used to calibrate the inter-TRP reciprocity error. Consider an example with two TRPs. The two TRPs can be configured to transmit reference signal as shown in Figure 5. 

[bookmark: _Ref136363653]Figure 5: Assistance information reporting for inter-TRP antenna calibration
Each TRP can select one antenna to transmit the reference signal, or beamforming can be implemented to transmit the reference signal from multiple antennas of a TRP. UE measures the reference signal and report assistance information to TRP. The assistance information represents the DL phase difference between the two TRPs. Together with the UL phase difference measured by TRP from UL signal, the network is able to calibrate inter-TRP reciprocity error. For instance, realistic downlink channel information can be derived by uplink channel information and estimated calibration coefficient, and then proper downlink precoding matrix is calculated accordingly.
The assistance information can be reported in the form of PMI. But currently specified codebook might not provide sufficient accuracy for desired phase calibration accuracy, e.g., 10 degrees. For example, by reusing the 2-Tx codebook, the resolution of the phase reporting is 90 degrees, which is far from satisfying the required accuracy of reciprocity calibration. Figure 6 and Figure 7 show the CDF of calibration error of the OTA calibration. The calibration error  is defined by the following equation:

where  is the phase error assumed in the simulation, and  is the calibration coefficient estimated by the OTA calibration. In the simulation, the number of TRPs is 2. The phase error before calibration is modelled as uniform distribution within [-180, 180] degree, and the unit of the calibration error is also degree. Channel estimation error is also modelledin the simulation. Figure 6 shows the CDF of the calibration error with different codebook resolutions. It can be seen that calibration error is reduced with the increase of codebook resolutions. When codebook size is larger than 3-bit, calibration error has a large probability (60%~70%) to be smaller than 10 degrees.
An alternative method is simulated in Figure 7 to reduce calibration error. In the simulation, multiple samples are utilized to estimate calibration coefficient jointly. Phase error is fixed during the joint calculation. The codebook size is 3-bit. It can be seen that calibration error can be reduced with the increase of the number of samples, even if the codebook size is small.
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[bookmark: _Ref136347302]Figure 6: CDF of calibration error of the OTA calibration with different codebook resolutions
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[bookmark: _Ref136350026]Figure 7: CDF of calibration error of the OTA calibration with different number of samples
Regarding specification impact, one aspect to consider is the reference signal used for measurement. To that end, CSI-RS is a candidate. But how to configure and transmit the CSI-RS needs further study. For example, according to current spec, CSI-RS ports within a CSI-RS resource are assumed to be QCLed. When the CSI-RS from two TRPs are configured in one CSI-RS resource, the constraint on QCL assumption needs revision. Another aspect is to identify standardization impact in OTA calibration with different number of samples.
[bookmark: _Ref144397103]Proposal 4: 
· Study the feasibility and potential specification enhancement to support OTA inter-TRP antenna calibration in Rel-19.
5. Non-ideal time and/or frequency synchronization for CJT
Similar to non-ideal channel reciprocity, non-ideal synchronization in time and frequency domain also has significant impact on the performance of CJT transmission. In order to solve this issue, OTA inter-TRP synchronization can be considered. For example, UE is configured with reference signals transmitted from multiple TRPs. UE measures the reference signal and report assistance information to TRP. The assistance information represents the DL time difference, frequency difference or phase difference between the two TRPs. With the assistance information, TRP is able to calibrate inter-TRP synchronization error.
[bookmark: _Ref144397061]Proposal 5: 
· Study the feasibility and potential specification enhancement to support OTA inter-TRP time and/or frequency synchronization in Rel-19.
6. Conclusions
In this contribution, potential MIMO enhancements for Rel-19 are discussed with following observations and proposals:
Observation 1:
· It is observed that subband precoding with TPMI subband size of 16PRB provides substantial performance improvements with wideband precoding. Specifically, up to 13.6% average and 22.6% edge UPT gain can be achieved by frequency-selective precoding with 4Tx, and up to 24.6% average and 31.7% edge UPT gain can be achieved by frequency-selective precoding with 8Tx.
Observation 2:
· Coherent joint transmission based on channel reciprocity is able to achieve significant performance gain under the condition of ideal channel reciprocity.
Observation 3:
· Inter-TRP antenna calibration is essential to guarantee system performance of coherent joint transmission.
Proposal 1: In Rel-19, enhancement on beam management for lower RS overhead and lower operation delay should be considered.
Proposal 2: Support UL frequency-selective precoding in Rel-19, at least for 4Tx.
Proposal 3: Support enhancement on UL dynamic transmit antenna selection for xTyR (x < y) UEs in Rel-19.
Proposal 4: Study the feasibility and potential specification enhancement to support OTA inter-TRP antenna calibration in Rel-19.
Proposal 5: Study the feasibility and potential specification enhancement to support OTA inter-TRP time and/or frequency synchronization in Rel-19.

7. Appendix – modelling of channel reciprocity error
The reciprocity error of channel between a TRP and UE is modeled as

·  is the spatial DL channel estimated at TRP side with calibration error
· is the ideal spatial UL channel without calibration error
·  represents the mismatch of transmission and reception circuits of TRP
·  is the per-antenna amplitude error of the  ith antenna 
·  is the per-antenna phase error of the ith antenna 
·  is the per-TRP amplitude error of the TRP which is common to all antennas of the TRP
·  is the per-TRP phase error of the TRP which is common to all antennas of the TRP
·  is the number of antennas at TRP side
The per-antenna amplitude error (expressed in decibel scale) is modelled as normal distribution with standard deviation A dB, and the per-antenna phase error is modelled as uniform distribution within [-B, B] degree. Assume self-calibration is performed by each TRP. After self-calibration, the standard deviation of the amplitude error is 0.5 dB, and the range of the phase error is 5 degrees.
The per-TRP error can be introduced by the Tx/Rx mismatch of the calibration circuits during self-calibration. The amplitude of per-TRP error is modelled as normal distribution with standard derivation C dB, and the phase error is modeled as uniform distribution within [-D, D] degrees.

8. References
[1] [bookmark: _Ref127525296]R1-2205289, EVM for Rel-18 MIMO CSI enhancements, 3GPP TSG RAN WG1 #109-e, e-Meeting, May 9th – 20th, 2022.



image2.emf
100.00%

109.67%

115.21%

117.90%

100.00%

140.30%

163.18%

171.23%

0.00%

50.00%

100.00%

150.00%

200.00%

S-TRP 2-TRP C-JT 3-TRP C-JT 4-TRP C-JT

UPT Gain

8 Tx/TRP, 2Rx, 10MHz, distributed layout

Cell average Cell edge


image3.emf
 

Duplexer

Tx

Rx

Duplexer

Tx

Rx

H


image4.emf
100.00%

99.27%

96.61%

87.65%

100.00%

98.83%

97.08%

90.06%

80.00%

82.00%

84.00%

86.00%

88.00%

90.00%

92.00%

94.00%

96.00%

98.00%

100.00%

102.00%

(C,D)=(0, 0) (C,D)=(0, 5) (C,D)=(0, 10) (C,D)=(0, 20)

Average Edge


image5.emf
 

Assistance 

information 

reporting

Reference signal


image6.png
CCF of calibration ermor





image7.png
CCF of calibration ermor

Empirical COF

0 10 20 0 ) E) EY
Cdlibration error (degres)




image1.png
140.00%

130.00%

120.00%

110.00%

100.00%

90.00%

80.00%

113.55%

100.00I

4Tx Avg SE

122.60% 124.66%
100.009 100.00
4Tx 5%-tile SE 8Tx Avg SE

B Wideband m® Subband

131.73%

8Tx 5%-tile SE




