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1. [bookmark: _Ref521334010]Introduction
When perfect channel state information (CSI) is available at the transmitter side, linear precoding is beneficial in increasing spectrum efficiency or enhancing link reliability. The optimal linear precoder that achieves the channel capacity was shown to be the cascade of a beamforming matrix and a power allocation matrix[1]. The beamforming matrix consists of the right singular vectors of the channel matrix, while the power allocation matrix is obtained by water-filling over eigenmodes corresponding to the non-zero singular values. 
Assumption of perfect CSI at the transmitter side is often unrealistic. In 4G LTE and 5G NR system, CSI is sent to the transmitted side through a UL channel. UE selects the recommended precoder from a codebook, which is designed in advance and stored at both the transmitter side and UE. The precoding matrix index (PMI) is sent to the transmitter side through the UL channel.
In TDD system, uplink and downlink channel is assumed to be reciprocal, i.e., channel reciprocity holds between the two directions. Channel reciprocity comes from the fact that propagation of radio wave is reversible. To obtain uplink CSI, a UE is scheduled to transmit reference signal (e.g., SRS) on some time and frequency resources. The network side device (referred to as TRP in the following) then estimates the uplink channel from the reference signals. Denote the estimated uplink channel as, an matrix.  and  are number of antennas at TRP and UE, respectively. Due to channel reciprocity, downlink channel can be obtained simply from uplink channel, i.e., .
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 for PDSCH was 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. 
Coherent joint transmission based on channel reciprocity has good potential to improve both cell edge and cell average user throughput significantly. In Figure 1, simulation results are given based on the agreed simulation assumption in [2] 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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Figure 1: Performance of coherent joint transmission assuming ideal channel reciprocity
Observation-1:
· Coherent joint transmission based on channel reciprocity is able to achieve significant performance gain under the condition of ideal channel reciprocity.
2. Impact of non-ideal channel reciprocity
The base band signal to be transmitted from TRP will pass through the transmitting RF circuit before it is fed to the antenna feeder, similarly, the received signal at the antenna will also pass through receiving RF circuit before it is delivered to base band unit, as shown in Figure 2. The equivalent channel between the TRP and UE (the channel between base band unit at transmitting side and the base band unit at receiving side) in downlink includes the TRP transmitting RF circuit transfer function, actual radio channel and UE receiving RF circuit transfer function. On the other hand, in uplink the equivalent channel between UE and the TRP includes the TRP receiving RF circuit transfer function, actual radio channel and UE transmitting RF circuit transfer function. The transmitting RF circuit is independent for different antennas, thus the transfer functions are different in general. The difference in transmitting RF circuit transfer function leads to increased frequency selectivity of the channel thus decreasing the coherent bandwidth. 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.



Figure 2: 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 at TRP and over the air 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 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 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 amplitude error of the  ith antenna 
·  is the phase error of the ith antenna 
·  is the number of antennas at TRP side
Assume self-calibration is performed by each TRP. During the self-calibration, a common reciprocity error across antennas is introduced by the Tx/Rx mismatch of the calibration circuits. Without loss of generalization, the DL channel can be modelled as 

Without taking common reciprocity error into account, the amplitude error (expressed in decibel scale) is modelled as normal distribution with standard deviation A dB, and the phase error is modelled as uniform distribution within [B, -B] degree. After self-calibration, the standard deviation of the amplitude error is 0.5 dB, and the range of the phase error is 5 degrees.  and  is the common amplitude and phase error across  antennas of a TRP. The common reciprocity error does not have impact on DL performance of single-TRP transmission. As the common reciprocity error is different across TRPs, if coherent joint transmission is employed, the performance would degrade. In order to investigate the impact of reciprocity error, different level of common reciprocity error is assumed in the simulation. The amplitude of common reciprocity error is modelled as normal distribution with standard derivation C dB, and the phase error is modeled as uniform distribution within [-D, D] degrees. The results are collected and shown in Figure 3.
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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Figure 3: Impact of reciprocity error on coherent joint transmission 
The operation of coherent joint transmission depends on the reciprocity error across TRPs. As observed from the evaluation results, significant performance loss is observed.
Observation-2:
· Inter-TRP antenna calibration is essential to guarantee system performance of coherent joint transmission.
3. 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 4. 

Figure 4: Assistance information reporting for inter-TRP antenna calibration
Each TRP can select one antenna to transmit the reference, 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, TRP is able to calibrate inter-TRP reciprocity error. 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. Another issue is the reference signal used for measurement. 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 QCL assumption needs revision.
Observation-3:
· Self-calibration is infeasible to calibrate inter-TRP reciprocity error.

Proposal
· Study the feasibility and potential specification enhancement to support OTA inter-TRP antenna calibration in Rel-19.

4. Conclusions
In this contribution, antenna calibration to facilitate inter-TRP coherent joint transmission is discussed with following observations and proposal:
Observation-1:
· Coherent joint transmission based on channel reciprocity is able to achieve significant performance gain under the condition of ideal channel reciprocity.
Observation-2:
· Inter-TRP antenna calibration is essential to guarantee system performance of coherent joint transmission.
Observation-3:
· Self-calibration is infeasible to calibrate inter-TRP reciprocity error.
Proposal
· Study the feasibility and potential specification enhancement to support OTA inter-TRP antenna calibration in Rel-19.
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