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Introduction
The benefits of a reciprocity-based CSI acquisition can be summarized as follows. It could result in a significant performance enhancement by providing a more accurate and timely CSI. Furthermore, it could reduce the feedback overhead for CSI measurement configuration and reporting. 

In RAN1 #86b Meeting [1], the potential role of channel reciprocity in different MIMO-related processes such as CSI acquisition, beam forming and QCL was discussed and captured in the following agreements. 

· For hybrid beamforming, at least the following steps for CSI/RSRP acquisition should be studied: 
· Step 1: Beam-based CSI/ and/or RSRP (e.g., based on beam management procedures)
· To determine at least analog beam
·  Using UE feedback and/or beam-based reciprocity
· With beam-based reciprocity, TRP/UE can obtain DL/UL Tx beam from its Rx beam by multi-beam reception
· Step 2: Port-based CSI
· To determine the precoder for digital beam based on the reported analog beam(s)
·  Using UE feedback and/or port-based reciprocity
· With port-based reciprocity, TRP/UE can obtain DL/UL CSI based on UL SRS/DL RS
· Step 3: CQI 
· To determine CQI for data transmission given the reported analog and digital beam
· Based on UE-specific CSI-RS transmission
· Further optimization of the procedure for reciprocity/non-reciprocity can be considered

· FFS: QCL considering channel reciprocity 

Another important aspect of the reciprocity-based CSI acquisition is the state of the UE calibration [2, 3]. In a reciprocity-based CSI framework, since a UE bases its UL transmission on the measurements performed on the downlink channel that is observed through the RF chain and antenna system, it is important that the UE is properly calibrated. Hence, as discussed in RAN1 #86b Meeting [1], further study on the impact of calibration is required.

· Study the coherent/non-coherent MIMO transmission based on uniform/non-uniform array structure at TRP or UE
· E.g., Codebook design, calibration accuracy, interference measurement, advanced receiver design, interference hypothesis

In this contribution, we share our analysis on the impact of the UE calibration in a UL MIMO transmission to provide some insight on potential performance loss due to radio hardware miscalibration.
A Review on Calibration Model 
Figure 1 shows basic models for DL and UL MIMO transmission with  and  antennas at eNB and UE, respectively. Matrices  , , , and  are complex diagonal matrices representing eNB transmitter, eNB receiver, UE transmitter and UE receiver overall gain blocks, respectively [4]. Although the actual uplink and downlink wireless channels are  and , respectively, the effective uplink and downlink channels measured at the receive end of each link are expressed as follows


In a TDD system, to exploit the reciprocity principle it is required that , however due to mismatch of the transmitter and the receiver gain elements in the RF chain of eNB and the UE, . The sources
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Figure 1 - Down link and Uplink TX/RX chain model
of such mismatches are mainly from amplitude and phase variations of the used components in the RF signal chain. In general, the principal requirements for a calibrated multi-antenna system can be expressed as 


where  and are arbitrary constants. 
In a cellular system, it may be reasonable to assume to have a calibrated system at the base station, however due to cost and implementation aspects this may not necessarily hold true for handsets. Therefore in our analysis, we have assumed a perfectly calibrated base station, while UE can take different levels of miscalibration.

Analysis of Impact of Calibration Error
In this section we present our investigations on the potential performance loss of a reciprocity-based UL MIMO system under different UE miscalibration assumptions. For the analysis, a sum rate capacity analysis of the system assuming SVD based precoding with and without calibration errors is performed, where the transmit and receive beamforming functions can be represented as  
UE transmit beamformer		=
eNB receive beamformer		=
Hence, the overall SVD-based transmit-receive UL MIMO transmission function  can be summarized as

As can be seen from the above formulation, a miscalibration results in a mismatch between the actual channel and the employed transmit and receive beamforming. Assuming , and equal power allocation to the available  transmit antennas, the sum-rate capacity can be expressed as

where,  for the -th spatial stream can be written as [5]


Simulation Results
In this section, the impact of calibration on the capacity of the system under various calibration assumptions is studied. As indicated earlier, we assume that eNB is perfectly calibrated and the only source of the miscalibration is transmit and receive  gain blocks of the UE. We assume that the amplitude errors are modelled as i.i.d. log-normal distributed with unit power and variance of  [6]. The calibration phase errors are assumed i.i.d. with uniform distribution . Table 1 summarizes the miscalibration assumptions use for the analysis. 
As demonstrated in Figures 2 and 3, calibration errors may result in a some performance loss. The incurred performance loss may be ignored at low SNR region, however at higher SNR the performance could be severely degraded. At high SNR regime, calibration errors dominates the system noise, and the capacity of the system approaches a ceiling that cannot be broken through with any further increase in SNR. The observed performance loss is more pronounced for poorly calibrated UEs. For moderately and well calibrated UEs, the performance loss is not significant. Therefore, there might be some benefits in signalling the UE state of calibration to the base station to distinguish poorly calibrated devices.  
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Figure 2 – Reciprocity UL beamforming with 4 TX UE, eNB with a): 16 RX Antennas b) 64 RX Antennas
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Figure 3 – Reciprocity UL beamforming with 16 TX UE, eNB with a): 64 RX Antennas b) 128 RX Antennas

Observation 1: Miscalibration may result in some performance degradation in a reciprocity-based transmission.
Observation 2: For low to moderate levels of calibration errors, the performance loss is not significant.


	Parameter
	Value

	eNB
	Perfectly calibrated

	UE  
	Amplitude error: Log-Normal distribution, 
	0.1, 0.25, 0.50, 1 dB

	
	Phase error: Uniform distribution, 
	1, 2.5, 5 degrees

	UE Antennas 
	4, 16

	eNB Antennas 
	16, 64, 128


Table 1 – System parameters
Indication of UE State of Calibration
As was shown in the previous section, if a UE is poorly calibrated, it may need to operate in the CSI-based operation relying on an implicit or explicit CSI feedback. The calibration state of a UE may be communicated to the eNB in a number of ways. 
Since the calibration is not a dynamic attribute of a UE, a UE may declare its calibration state through the initial RRC signalling. Alternatively, the UE state of calibration may be implied by the UE category. In other words, certain UE classes may be defined that can be always considered calibrated.
Proposal 1: RAN1 considers indication of the UE state of calibration.
Proposal 2: RAN1 considers RRC signalling or UE category to indicate the UE state of calibration. 

Conclusion
The contribution discussed the impact of miscalibration in a reciprocity-based UL MIMO transmission system. It is shown that at high SNR regime, calibration errors dominates the system noise and the capacity of the system. The observed performance loss is more pronounced for poorly calibrated UEs. For moderately and well calibrated UEs, the performance loss is not significant. Nevertheless, there might be some benefits in signalling the UE state of calibration to the base station to distinguish poorly calibrated devices. We made the following observations and proposals:
Observation 1: Miscalibration may result in some performance degradation in a reciprocity-based transmission.
Observation 2: For low to moderate levels of calibration errors, the performance loss is not significant.
Proposal 1: RAN1 considers indication of the UE state of calibration.
Proposal 2: RAN1 considers RRC signalling or UE category to indicate the UE state of calibration. 
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