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Introduction
To increase area traffic capacity [Mbps/m2], TRP densification is essential. However, it leads to severe inter-TRP interference. DL Multi-point MU-MIMO, which is a combination of CoMP JT and MU-MIMO, can reduce the severe interference in dense network and improve the capacity [1, 2]. This contribution focuses on the DL multi-point MU-MIMO transmissions with reciprocity-based CSI feedback in TDD and discusses over the air (OTA) calibration to achieve channel reciprocity.
Motivation
DL multi-point MU-MIMO
DL Multi-point MU-MIMO is effective for cell densification since it can reduce the severe interference between TRPs and improve area traffic capacity. Fig. 1 shows the area traffic capacity achievable with multi-point MU-MIMO (JT+MU-MIMO) and that of DPS/DPB, respectively. {4,8,16,32} TRPs are distributed within a hexagonal area whose radius = 100[m]. All TRPs operate to form a single set of MU-MIMO transmissions while DPS/DPB is operated among a certain set of 4 TRPs. It is seen from Fig. 1 that multi-point MU-MIMO can increase area traffic capacity in proportion to the number of TRPs while DPS/DPB can slightly increase area traffic capacity. However, explicit CSI (e.g. “raw” channel matrix) is necessary at the BS to achieve the capacity gain mentioned above. In TDD, reciprocity-based CSI feedback is attractive for its lower overhead than explicit CSI feedback.
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Fig. 1  Area traffic capacity in different CoMP scenarios
TDD channel reciprocity impairment
In general, over the air channel can be assumed to be reciprocal between DL and UL. However, in practice, DL channel F observed at the UE is not necessarily equivalent to the UL channel G observed at the BS due to the Tx/Rx RF circuit response mismatch as shown in Fig. 2. For example, the (m,n)-th element of F is written by Fm,n=rmhm,nTn while that of G is written by Gm,n=tmhm,nRn, where Tn and Rn are the Tx and Rx RF circuit responses of antenna#n, and tm and rm are the Tx and Rx RF circuit responses of UE#m, respectively. Therefore, this mismatch may affect the transmission performance with reciprocity-based CSI feedback in TDD.
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Fig. 2  TDD channel reciprocity impairment due to Tx/Rx RF circuit response mismatch
Fig. 3 shows the impact of Tx/Rx RF circuit response mismatch at BS after channel reciprocity calibration (i.e. calibration error) on DL multi-point MU-MIMO. Tx/Rx RF circuit response mismatch after channel reciprocity calibration is given by Gaussian phase error with standard deviation 0 to 30 [deg]. It is seen from Fig. 3 that area traffic capacity significantly degrades especially when maximum number of multiplexed UEs is large. Therefore, calibration error should be suppressed sufficiently to achieve a multi-point MU-MIMO gain.
Observation 1: Performance of DL multi-point MU-MIMO degrades due to Tx/Rx RF circuit response mismatch at BS in TDD.
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Fig. 3  Impact of Tx/Rx RF circuit response mismatch at BS after channel reciprocity calibration
on DL multi-point MU-MIMO with (No. of TRPs, Max. no. of multiplexed UEs) = (32, {16, 20, 24, 28, 30})
Channel reciprocity calibration
From the above discussion, it is desirable to calibrate the Tx/Rx RF circuit response mismatch at BS for achieving a sufficient multi-point MU-MIMO gain. In general, the RF circuit response varies according to the circuit temperature. It has been reported that the phase of the RF circuit response is stable to within a few degrees over a one-hour period [4]. Fig. 4 shows the phase difference of RF circuit response from initial time (i.e. Time = 0) obtained from our experimental equipment. It is seen from Fig. 4 that RF circuit response of our equipment is also stable to within a few degrees over a several-hour period. Therefore, the periodicity of channel reciprocity calibration can be low in the order from several tens of minutes to several hours.
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Fig. 4  Phase difference of RF circuit response from initial time
Channel reciprocity calibration schemes can be categorized into two groups: 1) circuitry based and 2) over the air. In circuitry based calibration, an additional RF circuit connected to each antenna is necessary to calibrate antennas. Therefore, this scheme can be used in spatially collocated antennas only and is not suitable to multi-point transmissions. On the other hand, OTA calibration is done by transmitting/receiving reference signal (RS) among antennas. Therefore, this scheme can be used in spatially distributed antennas and is suitable to multi-point transmissions. It should be noted that OTA calibration can be applied to spatially collocated antennas as well. For flexible TRP deployment, collocating/distributing antenna units such as panels is useful. In such scenario, OTA calibration is suitable to calibrate the collocated antenna units as well since no calibration circuit among these antenna units is necessary.
Observation 2: Over the air calibration is necessary to calibrate spatially distributed antennas/TRPs.
As discussed in the previous RAN1 meetings on TDD CoMP [4, 5] and NR [6], OTA calibration schemes can further be categorized into two groups: 1) Intra-BS and 2) UE-assisted. The detail of each scheme is discussed in the below subsections.
Intra-BS OTA calibration
In the intra-BS OTA calibration, each antenna transmits/receives RS alternately to obtain calibration coefficient as shown in Fig. 5. Therefore, CSI feedback from UE is not necessary and the calibration accuracy is independent from UE mobility. If transmission/reception of calibration RS is done with any other signal transmission at the same time, an antenna may receive RS while transmitting other signals, which may lead signal collision. To avoid such a case, a specific calibration period which is separated from any other signal transmission period is necessary for intra-BS OTA calibration.
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Fig. 5  Intra-BS OTA calibration
Calibration period should be consist of Tx/Rx part and guard period (GP) part as shown in Fig. 6. In Tx/Rx part, each antenna transmits/receives RS alternately. The duration of GP part should be determined considering the propagation delay and the transient period for Tx/Rx switching.
In the calibration period, multiple antennas may transmit RS at the same Tx/Rx part to utilize the limited calibration duration. Therefore, it should be available to multiplex RS on calibration period by FDM and/or CDM and/or cyclic shift. For example, when the calibration period duration is set to 1 subframe, each subframe is consist of 14 OFDM symbols, GP part duration is set to 1 OFDM symbol, and 2 comb FDM and 8 cyclic shifts are available, 112 antennas can transmit RS within a calibration period.
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Fig. 6  Calibration period configuration for intra-BS OTA calibration
UE-assisted OTA calibration
In the UE-assisted OTA calibration, antennas and UE(s) transmit/receive RS alternately to obtain calibration coefficient as shown in Fig. 7. Therefore, CSI feedback from UE is necessary and the calibration accuracy is dependent on UE mobility. If DL RS transmission period (i.e. channel estimation period at UE) and UL RS transmission period (i.e. channel estimation period at BS) are temporally separated, over the air channel (i.e. hm,n) may vary and the calibration accuracy may degrade. Therefore, calibration procedure should be done within the channel coherence time. To achieve this, a specific calibration period is necessary for UE-assisted OTA calibration as well.
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Fig. 7  UE-assisted OTA calibration
The calibration period should consist of DL, UL, and GP parts as shown in Fig. 8. In the DL part, each antenna transmits RS. Existing DL RS such as non-precoded CSI-RS can be reused to multiplex antennas. The duration of DL part should be determined considering the number of BS antennas to be calibrated and RS multiplexing resource. The duration of GP part should be determined considering the propagation delay and the transient period for Tx/Rx switching. In UL part, UE(s) assisting the calibration transmits RS and reports the DL observed channel vector. Existing UL RS such as SRS can be reused to multiplex assisting UEs. The duration of UL part should be determined considering the number of assisting UEs, RS multiplexing resource, and the feedback amount to transmit the “raw” channel vector. Efficient raw channel vector feedback mechanism should be studied.
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Fig. 8  Calibration period configuration for UE-assisted OTA calibration
RAN1 Specification impact
From the above discussion, we can observe that UE-assisted OTA calibration may have a larger impact on 3GPP standardization than intra-BS OTA calibration since it requires UE procedure for transmitting UL RS and reporting DL observed channel vector. Furthermore, the calibration procedure should be done within the channel coherence time to obtain accurate calibration coefficients (i.e. UE mobility should be considered). On the other hand, intra-BS OTA calibration only requires a certain calibration period for transmitting/receiving RS among antennas. Therefore, intra-BS OTA calibration may be a better starting point for discussing OTA calibration. In intra-BS OTA calibration, the calibration period can be accommodated in the guard period in the TDD special subframe or blank subframe which is intentionally generated by scheduling decision. In addition, RS transmission/reception is performed within a BS. In this case, intra-BS OTA calibration is apparently not a RAN1 issue, but an implementation or RAN4 issue (e.g., whether calibration period can be included in “Transmitter ON period” defined by TS36.104) since the air interface for RS transmission does not need to be specified. However, it may be necessary to clarify whether intra-BS OTA calibration can be implemented without RAN1 specification since it does transmit some RS over the air.
Proposal: Clarify whether intra-BS over the air calibration can be implemented without RAN1 specification.
Conclusions
This contribution discussed OTA calibration to achieve channel reciprocity. Based on the discussion, the observations and proposal are summarized as follows:
Observation 1: Performance of DL multi-point MU-MIMO degrades due to Tx/Rx RF circuit response mismatch at BS in TDD.
Observation 2: Over the air calibration is necessary to calibrate spatially distributed antennas/TRPs.
Proposal: Clarify whether intra-BS over the air calibration can be implemented without RAN1 specification.
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Appendix
Table A  Evaluation assumptions in Fig. 1
	parameter
	value

	System bandwidth
	100 MHz @ 4.65 GHz

	Total Tx power
	40 dBm

	No. of TRPs
	4, 8, 16, 32 within a hexagonal area (radius = 100[m])

	No. of antennas per TRP
	1

	TRP antenna gain
	5 dBi

	Shadowing
	N/A

	No. of UEs
	30

	Scheduling
	Wideband PF

	No. of UE antennas
	2

	UE antenna gain
	0 dBi

	Rx noise PSD
	-174 dBm/Hz

	UE velocity
	3 km/h

	Channel model
	3D-UMi

	Transmission method
	Block diagonalization for JT+MU-MIMO
SISO for DPS/DPB

	SRS Transmission period
	2 ms


Table B  Evaluation assumptions in Fig. 3
	parameter
	value

	System bandwidth
	10 MHz @ 5 GHz

	Total Tx power
	30 dBm

	No. of TRPs
	32 within a hexagonal area (radius = 100[m])

	No. of antennas per TRP
	1

	TRP antenna gain
	5 dBi

	Shadowing
	N/A

	No. of UEs
	30

	Scheduling
	Wideband PF

	No. of UE antennas
	1

	UE antenna gain
	0 dBi

	Rx noise PSD
	-174 dBm/Hz

	UE velocity
	1 km/h

	Channel model
	3D-UMi

	Transmission method
	JT+MU-MIMO (ZFBF)

	SRS Transmission period
	10 ms
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