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Introduction

The 5G Study Item regarding the “Study on New Radio Access Technology” was approved at the 3GPP TSG RAN#71 meeting. It has the objective to be able to operate from sub 1 GHz to 100 GHz in a large variety of deployment scenarios in a single technical framework [5]. 
 
Reciprocity based operation is being considered as a candidate mode of operation for a number of NR use cases. In this contribution the necessity for reciprocity calibration and compensation is shown, along with an over the air signaling framework to exchange information necessary to compute and apply the reciprocity coefficients. The following agreements were made in RAN WG1 meeting #85 on the WF on CSI Acquisition Framework in NR [1]. 

Agreements:
· In NR multi-antenna schemes, studies on CSI acquisition framework include
· CSI reporting schemes
….
· Reciprocity-based feedback
· For example, take into account interference and/or receiver hypothesis can be included

Also, in the WF on CSI Acquisition in NR the following was agreed [2].

Agreements:
· In NR multi-antenna schemes, studies on RS design and CSI acquisition considering following use cases
· …
· RS for channel reciprocity use cases
· …



Channel Reciprocity

RF propagation channel is considered to be reciprocal in the uplink and downlink as shown in figure below. Such channel reciprocity is intended to be exploited in a number of ways to simplify system design in New Radio. 
Some uses of channel reciprocity are:
· Obtain DL CSI from UL Sounding Pilots
· Obtain UL CSI from DL Pilots for initial access/random access
· Select beam direction in UL/DL based on received beam direction in DL/UL respectively
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[bookmark: _GoBack]For example, Beamforming in Massive MIMO is based upon the time reversal property of electromagnetic waves. The wireless channel is reciprocal in the Uplink and the Downlink direction. One use of this observation is to reuse the Uplink channel estimate for Downlink Precoding to gain a significant reduction in channel estimation overhead when compared to the other option of sending DL pilots from each DL antenna port, and receiving the CSI/PMI feedback on the UL.  This is an attractive feature for large antenna count MIMO scenarios [6].

Channel Reciprocity Mismatch 
[image: ]Although the RF channel is reciprocal, the effective RF channel is not reciprocal in a practical system. The effective channel includes the nonlinearities in the front end of the RF transmitter and receiver, multipliers, phase shifters, etc. Due to this reciprocity mismatch, the effective UL channel is not reciprocal to the effective DL channel. Such a reciprocity mismatch has long been recognized to be a potential issue, and various implementation specific schemes have been proposed to mitigate the effects of this mismatch. It should be noted here that the calibration needed for Massive MIMO is different than that for conventional MIMO. It is only necessary to calibrate the mismatch between the transmit and receive chains for a given antenna, and we do not need to calibrate the antenna array, its geometry, beam patterns etc for a Massive MIMO based mode. 

Observation: Practical RF channel is not reciprocal. Reciprocity mismatch between the UL and DL chains exists. 

Observation: Reciprocity calibration and compensation is essential prerequisite for a reciprocity based TDD system. 

Over the Air Reciprocity Compensation 


In legacy systems, reciprocity calibration is usually done within the base station without using over the air signaling. This is an implementation specific aspect of base station calibration, wherein a typical implementation might use a circuitry based calibration implemented within the eNB. Such a self contained approach is not scalable when the number of antennas at the base station is increased by an order of magnitude (for example, the 64 to 256 antenna systems being proposed in NR). Also, if the antennas are distributed over longer distances, or if joint transmission/CoMP like transmission is implemented at the base station, over the air reciprocity calibration and compensation techniques are essential. 




We propose two new methods along with the associated signaling for OTA Reciprocity Compensation. 
a. Intra eNB OTA
b. UE aided OTA

Intra eNB OTA Reciprocity Compensation
The intra eNB reciprocity calibration occurs without involving the UE by transmitting and receiving the reciprocity calibration pilots at the eNB. The flowchart for the reciprocity calibration is shown below. At each instance of the reciprocity calibration process, the eNB enters a reciprocity calibration mode wherein one antenna transmits while at the same time all the other antennas receive the transmitted signal. The calibration signal is wideband and each of antenna transmits for a duration T1. If the eNB has N antennas, the total calibration period is (NT1). The calibration period can be set to be a multiple of the subframe duration.  After the calibration period, the eNB can compute the reciprocity compensation coefficients in an implementation specific block. For an example implementation, please refer to [4]. Another option for the calibration signal is to frequency multiplex the signals from each antenna as described in Section 3.2.2. 

   

Observation: Over the air reciprocity calibration and compensation schemes should be studied for New Radio. 

Proposal: Introduce calibration signaling and a calibration period composed of multiple calibration pilot symbols.

Proposal: During each calibration symbol, one or more of the base station antennas are transmitting and one or more of the remaining base station antennas are receiving, when OTA intra eNB reciprocity compensation is implemented. 

Proposal: The calibration algorithm should be implementation specific. 




UE Aided OTA Reciprocity Compensation

There are multiple scenarios in which intra eNB OTA Reciprocity Compensation techniques are not practical. The alternate solution is UE Aided OTA Reciprocity Compensation. One example of such a scenario is if the base station may not support simultaneous transmission and reception on non overlapping subset of antennas, and all the antennas can either transmit or receive at any given time instance. Another situation arises when the SNR at the received antenna is not sufficient to estimate the reciprocity coefficients reliably, for example, if the transmit beams are highly directive. Conversely, if the beamwidth is broad, and the high transmission power on the transmitting antenna(s) can saturate the receiver chains on the co-located receiving antennas, and/or the PA/LNA operating point have to be significantly different from normal link operation which will change the non-reciprocal behaviour. 
[image: ]

In UE Aided schemes, the UE is also involved in calibrating the eNB antennas. The advantage of incorporating the UE into the reciprocity calibration scheme are that the existing signaling can be reused with minor modifications. 

The procedure for UE Aided OTA Reciprocity Compensation is shown in the Figure. 

Step 1: eNB signals an upcoming calibration procedure to the UE using higher layer (RRC) signaling 
Step 2: eNB transmits a DL calibration pilot symbol(s), which is used by UE to compute the effective DL channel estimate.
Step 3: After receiving the DL calibration pilot, the UE transmits the UL calibration pilot symbol(s) within the same subframe, which is used by eNB to compute the effective UL channel estimate.
Step 4: In its next UL grant, the UE feeds back the effective DL channel estimate it has computed in Step 2. 
Step 5: eNB computes the reciprocity coefficients. 

Proposal: During each calibration period, one or more DL and UL calibration pilot symbols are exchanged between the eNB and one or more UEs, when OTA UE aided reciprocity compensation is implemented. 

1.1.1 Calibration period

The calibration period comprises of the time interval starting from transmission of the DL calibration pilot and ending with the reception of the UL calibration pilot. For the calibration coefficients to be calculated, the channel is assumed to be constant over this duration. This imposes the constraint that the calibration period has to be smaller than the channel coherence time. 

Observation: The reciprocity calibration signaling has to be performed within the channel coherence time. 

1.1.2 Pilot Symbol

An example DL pilot symbol can consist of one RE (Resource Element) per eNB antenna element so that the pilot RE from each antenna are orthogonal in frequency. If the calibration coefficients are not sufficiently flat over a band of N*fsc Hz, then additional calibration pilot symbols with a staggered placement of pilots from the antennas relative to first symbol can be used.  Other typical pilot structures such as code division multiplexing (CDM) can also be used.    





3.3.3 Modified UL Calibration Pilot

Instead of an independent UL calibration pilot, it is also possible to transmit a reciprocal of the DL received pilot as the UL Calibration Signal. The jth subcarrier of the UL Calibration signal is the reciprocal of the effective DL channel estimate at the jth  subcarrier. 
[image: ]
With such a modification, the base station can directly estimate the reciprocity calibration coefficients for each subcarrier. There is a reduction in latency as there is no requirement for an explicit feedback of the Effective DL channel. But there is increased estimation errors, and higher sensitivity to noise as an inverse of the channel estimate is involved.


Conclusions
In this contribution, we presented an overview of reciprocity based operation in NR, and the effect of imperfections caused by a reciprocity mismatch. A frame structure and signaling framework for over the air reciprocity calibration is presented. We make the following observations and proposals.
Observations:
Observation: Practical RF channel is not reciprocal. Reciprocity mismatch between the UL and DL chains exists. 

Observation: Reciprocity calibration and compensation is essential prerequisite for a reciprocity based TDD system. 

Observation: Over the air reciprocity calibration and compensation schemes should be studied for New Radio. 

Observation: The reciprocity calibration signaling has to be performed within the channel coherence time. 



Proposals:
Proposal: Introduce calibration signaling and a calibration period composed of multiple calibration pilot symbols.

Proposal: During each calibration symbol, one or more of the base station antennas are transmitting and one or more of the remaining base station antennas are receiving, when OTA intra eNB reciprocity compensation is implemented. 

Proposal: During each calibration period, one or more DL and UL calibration pilot symbols are exchanged between the eNB and one or more UEs, when OTA UE aided reciprocity compensation is implemented. 

Proposal: The calibration algorithm should be implementation specific. 
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