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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 [1].  As TDD operation is expected to be the predominant duplex mode in NR, reciprocity based operation is feasible and can provide substantial complexity reduction if properly supported. 
We have shown in our previous contributions that reciprocity based MIMO with calibrated base station and non-calibrated UEs is a critical component to satisfy the spectral efficiency requirements in NR [4,5,6]. In this contribution we introduce the reference signals needed for such reciprocity based operation and propose to harmonize these RS with the RS necessary for Phase Noise compensation, as currently being studied in RAN1. 

In RAN1#86bis, the following Way Forward was reached on Reference Signal design [2].

Agreements:
· At least the following RSs are supported for NR downlink
· CSI-RS: Reference signal with main functionalities of CSI acquisition, beam management
· FFS: RRM measurement 
· DM-RS: Reference signal with main functionalities of data and control demodulation
· FFS: channel state information estimation and interference estimation
· FFS: beam management
· Reference signal for phase tracking
· FFS: Whether DM-RS extension can be applied or not
· FFS whether new RS or RS for other functionalities can be used
· 	…
· At least the following RSs are supported for NR uplink
· SRS: Reference signal with main functionalities of CSI acquisition, beam management
· FFS: RRM measurement
· DM-RS: Reference signal with main functionalities of data and control demodulation
· FFS: beam management
· Reference signal for phase tracking
· FFS: Whether DM-RS extension can be applied or not
· FFS whether new RS or RS for other functionalities can be used
· …

Also, progress was made on definition of reciprocal operation for beams [3]

Working assumption:
· The followings are defined as Tx/Rx beam correspondence at TRP and UE :
· Tx/Rx beam correspondence at TRP holds if at least one of the following is satisfied:
· TRP is able to determine a TRP Rx beam for the uplink reception based on UE’s downlink measurement on TRP’s one or more Tx beams.
· TRP is able to determine a TRP Tx beam for the downlink transmission based on TRP’s uplink measurement on TRP’s one or more Rx beams
· Tx/Rx beam correspondence at UE holds if at least one of the following is satisfied: 
· UE is able to determine a UE Tx beam for the uplink transmission based on UE’s downlink measurement on UE’s one or more Rx beams.
· UE is able to determine a UE Rx beam for the downlink reception based on TRP’s indication based on uplink measurement on UE’s one or more Tx beams.
· More refined definition can still be discussed

Channel Reciprocity based MIMO for above and below 6 GHz was discussed in RAN1#86 in following Way Forwards [10], [11], [12].  
Reciprocity based TDD in LTE
The legacy TDD mode with reciprocity based operation has been supported since LTE Release 8. In this mode, periodic/aperiodic Sounding Reference Signal (SRS) is transmitted by the UE to the base station. The supported time duration between successive SRS reports can range from 5 ms to 40 ms. Based on the CSI-RS obtained from the UL SRS, it has been possible to infer the DL-CSI using the principle of reciprocity. 
There are a number of shortcomings of this legacy TDD Reciprocity scheme
· The fastest supported interval between SRS reports is not sufficient to obtain sufficient information of the short term statistics of the channel. Hence the DL channel estimate is stale for many practical deployment scenarios (high mobility/Doppler, etc.) 
· As a result, the beamforming supported in the downlink is selected out of a limited DL codebook, and the entry in the codebook is either signaled to the UE or inferred from the DMRS by the UE. 
· The MIMO receive processing burden is shared between the Base Station and the UE side. The base station selects the precoder based on UL SRS and precodes the DL PDSCH data. The UE identifies the precoding either through a DCI control message addressed to it, or the DMRS are utilized to perform the downlink channel estimation for each spatial stream at the UE. 
· The density of the SRS resources that are supported in legacy LTE-A is not sufficient for dense UE deployments. With FD-MIMO the SRS density has been increased to 16 but there is scope for further increase to support Massive MIMO. Note that from a forward compatibility perspective, enabling future expansion of SRS resources is necessary for supporting more simultaneous users in an MU-MIMO setup and increase spectral efficiency in future phases of NR.

Reciprocity Based MIMO Operation
The figure below shows the operation of a Reciprocity based MIMO mode. Functionally, we define two reference signals to enable this mode. 
a) UL Reciprocity RS
b) DL Reciprocity RS
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Step 1: Uplink CSI acquisition:
With UL reciprocity reference signals, the TRP can estimate the unquantized and complete UL CSI. This CSI will also be acquired within each channel coherence time and provides the short term statistics of the channel. In NR, these UL-RRS can be either new reference signals or we can reuse the NR UL SRS. The UL CSI has to be acquired at least once per channel coherence interval. We propose at least one UL-RRS transmission per half legacy subframe (the subframe duration is variable in NR, and some example values are 1 ms, 10 ms). Note that every UE in a connected state transmits an UL-RRS every subframe. 

Step 2: MIMO Precoding (Pre-equalization): 
MIMO pre-equalization will be defined as a MU Massive MIMO based precoding performed at the TRP that enables each spatial stream at each UE to be seen as an effectively flat channel in frequency. This means that in the ideal case the UE does not need to perform channel estimation in the DL or can achieve equivalent performance with reduced complexity. Increasing the number of antenna chains at the TRP to approximately 10 times the number of UEs in the system should provide enough degrees of freedom to come close to the ideal performance [8,9].  Intuitively this can be thought of as implementing the MIMO decode side filtering at the transmitter. This necessitates obtaining high resolution and short term statistics of the Downlink channel at the TRP. Step 1 is used to obtain this DL CSI. 
Step 3: DL Reciprocity Correction
There is a phasor ambiguity between the DL CSI at the transmitter and the actual downlink channel as seen by the UE receiver after the signal has passed through its front end processing.  This phasor can be estimated and compensated by a DL-RRS which is transmitted by the Base Station or by a blind method as outlined below. Note that this phasor drifts very slowly over time, at the rate controlled by the relative drifts in the transfer function of the transmit and receive chains at the UE and the base station. We propose to have at least one DL-RRS resource for each UE that has been allocated a DL grant in each DL part of a given subframe. 

The DL-RRS signal can be either a new signal or it is possible to reuse some existing signal to perform the same function in an overloaded manner. For example, in New Radio the Phase Noise reference signal (PNRS), a lighter/less dense version of UE specific demodulation reference signal (DMRS), e.t.c may be utilized. 

Step 4: DL Data demodulation
The DL Data demodulation at each UE receive chain is implemented in a simplified manner. As there is no necessity for DL channel estimation due to the pre-equalization, the phasor estimate is sufficient for a simple matched filter detector. It is noted that a DL Demodulation RS, such as a DMRS in LTE, is not required in this setup. It will be seen in the next section that the received channel is flat across frequency with the transmit side processing. 

Proposal: Support a reciprocity based MIMO mode in NR

Proposal: Introduce the functionality of a UL Reciprocity RS (UL-RRS) and Downlink Reciprocity RS (DL-RRS). 

Proposal: Study if these can be harmonized with the other RS being considered for NR, such as SRS with UL-RRS and DMRS/PNRS with DL-RRS. 

For the above Reciprocity based MIMO mode operation the following assumptions have to hold:

· TDD system
The TDD nature means that the Uplink and Downlink channel band is the same. As a consequence, using the principle of Lorenztian reciprocity of electromagnetic waves, the channel is the same in the Uplink and Downlink, between any two given antennas.  

· Reciprocity Calibration at the Base Station
Reciprocity calibration is performed at the base station, at occasional time intervals, to ensure that the phasor difference between any given transmit receive chain, and pairwise between any two transmit chains is constant and known. This can be performed in a cabled or over the air manner, with or without the UE involved in the calibration step. 

· No necessity for Reciprocity Calibrated UEs
Unlike the base station, the UEs do not need to be calibrated for reciprocity. This is enabled by the DL-RRS transmission. UEs have low quality RF front ends as compared to the Base Station and their RF transfer function will change at a much faster rate than at the Base Station. Hence, it is highly advantageous to be able to operate with non calibrated UEs. 

Observation: UEs calibrated for reciprocity are not necessary to enable a Reciprocity based MIMO mode.
Downlink Reciprocity Reference Signal
Discussion on DL-RRS structure
In LTE-A DL-DMRS (UE specific RS) are used for DL channel estimation and demodulation. As shown in TS 36.211 the DL-DMRS are embedded in the PDSCH before precoding such that they are precoded the same way as the PDSCH for each UE with a DL grant. It can be seen that the DMRS can occupy up to 24 REs out of the 132 REs of the PDSCH per RB (assuming PDSCH is last 11 symbols of the subframe), i.e 18 % overhead.  
[image: ]
Figure 1 DL DMRS RE mapping from TS 36.211 Figure 6.10.3.2-3
In NR DL-DMRS are expected to occupy one symbol immediately after (possibly 1-4 symbol of) the control channel (PDCCH) as shown in Figure 2. In this example, the downlink DMRS overhead is 9%. 

DL-DMRS
DL-PNRS
2 ms
(a)
(b)

[bookmark: _Ref465064371]Figure 2 A possible OFDMA resource grid showing the DL-DMRS and DL-PNRS signals. 

The DL-RRS can either use a combination of existing reference signals or be defined as a new reference signal. A possible structure for DL-RSS is shown in Figure 2.  As shown in the figure, the DL-PNRS signal can be reused to serve the purpose of the DL-RRS for estimating the phasor uncertainty at non calibrated UEs. It is also possible to reuse the new front-loaded DL-DMRS as the DL-RRS.  

Observation:  DL-RRS can be harmonized with the PNRS and/or modified DL-DMRS. 
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Figure 3 Measured magnitude and phase of received downlink signal for two, simultaneous UEs.  The random, constant scalar in this case is approximately 0.0021 for UE0 and 0.0021 for UE1.


The DL-RRS can be a very sparse signal as the phasor uncertainty at the UEs changes very slowly over time. Also, there is a pre-equalization of the DL channel due to the Massive MIMO precoders being based on full resolution and up to date DL-CSI. In order to demonstrate this effect, we have reproduced experimental results from a prototype Massive MIMO system as described in [4, 7]. In this setup, there are 128 antennas at the base station and 4 UEs over 20 MHz channels with LTE numerology. The measured magnitude and phase of the received DL signal is plotted in Figure 3. It is noticeable that the received signal is significantly flat over frequency due to the high accuracy Massive MIMO precoders that can pre-equalize for the DL channels. It is conceivable to exploit this flattening to substantially reduce or eliminate the need for DL-DMRS for DL Channel Estimation. 

Observation: Massive MIMO precoders can flatten the effective DL channel and reduce the frequency selectivity of the channel by pre-equalization. 

Observation: The flattening effect of the Massive MIMO precoders can be used to reduce the DL-DMRS density. 

Proposal: Study the optimal DL-DMRS density in time and frequency when high resolution and short term DL CSI is available at TRP in Reciprocity based MIMO mode.

Reciprocity estimation using DL-RRS
(a)
(b)
(c)

Figure 4 Simulation of Massive MIMO uplink (upper plots) and downlink (lower plots) for 16 antennas and 4 user terminals (a) without reciprocity calibration, (b) with reciprocity calibration, and (c) with reciprocity calibration and DL-RRS.  
The figure above shows received constellations from the experimental Massive MIMO system in [4,7].  The uplink (upper plots) and downlink (lower plots) constellations for 16 antennas and 4 user terminals (a) without reciprocity calibration, (b) with reciprocity calibration, and (c) with reciprocity calibration and DL-RRS in the downlink are shown.  Using reciprocity calibration allows downlink precoding to pre-equalize the channel and cancel inter-user interference that distorts the downlink constellation shown in (a).  Ideally, each user receives an interference-free signal with a residual scaling by a per user-independent, complex scalar shown in (b).  By applying a reduced-complexity, single RE DL-RRS, the complex scalar can be estimated and corrected for as shown in (c).
Conclusion

In this contribution, we make the following observations and proposals.
Observation: UEs calibrated for reciprocity are not necessary to enable a Reciprocity based MIMO mode.

Observation:  DL-RRS can be harmonized with the PNRS and/or modified DL-DMRS. 

Observation: Massive MIMO precoders can flatten the effective DL channel and reduce the frequency selectivity of the channel by pre-equalization. 

Observation: The flattening effect of the Massive MIMO precoders can be used to reduce the DL-DMRS density. 

Proposal: Support a reciprocity based MIMO mode in NR

[bookmark: _GoBack]Proposal: Introduce the functionality of a UL Reciprocity RS (UL-RRS) and Downlink Reciprocity RS (DL-RRS).

Proposal: Study if these can be harmonized with the other RS being considered for NR, such as SRS with UL-RRS and DMRS/PNRS with DL-RRS. 

Proposal: Study the optimal DL-DMRS density in time and frequency when high resolution and short term DL CSI is available at TRP in Reciprocity based MIMO mode.
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Figure 6.10.3.2-3: Mapping of UE-specific reference signals, antenna ports 7, 8,9 and 10 (normal

cyclic prefix).




