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Introduction
During RAN1 #86 in Gothenburg, the Channel State Information (CSI) acquisition framework has drawn great attentions due to its significance for massive MIMO. As expected, the following agreements were achieved in [1]. 
Agreements:
· In NR multi-antenna schemes, studies on CSI acquisition framework include:
· CSI reporting schemes
· Implicit CSI feedback
· Parameters indicating channel quality based on a set of transmission and receiving hypotheses associated with one particular UE, e.g. CQI, PMI, RI, CRI
· Explicit CSI feedback: for both quantized and unquantized/analog CSI feedback
· Parameters representing channel coefficients or some reduced-space representation thereof
· Reciprocity-based feedback
· For example, take into account interference and/or receiver hypothesis can be included
· Note: including aperiodic, periodic and semi-persistent, and single/wide band and sub-band feedback
· Mixed feedback is not precluded
· Interference measurement
· FFS: CSI measurement and/or reporting and/or triggering can be ‘self-contained’ in at least time domain
In this contribution, we briefly discuss the channel reciprocity based schemes operating in TDD mode. Afterwards, we share our views on the aspects of CSI acquisition in FDD mode when taking the partial reciprocity into consideration. Finally, we propose to study the CSI acquisition framework in angular domain, in order to greatly reduce downlink (DL) overhead and uplink (UL) feedback.
Reciprocity Based Massive MIMO
For massive MIMO operating in TDD mode, the channel reciprocity based transmission modes (TM) were already verified as a promising solution in [2] and joint and Bristol and Lund’s demonstration as the world record on spectral efficiency as of now (Aug. 2016) [3], not to mention the successful TDD-based TM deployed in LTE system. With the trend of increasing antenna ports (from 16 CSI-RS ports in Rel.13 up to 32 CSI-RS ports in Rel.14), the main advantage lies in two facts that 
· The channel reciprocity provides the DL CSI to TRP via UL sounding reference signal (RS)
· The CSI collected at TRP belongs to the category of explicit CSI rather than implicit CSI (PMI)
As a consequence, reciprocity-based TM on one hand does not suffer from the prohibitive CSI-RS overhead in DL, UE computation complexity, and even UL feedback burden; on the other hand, the explicit CSI is apparently more suitable and robust for MU-MIMO than implicit CSI (i.e. PMI).
However, the associated issues of reciprocity based schemes were identified by both academia and industry as follows, but not limited to
· Sounding RS contamination
· Transmitter and receiver calibration
· Lack of Channel Quality Index (CQI) for both SU-MIMO and MU-MIMO
Besides the reciprocity based MIMO in TDD mode which we further examine in a separate document [4], the massive MIMO in FDD mode deserves equal interest and concern in the coming New Radio (NR). Next, we will present our general view on it with assistant information from reciprocity. 
Reciprocity Assisted Massive MIMO in FDD
Common Part between UL and DL Channel
In FDD system, since UL and DL deployed in different frequency bands may be separated by multiple coherent bandwidths, the channel reciprocity does not hold anymore as in TDD system. However, as stated in Chapter 5.3 of 3GPP TR 36.897 [5], the methodology of reciprocity modeling for FDD tells us that other than the difference on carrier frequency, wavelength, etc, the small scale parameters could actually be modeled as equal in UL and DL channels, including the cluster/ray arrival and departure directions. In other words, the physical travelling paths between TRP and UE are strongly correlated between UL and DL directions. 
Therefore, given the estimated angles in UL, TRP can run simple calibration algorithm to calculate the angles for DL usage. With the calibrated angular knowledge of channel, the TRP may acquire the DL CSI in a more efficient and effective way when compared with conventional CSI acquisition schemes in LTE.
Observation 1: Even though the reciprocity does not hold in FDD, the angular knowledge from UL RS can also be used as assistant information for DL CSI process.
Channel Sparsity in mmWave
In the sequel, let us focus on the angular domain of MIMO channel, when NR operates in mmWave band. Taking the example demonstrated on the left hand of Figure 1, one may see two indirect clusters and no direct path between Tx and Rx. The marked angle spread of two clusters are  (upper/lower) at the Tx-side and  (upper/lower) at the Rx-side, respectively. Furthermore, we notice that due to the different scattering environment, the angle spread at Tx side is normally smaller than that at Rx side.
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Figure 1. Example of clusters with angle spread between Tx and Rx
The physical reason of channel sparsity in angular domain lies in two aspects [6]. 
· Wireless signals in mmWave band attenuates sharply in the transmission environment, thereby reducing the number of effective clusters;
· The wavelength of mmWave is small relative to the feature size of typical channel objects, hence scattering appears to be more specular in nature which results in smaller angular spread;
Then, with simple math, one may see that the sparsity ratio defined as  where  denotes the total angle spread is considerably high in Table 1. For more impression, one may refer to Figure 2.
Table 1. Channel sparsity in angular domain of Figure 1 (left)
	 
	Cluster A
	Cluster B
	Total 
	Sparsity Ratio

	Tx Angle Spread
	5
	10
	15
	95.83%

	Rx Angle Spread
	10
	15
	25
	93.05%
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Figure 2. Channel strength in angular domain corresponding to Figure 1.
Channel Formulation in Angular Domain
To present channel in angular domain, let us first bring up the classic channel model in spatial domain. Specifically, we have 

where , , , and  represent the transmitted signal, spatial channel matrix, noise and received signal, respectively. In addition,  and  are the number of transmitter and receiver antennas. Without the loss of generality, we may apply the geometric channel model with  clusters and  sub-paths per cluster from both 3GPP TR 25.996 [7] and TR 36.873 [8]

where  and denote the vector operation on a matrix and Kronecker product, respectively. Additionally, the antenna response vector in azimuth and elevation domain can be expressed as


where  and  denotes the number of antenna elements in horizontal and vertical domain respectively, and  , , and denotes the wavelength, horizontal and vertical antenna spacing, respectively. 
Next, we introduce the channel model in angular domain. Define the angular domain signal  and  where  and  are unitary matrix. Then MIMO channel in angular domain can be expressed as

in which  and . To be more specific, the transformative matrices  and  can be derived from DFT matrix when antenna spacing is half wavelength. 
	Due to the above-mentioned sparsity in angular domain, lots of elements in  are zeros which correspond to the angle directions at either Tx or Rx side where there is no signal path. Thus it is possible to reduce DL overhead and UL feedback. Next, we present the fundamental DL CSI acquisition process. 
CSI Acquisition in Angular Domain
Generally, one may see the DL CSI acquisition as a both prohibitive and inevitable task for massive MIMO in FDD. Fortunately, the property of channel sparsity in angular domain presents a chance to avoid estimating DL CSI on a port-by-port basis. More specifically, the CSI acquisition process can be done by transferring estimation from spatial domain to angular domain. 
Here let us take the horizontal domain as an example. By splitting total  into multiple angular sets as illustrated in Figure 3, the clusters/paths within the same angular set are not resolvable due to antenna aperture and scattering environment, and thus to be aggregated. Let us define the dominating angular set which contains the strong clusters/paths. In this case, Set 1 and Set 2 at Tx side, while Set 1 and Set 4 at Rx side, correspondingly. It is saying that only two separable channels in angular domain are observed. They are “from Tx-Set-1 to Rx-Set-1” and “from Tx-Set-2 to Rx-Set-4”. On the other hand, we are also able to ignore the other angular sets, which contain only ignorable or no clusters/paths contributing zeros in . Therefore, it is possible to reduce the DL overhead and UL feedback considerably. 
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Figure 3. Example of MIMO channel in angular domain
Observation 2: within angular domain, the CSI to be estimated can be greatly reduced when compared with port-by-port scheme, or even beamformed CSI-RS scheme.
Fundamental Process
The reciprocity assisted CSI acquisition is given in Figure 4 for illustrative purpose. In particular, UE transmits uplink RS and then TRP estimates the uplink channel, based on which the dominating UL angular sets can be derived. With proper calibration on UL dominating angular sets, the DL dominating angular sets are derived. Next, TRP sends the DL RS in dominating angular sets or in a subset of dominating angular sets, and UE estimates and feedbacks the channel within the angular sets. Finally, TRP recovers the spatial channel from angular channel. 
Mechanisms for CSI Acquisition in Angular Domain
Different from conventional CSI acquisition schemes, the mechanisms (here let us say in MAC layer) for CSI acquisition in angular domain may need to be re-considered or even re-designed. For instance, assuming 64 ports at TRP, conventional Class A feedback scheme estimates all the ports, whereas Class B feedback scheme estimates virtualized ports, thanks to beamformed CSI-RS. Fortunately, for CSI acquisition in angular domain, the sparsity allows us to estimate even less ports. 
However, the property of sparsity comes along with design complexity as well. For instance, since the set of the dominating angular set may change and be overlapped among UEs, then how to allocate the RS resource in angular domain when considering SU-MIMO / MU-MIMO does matter. As expected, more foreseen issues may come as the study proceeds in this field. So we have following proposal. 
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Figure 4. The flowchart of CSI acquisition in angular domain
Proposal 1: For carrying out the CSI acquisition in angular domain, we need to carefully consider the standard impacts and maybe re-design upper layer mechanisms for this purpose.
Conclusions
Finally, allow us to summary our observations and proposal as below
Observation 1: Even though the reciprocity does not hold in FDD, the angular knowledge from UL RS can also be used as assistant information for DL CSI process.
Observation 2: within angular domain, the CSI to be estimated can be greatly reduced when compared with port-by-port scheme, or even beamformed CSI-RS scheme.
Proposal 1: For carrying out the CSI acquisition in angular domain, we need to carefully consider the standard impacts and maybe re-design upper layer mechanisms for this purpose. 
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