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1. Introduction 
PRB bundling was discussed in RAN1 #60bis meeting, resulting in the following agreed definition for PRB bundling:

· UE may assume that precoding granularity is multiple RBs

· UE is still allowed to perform single-RB channel estimation

The major target of PRB bundling is to achieve the improved channel estimation accuracy. However, one concern against PRB bundling is that the precoding granularity has to be made coarser, which may reduce the performance gain of precoding.

For FDD, the influence on precoding gain may be not so obvious if the feedback only depends on the PMI (SRS based channel reciprocity for FDD needs further verification). For TDD, the influence on precoding gain should not be ignored considering that the SRS based feedback can theoretically provide a sub-carrier level CSI.

The Coherent Time Frequency Precoding (CTFP) solution [1] can be employed to maintain the TDD precoding gain by allowing the UE to perform channel estimation across multiple Precoding Sub-bands (PSBs). In this contribution, we revisit the CTFP for TDD to provide some reference for the PRB bundling discussion.
2. Analysis of the inter-SB channel coherency

Assume the SVD of the MIMO channel matrix is:
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 is the index of precoding SB, 
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is the eigenvalue matrix, 
[image: image4.wmf]H

i

V

is the Hermitian transform of 
[image: image5.wmf]i

V

. It is well known that the SVD weights 
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are not exclusive, i.e., the equation (1) still holds if the first column of 
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is rotated by
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Taking a 2Tx-2Rx configuration as an example, Fig.1 and Fig.2 are the precoded (per sub-carrier) channel (i.e., 
[image: image11.wmf]ii

UD

) in the frequency domain corresponding to the typical SCM channel model. For per-RB precoding, the jump-point will appear at the edge of two adjacent RBs.
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Fig. 1: Absolute value of the precoded SCM channel
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Fig. 2: Phase of the precoded SCM channel

A DFT-based CE algorithm is employed to estimate the channel parameters in Fig.1 and Fig.2. It is easy to see that the absolute value of the precoded channel is still coherent/smooth, while there are some “jump fragments” on the phase curve. Moreover, one column (i.e., one eigenvector) of the precoded channel has the same “jump fragments”.
3. Coherent Time-Frequency Precoding (CTFP) 
The basic idea of CTFP is to employ a phase-rotation matrix to keep the coherency of the inter-SB precoded channel, that is, the precoding matrix should be:
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where 
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is a diagonal matrix to adjust the phase of the precoded channel 
[image: image16.wmf]ii

UD

so as to recover the channel coherency among multiple precoding SBs. Note that the phase rotation represented by 
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 does not influence the precoding performance since it is a diagonal unitary matrix.
The exact phase rotation algorithm is implementation-dependent, and is not included in this contribution. Nevertheless, we show simulation results in Fig.3 for the phased-rotated channel curves corresponding to Fig.2. 
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Fig. 3: Phase of the precoded channel with phase rotation
We further compare the statistical features of the precoded channel (with phase roatation) to the unprecoded channel. The precoded channel with phase rotation is transformed into the time-domain (120-point IFFT corresponding to 10 RB resource allocation) to observe the statistical features, as shown in Fig. 4 and Fig. 5.
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Fig. 4: Imaginary part (linear value) of the Precoded & Unprecoded channel between Tx1 and Rx1
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Fig. 5: Real part (linear value) of the Precoded & Unprecoded channel between Tx1 and Rx1

As shown in Fig. 4 and Fig. 5, the precoded channel has quite similar statistical features to the unprecoded channel. Therefore, the UE can perform the CE on all the allocated resources. 
4. Simulation verification

The simulation is conducted to show the normalized MSE of the channel estimation based on the assumptions in Table 1.
Table 1 Simulation parameters
	Parameter

	Assumption

	Antenna configuration
	4×2 

	UE antenna separation
	0.5 lambda

	BS antenna separation 
	10 lambda

	Bandwidth
	10MHz

	Channel model
	SCM Case B & C

	Transmission mode
	Non-codebook based precoding

	Channel code
	Turbo code

	UL CE algorithm
	DFT-based and 2-D MMSE interpolation

	DL CE algorithm
	Robust 2-D MMSE

	Carrier frequency
	2.0 GHz

	Receiver 
	MMSE

	SRS delay
	5 ms 

	Codeword number
	2

	Scheduled resource  block
	10 RB

	Precoding granularity 
	10RB for Case B, 2RB for Case C, 1 TS

	UE mobile speed
	3km/h


Fig. 6 compares the NMSE of the CTFP and the Wide Band (WB) precoded channel. Generally speaking, the CTFP has similar CE performance as the WB precoded channel. Under lower SNR (smaller than 20 dB), the CE performance of CTFP is even a little better than WB precoding, which results from the more accurate precoding of CTFP. In higher SNR (larger than 25), the CE performance of CTFP seems a little worse than WB precoding, which may come from the slight change of the statistics of the CTFP channel. However, the tiny degradation of CE could be almost neglected considering the precoding gain of CTFP.
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Fig. 6: NMSE of CE under SCM Case B & C
Considering the edge effect of the precoding sub-band, the CTFP can in fact achieve better performance than the FS precoding since the out-of-suband RSs could be employed in CTFP (not included in these simulation results).
5. Conclusions
For TDD precoding, the transmitter can adjust the phase of the precoding matrix so as to maintain the inter-sub-band coherency and make the FS precoding completely transparent for the UE. The UE can perform the CE with any preferred BWs. 
The application of CTFP requires the eNB to achieve the raw/unquantized CSI, which is easily possible for TDD, and may also be possible for FDD.
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