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1 Introduction
In the discussion of RAN1 #57bis, precoded SRS was FFS for LTE-advanced [1]-[3]. This contribution further provides the performance and clarifies the merit of rank-1 precoded SRS for TDD. Although we are also considering other kinds of precoded SRS, e.g. interference-aware precoding [1][4], this contribution focuses on rank-1 SRS precoding. Introducing precoded SRS for FDD is for further study.
2 Transmission Control Based on Rank-1 SRS Precoding
First, we explain transmission control based on rank-1 SRS precoding between N-antenna eNB and M-antenna UE. Fig. 1 (a) shows the overall control procedure based on rank-1 SRS precoding.  The exact procedure is as follows :

[Scheme Based on Rank-1 Precoded SRS (Scheme A)]
A-1) eNB signals the number of SRS (=1) to the UE.
A-2) The UE estimates DL MIMO channel 
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 using CRS and predicts the UL channel exploiting channel reciprocity as 
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where 
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is the MxN remaining interference-plus-noise matrix at the DL channel estimation.
A-3) The UE determines the rank-1 precoding vector 
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 denotes the principal eigenvector of the matrix 
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and
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 denotes the codebook of rank-1 precoding vectors, e.g. given by [5]. The power-limited UE uses a constant modulus or zero weight due to power limitation at each antenna.
A-4) eNB performs channel estimation, scheduling, MCS selection through precoded SRS, supposing that the UE has a single virtual antenna in the virtual UL channel
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A-5) After receiving PDCCH, the UE transmits PUSCH precoded by 
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This scheme requires only a single SRS. In our view, it is not necessary for the eNB to know the precoding vector 
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, since eNB can operate well without knowing it. A large size of codebook is also possible at UE instead of the codebook [5] if the complexity is acceptable.
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Figure 1: Overall control procedures based on precoded SRS and antenna-specific SRS. 
Fig. 1 (b) shows the overall control procedure based on antenna-specific SRS. This procedure is described as follows :

 [Scheme Based on Antenna-Specific SRS (Scheme B)]
B-1) The UE transmits orthogonal SRSs from individual antennas.

B-2) eNB performs channel estimation, scheduling, PMI/MCS selection through the SRSs. In the PMI selection, eNB determines a rank-1 precoding vector for PUSCH as
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where
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 is the estimated UL channel matrix.

B-3)   After receiving PDCCH, the UE transmits PUSCH precoded by 
[image: image15.wmf]PUSCH

v

.
This control scheme requires M SRSs.

3 Basic Performance of Rank-1 SRS Precoding 
We discuss basic performance of SRS transmission. Theoretically, the two schemes A and B have the same quality in PMI/MCS selection if the channel estimation accuracy in
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 is the same (see appendix A). However, scheme A requires only a single SRS with power Ps/M while scheme B requires M SRSs with total transmit power Ps.

In actual environments, the precoded SRS has the following advantage and drawback in channel estimation 
Advantage :
· DL channel estimation at UE is likely more accurate than UL channel estimation at eNB, because the number of available CRS symbols at the UE is larger than the number of available UL SRS symbols at eNB. For instance, CRSs over successive subframes can be used for DL channel estimation, while SRS is not usually transmitted in successive subframes. 
Drawback :
· Imperfect channel reciprocity due to non-ideal calibration degrades channel estimation of 
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We examine basic performance of rank-1 PUSCH for a UE including the above aspects. Table I lists the simulation parameters. For simplicity, we assume the evaluation model shown in Fig. 2, where UL antenna-specific SRSs have the same transmit power Ps/4 per resource element and eNB has the white interference-plus-noise power Pz at each Rx antenna. Although the absolute power level is different between UL and DL, the same SINR is assumed between UL and DL in interference-limited environments. Note that scheme A (precoded SRS) requires 1/4 of SRSs and SRS transmit power compared to scheme B (antenna-specific SRSs).  
    Table I : Simulation parameters (I). 
	Parameter

	Assumption

	Carrier Frequency / Bandwidth
	2.0 GHz / 20 MHz

	Slot format 
	Normal CP (7 symbol per slot)

	Channel model
	Typical Urban (TU), i.i.d. MIMO channel 

	UE speeds 
	3km / h

	Antenna configuration 
	4x4

	Antenna correlation at eNB / at UEs
	0  / 0

	SRs transmission period
	5ms

	Precoding granularity for SRS and PUSCH
	4 PRBs (Codebook-based precoded SRS,

 antenna-specific SRS),

1 PRB (Eigen-precoded SRS)

	Precoding codebook
	Rank-1 codebook design [5]

	Channel estimation at UE   (in scheme A)
	Realistic
(weighted and averaged over 4 subframes)

	Channel estimation at eNB (in scheme B)
	Realistic 
(by use of SRS in a subframe)

	Delay from SRS to PUSCH
	5ms

	Phase error at UE after calibration 
	Gaussian variables with std. dev. 5 or 10 o
(see appendix B.)
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         Figure 2: Evaluation model (SNR=Ps/Pz). 
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Figure 3: Link gain of rank-1 PUSCH for a UE  

(with a single precoded SRS or 4 antenna-specific SRSs). 
We evaluate the link gain G of rank-1 PUSCH defined as 
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where 
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represents average over simulation trials and PRBs. Figure 3 shows the link gain versus SNR(=Ps/Pz). Eigen-precoded SRS provides about 1.5dB higher gain than codebook-based precoded SRS or antenna-specific SRS thanks to precise spatial resolution. Thus, non-power-limited UE benefits from eigen-precoding.
In low SNR, codebook-based precoded SRS provides better average gain than antenna-specific SRS, thanks to better channel estimation accuracy at UE. In high SNR, codebook-based precoded SRS provides a little worse performance than antenna-specific SRS, due to calibration phase errors. However, this performance loss is quite small and phase error about 10o would be acceptable for practical use. Since the same channel estimation accuracy provides the same link gain in the two schemes (see appendix A), the scheme which has better channel estimation accuracy for 
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 in a SNR provides the higher link gain in the SNR. 
While the precoded SRS provides comparable performance to antenna-specific SRSs, the precoded SRS reduces the number of SRSs and transmit power by 1/4 (6dB). Antenna-specific SRS provides unnecessary partial CSI corresponding to an unused spatial subchannel for rank-1 precoding. In contrast, a precoded SRS provides effective partial CSI corresponding to rank-1 spatial subchannel.
4 Performance of MU-MIMO UL Based on Precoded SRS
MU-MIMO with rank-1 precoding is important for high capacity, because rank-1 precoded PUSCHs from many UEs attain higher capacity than high-rank SU-MIMO. Since precoded SRS reduces the number of SRSs for a UE, many UEs can transmit orthogonal SRSs under limited SRS resources. SRS transmission from many UEs is expected to enhance multiuser diversity gain in MU-MIMO UL with scheduling.

According to LTE specifications [6], 16 SRSs (=2FDM*8cyclic shift) can be multiplexed in an UL subframe. Table II lists the number of possible SRS transmissions in 5ms. Since fully multiplexed SRSs give quite large interference to neighboring cells, we consider 24 SRS transmissions in 5ms (=50% of full SRSs in config #0, 6).
     Table II : Number of possible SRS transmissions in 5ms.
	UL-DL configuration (TDD)
	0,   6
	1
	2

	Number of possible SRS

transmissions in 5ms
	48
	32
	16


We examine the spectral efficiency of MU-MIMO UL scheduling for precoded SRS transmission or antenna-specific SRS transmission. Table III lists the simulation parameters. In case of precoded SRS, each of 24 UEs transmits a single precoded SRS with 5ms period, whereas, in case of antenna-specific SRS, 6 UEs transmit 4 antenna-specific SRSs from 4Tx antennas. 
Fig. 4 shows the spectral efficiency of MU-MIMO UL with scheduling. In this figure, precoded SRS (codebook-based) provides 2 or 3 dB better performance than antenna-specific SRS. This is because precoded SRSs transmitted by many UEs enhance the multiuser diversity gain. Scheduler in MU-MIMO attempts to select a set of spatially orthogonal UEs which have good channel quality. Therefore, it is important for eNB to get effective CSI from many UEs. The precoded SRS provides effective partial CSI corresponding to rank-1 precoding from many UEs. In contrast, antenna-specific SRS wastes SRS resources providing unnecessary partial CSI. Fig. 5 shows the example of precoded SRS and antenna-specific SRS transmissions for easy understanding. The partial CSI from many UEs is more useful for efficient scheduling than full CSI from a limited number of UEs. In Fig. 4, precoded SRS with eigen-precoding further provides about 1 dB gain compared to precoded SRS (codebook-based), which is beneficial for non-power-limited UEs.
Although we assumed 4 antennas at eNB and 24 SRS transmissions in 5ms, the larger number of antennas at eNB or smaller number of SRS transmissions will enlarge the performance gap between precoded SRS and antenna-specific SRS.
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                  Figure 4: Spectral efficiency of MU-MIMO UL with scheduling. 
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                 Figure 5: Example of precoded SRS and antenna-specific SRS transmissions. 

   Table III : Simulation parameters (II).
	Parameter

	Assumption

	Carrier Frequency / Bandwidth
	2.0 GHz / 20MHz

	Data transmission bandwidth
	4 RBs (48 subcarriers)

	Slot format 
	Normal CP (7 symbol per slot)

	Channel model
	Typical Urban (TU), i.i.d. MIMO channel 

	UE speeds 
	3km/h

	UE position
	Random dropping

	Antenna configuration 
	4x4

	Antenna correlation at eNB / at UEs
	0  / 0

	Channel coding 
	Turbo code

	Modulation and coding rate (CR)
	QPSK CR=1/8, 1/3, 4/9, 3/5,  16QAM CR=2/5, 1/2, 3/5,    64QAM CR=4/9, 5/9, 2/3, 3/4, 6/7

	Uplink power control
	Ideal compensation of path loss and shadowing

	Signal reception at eNB
	Ideal MMSE

	Channel estimation at eNB
	Ideal

	AMC target
	10% BLER at 1st packet, 
0.5dB SINR margin to compensate for time-
varying channel 

	Scheduling Algorithm
	Successive UE selection based on Max-SINR
(See appendix C, Fair throughputs between UEs) 

	Number of available SRSs
	24 SRS transmissions in 5ms
(=50% of fully multiplexed SRSs in config.#0, 6)

	Number of UEs for SRS transmission
	24 UEs for precoded SRS
6 UEs for antenna-specific SRS

	SRs transmission period
	5ms

	Rank of  precoded SRS
	1

	Rank of  PUSCH
	1

	Precoding granularity for SRS and PUSCH
	4 PRBs (Codebook-based precoded SRS,

 antenna-specific SRS),

1 PRB (Eigen-precoded SRS)

	Precoding codebook
	Rank-1 codebook design [5]

	PMI selection
	Based on results of Table I

	Delay from SRS to PUSCH
	5ms

	Phase error at UE after calibration 
	Gaussian variables with std. dev. 10 o
(As a worst case assumption, see appendix B.)


5 MU-MIMO DL Scheduling Based on Rank-1 SRS Precoding
Finally, we explain how to use rank-1 precoded SRS for MU-MIMO DL with scheduling. Indeed, there is duality between UL and DL scheduling. Figure 6 shows the duality between UL and DL scheduling. First, we consider uplink scheduling in which a set of UEs is selected from possible UEs assuming zero-forcing (ZF) Rx beam at eNB. This ZF Rx beam cancels all interference from the other multiplexed signals. If eNB uses the same ZF beam for DL signal transmission, the UE receives no interference from the other multiplexed signals using the same Rx beam as SRS precoding.
 Thus, eNB can schedule DL signals applying UL scheduling strategy, assuming ZF beam at eNB and the same Rx beam as SRS precoding at each UE. Although downlink outer-cell interference is different from uplink outer-cell interference, the gap between UL and DL outer-cell interference is one-dimensional information in case of rank-1 precoded SRS. This gap could be estimated by eNB comparing reported DL CQI and UL channel quality through SRS. Thus, rank-1 precoded SRS is also useful for efficient DL scheduling in MU-MIMO.
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                                       Figure 6: Duality between UL and DL scheduling. 
6 Conclusion
We presented performance of rank-1 precoded SRS for LTE-Advanced TDD. From the discussion, we see that
· SRS precoding reduces the required number of SRS and transmit power by 1/4 for a UE compared to antenna-specific SRS.

· Precoded SRS provides 2 or 3 dB gains in MU-MIMO with scheduling.
Thus, we propose to allow for precoded SRS in LTE-Advanced TDD.
Appendix : 
A. Theoretical basis on quality of PMI/MCS selection
We present theoretical basis on quality of PMI/MCS selection in schemes A and B. If the estimated channels
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 in the two schemes have the same estimation accuracy, the following vectors 
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[image: image27.wmf])

~

~

(

max

arg

v

H

H

v

v

UL

H

UL

H

Codebook

v

A

Î

=



[image: image28.wmf])

ˆ

ˆ

(

max

arg

v

H

H

v

v

UL

H

UL

H

Codebook

v

B

Î

=


Therefore, schemes A and B have the same quality of selecting precoding vector for power-limited UE.
In scheme A, UE transmits a single precoded SRS with power Ps/M. Then, eNB receives the Nx1 signal vector 
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where Nx1 interference-plus-noise vector
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 is composed of independent complex Gaussian variables with variance 
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 in all elements.  eNB uses the signal vector
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 for MCS selection.
In scheme B, UE transmits orthogonal antenna-specific SRS with power Ps/M from M antennas. Then, eNB equivalently receives the NxM received signal matrix given by
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where NxM interference-plus-noise matrix 
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 is composed of independent complex Gaussian variables with variance 
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 in all elements. When applying the precoding vectors 
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where Nx1 vector
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 is composed of independent complex Gaussian variables with variance 
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have the same signal characteristics, quality of selecting MCS is the same in the two schemes.
Although schemes A and B have the same quality in PMI/MCS selection, scheme A requires only a single SRS with power Ps/M while scheme B requires M SRSs with total transmit power Ps.
B. Phase Error Model 

An antenna calibration compensates for mismatch of UL and DL analogue circuits. Nevertheless, a small phase error still remains. Then, the UL channel is expressed as
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with the phase errors 
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Normally, RMS of the phase errors can be kept less than 10o  by either over-the-air calibration or self-calibration [7]-[10]. Therefore, the assumed phase error in simulation parameters represents a worst case.
C. Scheduling Algorithm for MU-MIMO UL
In either precoded SRS or antenna-specific SRS, eNB can predict the response vector 
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for the k-th UE (k=1, 2, …, K), where K is the number of UEs of SRS transmission. 
Using the responses 
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(k=1, …, K), the scheduler selects a set of spatially semi-orthogonal UEs as follows :
i)   n=1, setK={1, …, K}, setS={ }, 
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ii)  Select the 
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-th UE which has the largest average SINR among setK in the presence of already

 selected UEs (
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 setS).
iii) Compute SINR at output of MMSE combiner for each UE (
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 setS) and for UE 
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  output SINRs into throughputs.
iv)  If the sum of throughputs is increased by adding the 
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otherwise end without adding the 
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-th UE.

v)  If n=N, end, otherwise increase n by 1 and return to ii).   
Assuming that transmit power control compensates for path loss and shadowing perfectly, this scheduling algorithm provides fair throughputs between UEs.
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