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Precoded Sounding for CQI/CSI Measurement
Keying WU, Hongwei YANG, Dong LI, Yang SONG 
Alcatel Shanghai Bell
Yinggang DU
Huawei Technologies
Introduction
Uplink sounding has been defined as a channel feedback mechanism in 16m system description document (SDD). The sounding signals can be used to feed back channel quality indicator (CQI) for scheduling, or feed back channel state information (CSI) for precoding. In this contribution, we propose that sounding signals can be precoded before transmission in some cases to enhance the scheduling/precoding performance, or reduce the feedback overhead. Different application scenarios for precoded sounding will be discussed, and simulation results will be provided to demonstrate advantages of precoded sounding.
CQI Feedback

Uplink sounding can be used by the base station (BS) to estimate uplink channel quality to assist uplink scheduling. When precoding is used at MS in the time-division-duplex (TDD) mode, a MS can generate the precoding matrix based on downlink common reference signals. In this case, sounding signals can be precoded in the same way as the transmitted data, so that the BS can use the received sounding signals to estimate the quality of the equivalent channel that combines the physical channel and the precoding matrix used at the MS. By doing so, the scheduling can be carried out based on more accurate CQI information.
CSI Feedback for SU-MIMO
Consider a closed-loop SU-MIMO system with NT transmit antennas at the BS and NR receive antennas at the MS. The channel model can be represented as
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where y denotes the received signal vector, H the channel matrix, W the precoding matrix, x the transmitted signal vector, and n the noise-plus-interference term. At the MS side, an estimate 
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 of x is generated by multiplying y with an s(NR filtering matrix R, where s denotes the number of data streams transmitted to the MS, i.e.,
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where 
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 is the s(NT equivalent channel matrix combing the physical channel and the filtering matrix used by the MS. 
When uplink sounding is used in a TDD system, the precoding matrix W can be generated by the BS based on the estimate of H derived from sounding signals. In order to estimate the full physical channel H, the BS requires the MS to send sounding signals on NR antennas in an orthogonal manner, requiring NR orthogonal sounding patterns (in TDM/FDM/CDM manner). Alternatively, the MS can send precoded sounding signals using RH as the precoding matrix on s virtual antennas, requiring only s orthogonal sounding patterns. The BS then estimates the equivalent channel matrix 
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 instead of the physical channel matrix H, and generates W accordingly. When s < NR, the sounding feedback overhead can be significantly reduced using the precoded sounding or the density of the sounding signals can be increased to improve the quality of channel estimation at the BS. For example, when s = 1 and NR = 2 the sounding overhead can be halved without degradation of the channel estimation quality using precoded sounding, or the sounding signal density can be doubled without increased overhead.   
One problem of the precoded sounding approach is to select a proper filtering matrix R to precode the sounding signals before knowing the precoding matrix W. In the contribution, we provide a sub-optimal solution to the selection of R as follows. Assume that the MS can estimate the physical channel matrix H using e.g. DL common pilot or midamble. We select R as the s left eigenvectors corresponding to the s largest eigenvalues of the physical channel matrix H, as  
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In the simulation part, we will show that based on the filtering matrix calculated using (3) and (4), the precoded sounding will not bring any performance loss for SU-MIMO compared with un-precoded sounding.
CSI Feedback for MU-MIMO

Consider a MU-MIMO system with K users and one data stream per user (consistent with the 16m SDD). Assume that the BS has NT Tx antennas and each MS has NR Rx antennas. The signal received at MS-k (k=1~K) can be written as
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where yk is the NR(1 receive vector at the MS-k, Hk the NR(NT channel matrix between MS-k and the BS, wk the NT(1 precoding vector for MS-k, xk the data symbol for MS-k and nk the NR(1 noise vector at MS-k. An estimate of xk is generated at MS-k by multiplying yk with an 1(NR filtering vector rk as
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where 
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 is the 1(NT equivalent channel vector combing the physical channel and the filtering vector used by MS-k. If zero-forcing type of precoding algorithms is used, e.g. block diagonalization (BD), the precoding vectors {wk} should be selected to fulfill the following constraint
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This constraint is relative strong, and leads to the following problem
· To fulfill the constraint in (7), the transmit antenna number should be no less than the total number of receive antennas, i.e. 
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which leads to an insufficient utilization of the spatial freedom at the BS if NR is larger than 1. For example, assuming NT = 4 and NR = 2, the largest value of K satisfying (8) is 2, which means that only 2 data streams (one for each user) can be simultaneously transmitted while the BS has a spatial freedom degree of 4.
To overcome this problem, we propose to replace the constraint in (7) with a less strong one as follows
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This restraint means that each precoding vector wk is selected to be orthogonal to the equivalent channel 
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, instead of the physical channel Hi, of other users. With this constraint, the requirement of the transmit antenna number can be released to
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Comparing (10) with (8), we can see that the new constraint can make full utilization of the spatial freedom at the BS, as it allows the support of NT simultaneous users (consequently, NT data streams) at the most. Under the constraint in (10), MS-k can send precoded sounding signals using rkH as the precoding vector, so that the BS can estimate the equivalent channel vectors 
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 for K users, and calculate precoding vectors {wk} accordingly.
One problem of the proposed approach is again the selection of proper filtering vectors {rk} to precode the sounding signals before knowing the precoding vectors {wk}. To solve this problem, we use a similar approach as introduced for SU-MIMO. Assume that MS-k can estimate the physical channel matrix Hk using e.g. DL common pilot or midamble. We select rk as the left eigenvector corresponding to the largest eigenvalue of Hk, as  
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In the simulation part, we will show that based on the filtering vectors calculated using (11) and (12), the precoded sounding will bring additional performance gain for MU-MIMO compared with un-precoded sounding.

CSI Feedback for Multi-BS MIMO

When used in multi-BS MIMO scenarios, precoded sounding can not only reduce the feedback overhead, but also achieve extra performance gain. In the following, we will use interference nulling as an example to explain its advantages.
Interference nulling has been accepted in 16m SDD as an advanced multi-antenna technique to improve the cell-edge throughput and mitigate inter-cell interference (ICI). Fig. 1 shows an example of interference nulling, where each BS serves one MS attached to it, and at the same time exploits the additional degrees of spatial freedom to null the interference to another MS served by the neighboring BS. Denote by Hj,i the channel matrix between the jth MS and the ith BS. The channel model of the system in Fig. 1 can be written as follows. 


[image: image19.wmf]1

2

2

2

,

1

1

1

1

,

1

1

n

x

W

H

x

W

H

y

+

+

=







(13)
and
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where yi denotes the received signal vector of MS-i, xi the information vector of MS-i, ni the additive noise and interference from other cells for MS-i, and Wj the precoding matrix used by BS-j. Denote by si the number of data streams intended to MS-i. At each MS-i, an estimate 
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 for xi can be generated by multiplying yi with an si(NR filtering matrix Ri, i.e., 
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and
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where 
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 is the si(NT equivalent channel matrix combining the physical channel and the filtering matrix used at MS-i.
In order to null interference to the neighboring cell, the precoding matrix at each BS must satisfy the following constraint.

[image: image25.wmf]0

=

1

1

,

2

W

H


and

[image: image26.wmf]0

=

2

2

,

1

W

H






(17)
Take W1 as an example. In order to fulfill the above constraint, W1 must lie in the null space of H2,1, which means that the available signaling space at BS-1 is reduced to be within the null space of H2,1, leading to a performance loss for MS-1. 
Assume that the data stream number intended for each MS is less than the receive antenna number. (Note that this is a reasonable assumption since interference nulling is most likely to be used at cell edge, where full-rank transmission is generally not preferred.) Then the null space of the equivalent channel 
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 will have a larger dimension than the null space of the physical channel Hj,i. For example, suppose that NT = 4, NR = 2, and si = 1 for both MSs in Fig.1. The null space of the physical channel H2,1 has a dimension of 2, while the null space of the equivalent channel
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has an increased dimension of 3.
The above discussions motivate us to perform nulling towards the equivalent channel instead of the physical channel. In another word, the precoding matrices should be selected to satisfy the following constraints
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By doing so, the loss of signaling space due to interference nulling can be minimized, leading to less performance degradation. In order to provide the equivalent channel state information for both BSs, precoded sounding can be used. With precoded sounding, MS-i sends precoded sounding signals using RjH as the precoding matrix. Based on the precoded uplink sounding signals, the BS can estimate the equivalent channel matrices for both its serving MS and the MS in the neighboring cell, which combine the corresponding physical channel matrices and the filtering matrices used at the two MSs. The BS then generate the precoding matrix for its serving MS such that the interference to the neighboring cell is nulled over the equivalent channel, and send precoded data sequence to its serving MS.
The filtering matrices {Rj} used to precode sounding signals can be selected in a similar way as proposed for SU-MIMO and MU-MIMO. In the simulation part, we will show that precoded sounding can considerably improve the performance of interference nulling.
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Figure 1. An example of interference nulling
Simulation Results
In the following, we use simulation results to demonstrate the benefit of precoded sounding for SU-MIMO, MU-MIMO and multi-BS MIMO. 

· For SU-MIMO, closed-loop transmission with SVD-based precoding is considered with one data stream.

· For MU-MIMO, the simultaneous user number is fixed at K=2, with one data stream per user. The BD multiuser precoding algorithm is employed. 

· When un-precoded sounding is used, the BS can estimate the full physical channel of both users, and according to the BD algorithm, the precoding vector for each user is selected to be orthogonal to the physical channel matrix of the other user. 

· When precoded sounding is used, the BS can only estimate the equivalent channel of the two users, and the precoding vector of each user is selected to be orthogonal to the equivalent channel matrix of the other user. At the receiver side, it is assumed that each MS-k can estimate 
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 for i = 1, 2. This is a feasible assumption if orthogonal dedicated pilots are transmitted for the two users, which can be supported by the current SDD.
· For multi-BS MIMO, an interference nulling system as shown in Fig. 1 is considered. Each MS receives one data stream from its serving BS. It is assumed that the two MSs have the same path loss between the two BSs, i.e., cell-edge users. 
Other simulation assumptions common to the three MIMO modes are listed in Table 1, which is compatible with the 16m evaluation report. From this figure, we can see that the proposed technique can achieve significant performance gain of about 2dB gain over the original interference nulling technique without precoded sounding. 
	Number of Tx antennas per BS
	4
	Bandwidth / sampling frequency
	10MHz / 11.2MHz

	Number of Rx antennas per MS
	2
	Detection 
	MMSE

	Pack block size (bits)
	768
	Channel model
	Spatially uncorrelated with ITU-VA power delay profile, compatible with the 16m evaluation report 

	MCS
	16QAM + rate-1/2 TC
	velocity
	3kmph

	Channel estimation
	Ideal
	Number of frames simulated
	3000

	Radio resource
	4 physically adjacent PRUs
	
	


Figures 2~4 compares the performance of SU-MIMO / MU-MIMO / multi-BS MIMO systems with un-precoded and precoded sounding signals. As we can see, for SU-MIMO, precoded sounding performs the same as un-precoded sounding, with the sounding overhead halved. For MU-MIMO and multi-BS MIMO, precoded sounding can achieve significant performance gain.
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Figure 2. Comparison between SU-MIMO systems with un-precoded and precoded sounding.
[image: image34.emf]-1 0 1 2 3 4

10

-3

10

-2

10

-1

10

0

SNR (dB)

FER

MU-MIMO

user1 prec sound

user2 prec sound

user1 un-prec sound

user2 un-prec sound


Figure 3. Comparison between MU-MIMO systems with un-precoded and precoded sounding.
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Figure 4. Comparison between interference nulling systems with un-precoded and precoded sounding.
Conclusions

In this contribution, we propose that precoded sounding can be used for signaling the uplink channel quality and uplink channel state information for equivalent channels. Different application scenarios have been discussed to show the advantages of precoded sounding in terms of both performance and feedback overhead. Simulation results have also been used to demonstrate its significant performance gain. We recommend precoded sounding to be supported in 16m SDD.

Text Proposal to SDD
------------------------------------Start text proposal------------------------------------
11.9.2.3 UL Sounding Channel

The UL sounding channel is used by an AMS to send a sounding signal for MIMO feedback, channel quality feedback and acquiring UL channel information at the ABS. Precoded sounding signals may be transmitted on a sounding channel for signaling the channel quality or channel state information of an equivalent channel. The sounding channel occupies specific UL subbands or whole UL OFDMA symbol(s). 
------------------------------------End text proposal------------------------------------
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