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1.
Introduction
In the RAN1#46 meeting in Tallin in August 2006, employing unitary pre-coding matrix for single user (SU)-MIMO transmission for E-UTRA downlink was agreed [1]. Furthermore, use of a pre-coding matrix index for the feedback (FB) information from a UE to control the pre-coding vectors for multiple spatial streams was agreed at the teleconference on October 25th after RAN1#46bis meeting in Seoul. Now, specific design of the unitary codebook, such as codebook size and detailed pre-coding matrix structure, needs to be discussed. In this contribution, we investigate the appropriate codebook size in 2-by-2 and 4-by-2 SU-MIMO transmissions in the E-UTRA downlink from the viewpoint of throughput performance and control signaling overhead. We also show some preliminary simulation results of throughput performance employing the tracking method which was originally proposed by [2] toward the unitary pre-coding methods with matrix-based feedback.
2.
Pre-coding Scheme
We describe details of the pre-coding scheme used in our investigation. In general, codebook-based pre-coding schemes are classified into (a) non-tracking (one-shot) method (we call “one-shot-codebook” scheme, hereafter) and (b) tracking method (“tracking-codebook” scheme, hereafter) according to whether the previous pre-coding matrix is used or not in order to calculate the current pre-coding matrix. The tracking-codebook scheme requires less FB information bits than the one-shot-codebook scheme when the correlation of the channel during feedback period is high. The number of transmitter antennas, receiver antennas and spatially multiplexed streams are denoted as Nt, Nr, and Ns, respectively. We assume that the following pre-coding operation is performed at each pre-coding chunk which may span single or multiple resource blocks (RBs).
2.1 One-Shot-Codebook Scheme

· Codebook structure

A codebook in the one-shot-codebook scheme is composed of B matrices, {C1,…, CB}, where each element, Cm (m = 1,…, B), is an Nt × Ns unitary matrix. In this contribution, we employ the codebook described in [3] where the codebook is designed to maximize the minimum distance between any pair of subspaces in the set. The required FB bits per pre-coding chunk is log2(B). The codebook is shared at transmitter and receiver. 

· Codebook selection at UE receiver
A UE searches for the index of the optimum pre-coding matrix which offers the maximum capacity assuming a Linear Minimum Mean Squared Error with Successive Interference Cancellation (MMSE-SIC) receiver.
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where the matrix R is the covariance matrix which is calculated as follows
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(2)
and the Nr × Nt matrix Hs is the MIMO channel matrix at s-th sub-carrier, the Ns × 1 vector en is defined as en = [0…0 1 0…0] with 1 at n-th position, the Nr × Nr matrix INr is the identity matrix, and Nc is the number of sub-carriers in a pre-coding chunk.
· Pre-coding matrix update at Node B transmitter
The Node B transmitter updates the pre-coding matrix Fk at time index k by using the element of the codebook specified by the UE as,


[image: image3.wmf]opt

m

k

C

F

=







(3)

The transmitter finally computes the Nt × 1 transmit signal vector, x(k), by using the updated pre-coding matrix as,
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where s(k) is the Ns × 1 transmitted symbol vector.

2.2 Tracking-Codebook Scheme

· Codebook structure

A codebook in tracking-codebook scheme is composed of B matrices, {C1,…, CB}, where each element, Cm (m = 1,…, B), is an Nt × Nt unitary matrix. The codebook in tracking-codebook scheme is generated such that it contains matrices which are close to the identity matrix in order to improve the tracking capability, of which concept is similar to [2]. More specifically, each element of the codebook is computed as V(t)V(t+t)H where V(t) is a Nt × Nt unitary matrix, and V(t+t) is the time-shifted version of V(t). A set of codebook is computed for various t.
· Codebook selection at UE receiver
A UE first computes candidate pre-coding matrices based on the following equation,
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where the Nt × Ns matrix Fk-1 is the previous pre-coding matrix at time (k1). The UE then searches for the index of optimum pre-coding matrices to achieve the maximum capacity as shown in (1) and (2).
· Pre-coding matrix update at Node B transmitter
The Node B transmitter updates the pre-coding matrix by using the element of the codebook specified by the UE as,
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The transmitter finally computes the Nt × 1 transmit signal vector, x(k), by using the updated pre-coding vector as shown in (4).
3. Simulation Conditions

Table 1 lists the simulation parameters assumed in the evaluations. We assumed a 1-msec transmission time interval (TTI) and 12 sub-carriers within each RB. We employed QPSK, 16QAM, and 64QAM data modulation and Turbo coding with the coding rate of R = 1/3, 2/5, 4/9, 1/2, 5/9, 3/5, 2/3, and 3/4, and adaptive modulation and channel coding (AMC) based on multiple codewords (MCW) was employed (note that the same modulation and coding scheme (MCS) is assigned to all assigned RBs within a stream) [4]. MCS was independently selected for each stream according to the average received signal power-to-interference plus noise power ratio (SINR) after signal detection among all RBs. We assumed a single-user environment, i.e., without frequency channel-dependent scheduling or multi-user (MU)-MIMO. The control delay of the pre-coding matrix computation as well as AMC was set to 3 TTI. We evaluated 2-by-2 and 4-by-2 MIMO cases. The channel models used in this contribution were the spatial channel model (SCM)-C (Urban Macrocell) [5] and Typical Urban (TU) channel model [6] with fading correlation factor of 0.7 both at the adjacent transmitter and receiver antenna branches. The maximum Doppler frequency was set to 5.55 Hz. As for the signal detection method, MMSE-SIC was employed. We calculated the throughput taking into account the signaling overhead loss due to pre-coding matrix information bits by assuming QPSK modulation and coding rate of R = 1/6 for the L1/L2 control channel [7]. In addition, we took into account the pilot symbol insertion loss to evaluate throughput performance.
Table 1 – Simulation parameters
	System bandwidth
	10 MHz

	Number of sub-carriers
	600

	Sub-carrier spacing
	15 kHz

	Resource block bandwidth
	180 kHz (12 sub-carriers)

	Symbol duration
	Effective data
	66.67 sec

	
	Cyclic prefix
	4.75 sec

	Transmission Time Interval (TTI)
	1.0 msec (14 OFDM symbols)

	Data modulation
	QPSK, 16QAM, 64QAM

	Channel coding rate
	R = 1/3, 2/5, 4/9, 1/2, 5/9, 3/5, 2/3, 3/4

	Channel coding / decoding
	Turbo coding (K = 4) / Max-Log-MAP decoding

	Codeword scheme
	Multiple codewords (MCW)

	Number of antennas
	2-by-2, 4-by-2 MIMO

	Channel model
	SCM-C, TU channel model

	Maximum Doppler frequency
	fD = 5.55 Hz (v = 3 km/h)

	Channel estimation
	Ideal

	Signal detection
	MMSE-SIC

	Control delay in AMC and 
pre-coding matrix update
	3 TTI (= 3 msec)

	Hybrid-ARQ
	None


4. Simulation Results

4.1 Throughput Performance

Figures 1(a) and 1(b) show the throughput performance as a function of the required FB bits per pre-coding chunk for the two pre-coding schemes for 4-by-2 MIMO in the SCM-C channel when the average received signal-to-noise ratio (SNR) is 8 dB and 16 dB, respectively. The SNR is defined as the power ratio of total received signal from all transmitter antennas and additive white Gaussian noise (AWGN) per receiver antenna. Pre-coding chunk size was set to two RBs and the update interval of pre-coding matrix selection is five TTI. Figure 1(a) shows that tracking-codebook scheme requires 1 to 2 less FB bits than the one-shot-codebook scheme in order to achieve the same throughput. This is because tracking-codebook scheme can utilize the correlation of the channels during the pre-coding update interval. We see from Fig. 1(b) that similar performance behavior is observed as in Fig. 1(a). The slight degradation of throughput using the tracking-codebook scheme for large number of FB bits in Fig. 1(b) is due the increasing overhead caused by increased FB bits.  
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(a) Average received SNR = 8 dB                      (b) Average received SNR = 16 dB

Figure 1 – Throughput performance as a function of the number of FB bits per pre-coding chunk 
(4-by-2 MIMO, SCM-C channel)
Figure 2 shows the throughput performance as a function of the required FB bits per pre-coding chunk for 4-by-2 MIMO in the TU channel. Fading correlation factor between two adjacent antennas is assumed to 0.7 at both transmitter and receiver. Compared with the results in the SCM-C channel, throughput performances of both schemes are degraded due to the high fading correlation factor. Figure 2 also shows that the performance gap between tracking-codebook and one-shot-codebook becomes smaller. We consider that this is because the tracking-codebook is more sensitive to channel correlation. However, the tracking-codebook scheme still requires about 1 FB bit less than the one-shot-codebook scheme. Performance investigations of the two schemes in channels with high Doppler frequency, or that with average power unbalance among transmitter or receiver branches by employing cross-polarized antennas are FFS. We also see from Figs. 1 and 2 that approximately 6 FB bits would be sufficient to achieve sufficient pre-coding gain in both one-shot-codebook and tracking-codebook schemes. 
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Figure 2 – Throughput performance as a function of the number of FB bits per pre-coding chunk
(4-by-2 MIMO, TU channel with correlation factor of 0.7, average received SNR of 16 dB)
Figure 3 shows the throughput performance as a function of required FB bits per pre-coding chunk for 2-by-2 MIMO in the SCM-C channel when the average received SNR is 0 dB. The result shows that the throughput gain obtained by pre-coding in the 2-by-2 MIMO case is much smaller than that in the 4-by-2 MIMO case. This is because when the numbers of transmitter and receiver antennas are the same, achievable beamforming gain is much smaller than when the number of transmitter antennas is larger than that of receiver antennas. In addition, Fig. 3 shows that approximately 3 FB bits are enough to achieve sufficient pre-coding gain. 
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Figure 3 – Throughput performance as a function of the number of FB bits per pre-coding chunk
(2-by-2MIMO, SCM-C, average received SNR of 0 dB)
Figures 4(a) and 4(b) show the throughput performances as a function of average received SNR per receiver branch in the SCM-C channel for 4-by-2 MIMO and 2-by-2 MIMO, respectively. For comparison, throughput performances of the singular value decomposition (SVD)-based pre-coding and the Selective-Per Antenna Rate Control (S-PARC) schemes are obtained to evaluate the upper and lower-bound of the pre-coding schemes. Perfect channel state information at the transmitter was assumed at each sub-carrier in the SVD scheme. The S-PARC scheme performs transmitter antenna subset selection in which common subset is used for all RBs. Note that signalling overhead is not taken into account in calculating the throughput of the SVD-based pre-coding scheme. Figure 4(a) shows that in medium SNR regions, both pre-coding schemes obtain about 8 Mbps throughput gain compared to S-PARC. In addition, throughput degradation of the pre-coding schemes compared with the SVD scheme in medium SNR regions is about 2 Mbps. Figure 4(b) shows that all pre-coding schemes achieve similar throughput performance where pre-coding gain is obtained only in low and medium SNR regions. This is because in lower SNR regions, the occasions of transmitting only one spatial stream increase, which leads to the increased pre-coding gain. Figure 4(b) also shows that 3 FB bits are sufficient to achieve as good performance as the perfect CSI scheme. 
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(a) 4-by-2 MIMO                                             (b) 2-by-2 MIMO
Figure 4 – Throughput performance as a function of average received SNR (SCM-C channel)
Figures 5(a) and 5(b) show throughput performances as a function of pre-coding update interval in the SCM-C channel for 4-by-2 MIMO and 2-by-2 MIMO, respectively. Pre-coding chunk size was set to one RB. Figure 5(a) shows that when the pre-coding update interval is one TTI, throughput performances of the pre-coding schemes degrade due to the large signaling overhead. The throughput degradation becomes more significant for higher throughput regions and larger number of FB bits. Figure 5(a) shows that the highest throughput is obtained when the pre-coding update interval is 5-10 TTI. In addition, for smaller update intervals, tracking-codebook scheme is better than the one-shot-codebook scheme because the tracking scheme can effectively utilize the channel correlation during the update interval. Figure 5(b) shows similar performance behavior to Fig. 5(a). 
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(a) 4-by-2 MIMO                                            (b) 2-by-2 MIMO
Figure 5 – Throughput performance as a function of pre-coding update interval (SCM-C channel)
Figures 6(a) and 6(b) show the throughput performances as a function of pre-coding chunk size in the SCM-C channel for 4-by-2 MIMO. Figure 6(a) shows that when the pre-coding chunk size is relatively small throughput degradation due to the increased pre-coding chunk size is not significant. This is because the throughput gain due to the reduction of the control signaling overhead is as significant as the throughput loss due to frequency selective fading. However, when the pre-coding chunk size becomes relatively large, throughput degradation for increased pre-coding chunk size becomes more significant because the throughput loss caused by the frequency selective fading becomes larger. We observe that the performance degradation is not significant until the pre-coding chunk size is below five RBs. Fig. 6(b) shows that the throughput degradation for large pre-coding chunk size is smaller than that in Fig. 6(a) especially in high SNR regions. This is because in the 2-by-2 MIMO case, the attainable pre-coding gain is much smaller than that in the 4-by-2 MIMO case. 
[image: image15.emf]20

30

40

50

60

0 10 20 30 40 50

Throughput (Mbps)

Pre-coding chunk size (RB)

Average SNR = 16 dB

Average SNR = 8 dB

S-PARC

S-PARC

One-shot codebook

Tracking codebook

One-shot codebook

Tracking codebook

4-by-2 MIMO

SCM-C channel

6 FB bits / pre-coding chunk

Pre-coding update period = 5TTI

    [image: image16.emf]0

10

20

30

40

0 10 20 30 40 50

Throughput (Mbps)

Pre-coding chunk size (RB)

Average SNR = 8 dB

Average SNR =0 dB

S-PARC

S-PARC

One-shot codebook

Tracking codebook

One-shot codebook

Tracking codebook

2-by-2 MIMO

SCM-C channel

3 FB bits / pre-coding chunk

Pre-coding update period = 5TTI


(a) 4-by-2 MIMO                                                     (b) 2-by-2 MIMO
Figure 6 – Throughput performance as a function of pre-coding chunk size (SCM-C channel)
4.2 Signaling Overhead

Table 2(a) and 2(b) show the throughput performance gain compared with the S-PARC scheme and the signaling overhead of the associated downlink control signaling of the pre-coding schemes. Note that we took into account signaling overhead only related to pre-coding, i.e., signaling overhead related to automatic repeat request (ARQ), RB assignment, and AMC was not included. Pre-coding update interval was assumed to five TTI. Throughput gain was calculated by using the results in the SCM-C channel shown Figs. 6. Table 2 shows that large throughput gain can be obtained compared to the S-PARC scheme especially in the 4-by-2 MIMO case with small pre-coding chunk sizes. In order to examine the impact of the increased signaling overhead on the total data rate, Tables 2 also show control signaling overhead values required for the pre-coding schemes for each pre-coding chunk size. We observe that when the pre-coding chunk size becomes larger, the control signaling overhead becomes less significant. For both 2-by-2 and 4-by-2 MIMO, the signaling overhead is less than 1.0 % when the pre-coding chunk size is more than two RBs. Furthermore, Tables 2 show that when the pre-coding chunk size is five RBs, more than 20 % throughput gain compared to S-PARC is attainable with less than 0.5 % control signaling overhead for both 2-by-2 and 4-by-2 MIMO cases when the average SNR is 0 dB and 8 dB, respectively. In this case, the required FB bits per TTI are 6 bits for 2-by-2 MIMO, and 12 bits for 4-by-2 MIMO assuming 10-MHz transmission bandwidth. 
Table 2 – Throughput gain and increase of the downlink signalling overhead

(a) 4-by-2 MIMO (6 FB bits / pre-coding chunk)
  [image: image17.emf]0.05 

0.10 

0.21 

0.43 

1.07 

2.14 

Overhead of 

pre-coding 

info. (%)

6.0  11.8  4.2  8.4  50

8.6  14.9  6.9  12.0  25

12.2  21.4  11.3  19.1  10

15.5  26.8  14.3  22.3  5

16.9  29.0  15.7  26.0  2

16.5  29.4  14.7  25.6  1

Tracking 

(SNR = 16dB)

Tracking 

(SNR = 8dB)

One-shot 

(SNR = 16 dB)

One-shot 

(SNR = 8 dB)

Throughput gain over S-PARC (%)

Pre-coding 

chunk size 

(RB)

0.05 

0.10 

0.21 

0.43 

1.07 

2.14 

Overhead of 

pre-coding 

info. (%)

6.0  11.8  4.2  8.4  50

8.6  14.9  6.9  12.0  25

12.2  21.4  11.3  19.1  10

15.5  26.8  14.3  22.3  5

16.9  29.0  15.7  26.0  2

16.5  29.4  14.7  25.6  1

Tracking 

(SNR = 16dB)

Tracking 

(SNR = 8dB)

One-shot 

(SNR = 16 dB)

One-shot 

(SNR = 8 dB)

Throughput gain over S-PARC (%)

Pre-coding 

chunk size 

(RB)


(b) 2-by-2 MIMO (3 FB bits / pre-coding chunk)
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5. Conclusion

In this contribution, we investigated on the appropriate codebook size of pre-coding matrices in 2-by-2 and 4-by-2 MIMO transmission in E-UTRA downlink. And we presented a pre-coding scheme which employs tracking-codebook in addition to one-shot-codebook. Furthermore, we evaluated the throughput performance and downlink control signaling overhead. We obtained the following simulation results.
· Required FB bits per pre-coding chunk to achieve sufficient pre-coding gain is 3 bits for 2-by-2 MIMO case and 6 bits for 4-by-2 MIMO case irrespective of the pre-coding schemes, when the pre-coding chunk size is two RB and pre-coding update interval is five TTI.
· Tracking-codebook-based pre-coding scheme requires 1 to 2 FB bits less than the one-shot-codebook scheme. (Further evaluations for various channel models are needed).
· Increasing the pre-coding chunk size and the pre-coding update interval leads to the reduction of signaling overhead. For example, in the SCM-C channel for 2-by-2 and 4-by-2 MIMO with low Doppler frequency, 6 and 12 FB bits per TTI can achieve more than 20 % throughput gain compared to S-PARC with less than approximately 0.5 % signaling overhead for 2-by-2 MIMO and 4-by-2 MIMO when the average SNR is 8 dB and 0 dB, respectively. Further investigation is needed to determine optimum pre-coding chunk size and pre-coding update interval assuming various channel conditions.
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