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1.
Introduction
In the RAN1#46 meeting in Tallin in August 2006, employing codebook-based unitary precoding for single-user (SU)-MIMO transmission for E-UTRA downlink was agreed [1]. Now, specific design of the unitary codebook, such as codebook size and detailed precoding matrix structure, needs to be discussed. In this contribution:

· We further investigate the codebook sizes for rank = 1 and 2 precoding in 4 Tx and 2 Tx antenna MIMO transmission independently in the E-UTRA downlink. 
· We optimize appropriate codebook sizes from the view point of throughput gain over Selective Per Antenna Rate Control (S-PARC) which performs transmit antenna selection, and downlink (DL) and uplink (UL) signaling overheads associated with precoding which are determined by the codebook size, frequency domain precoding chunk size, and time-domain precoding update interval.
2. Codebook
Table 1 shows the codebooks which are used in our simulations. We evaluate the codebook size of 4 (2 bits), 8 (3 bits), 16 (4 bits) for 2 Tx antenna precoding, and 4 (2 bits), 8 (3 bits), 16 (4 bits), and 64 (6 bits) for 4 Tx antenna precoding. For the rank 2 in 2 Tx antenna precoding, we use a random unitary codebook of which element matrices are generated by singular value decomposition (SVD) of i.i.d. complex matrices. We optimized the random unitary codebook in off-line simulations. For the other cases, we use the codebooks which are described in the references.
Table 1 – Codebooks used in our simulation
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3. Signaling overhead

Figure 1 shows the time and frequency domain granularity of the feedback interval for precoding. Nf denotes the frequency domain precoding chunk size in terms of resource block (RB) bandwidth. Within a precoding chunk, same precoding matrix is employed for all sub-carriers. Nt denotes the time-domain precoding update interval in terms of transmission time interval (TTI). Same precoding matrix is used during a precoding update interval.
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Figure 1 – Granularity of feedback interval
In both DL and UL cases, we computed the overhead as the ratio of the number of control symbols and the total number of symbols assuming the 9.0 MHz system bandwidth and 1.0 msec TTI length. By using the parameters Nt and Nf, we computed the DL control signaling overhead associated with precoding as,
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where we assumed the use of QPSK with the coding rate R = 1/6 for control signaling [5], 600 sub-carriers (= 9.0 MHz) and 14 OFDM symbols (= 1.0 msec) for downlink transmission. We assume that the total number of RB (=50) is integer multiple of Nf. Similarly, we computed the UL control signaling overhead as,
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(2)
Note that we assume that downlink control signal associated with precoding matrix information is necessary every time when a UE is scheduled, but the UL control signal is fed back once in Nt TTI. Thus, the UL overhead is smaller than the DL overhead by the factor of Nt.
4. Simulation Setup
Table 2 lists the simulation parameters assumed in the evaluations. We assumed a 1-msec 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) [6]. MCS was independently selected for each stream according to the average received signal-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 precoding matrix information as well as MCS information was set to 3 TTI (= 3.0 msec). The number of Tx antennas was set to 4 and 2, while the number of Rx antenna was fixed to 2. The channel models used in this contribution was six-ray Typical Urban (TU) channel model with the fading correlation between adjacent antenna branches was 0.4 for Tx antennas, and 0.1 for Rx antennas. The maximum Doppler frequency was set to 5.55 Hz (3.0 km/h). At the user equipment (UE) receiver, we assumed ideal FFT timing detection; nevertheless, we performed real channel estimation by utilizing common reference signals based on two-dimensional minimum mean-squared error [7]. We used reference signal structure which was agreed as working assumption, i.e., orthogonal reference signal structure with total overhead of 9.5 % for the 2 Tx antenna case, and that of 14.3 % for the 4 Tx antenna case. As for the signal detection method, a linear MMSE was employed. We calculated the throughput taking into account the signaling overhead loss due to precoding matrix information bits by assuming QPSK modulation and coding rate of R = 1/6 for the L1/L2 control channel [5]. In addition, we took into account the pilot symbol insertion loss to evaluate throughput performance.
Table 2 – Simulation parameters
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5. Simulation Results

5.1 Precoding for 2 Tx Antennas (2 x 2 MIMO)
Tables 3(a) and 3(b) show the throughput performance and DL and UL signaling overhead for rank 1 precoding in 2 Tx antenna MIMO transmission. The tables show the throughput in terms of Mbps and also the gain over the S-PARC scheme. Table 3(a) shows the throughput performance as frequency domain precoding chunk size, Nf, as a parameter when precoding update interval, Nt, is 10 TTI. Table 3(b) shows the performance for various Nt values when Nf is fixed to 5 RB bandwidth. From the results, we obtained the following observation.

· Table 3(a) shows that when Nf is increased from 2 RB to 5 RB bandwidth, achievable throughput rather increases when the codebook size is larger than 3 bits. This is because the throughput gain due to the reduced DL overhead exceeds the throughput loss due to increased precoding chunk size. On the other hand, throughput gradually degrades due to the reduced precoding gain when Nf is larger than 10 RB bandwidth. Thus, 5-10 RB bandwidth is reasonable for precoding chunk size.
· Table 3(b) shows that when Nt is increased, achievable throughput is gradually decreased due to the deterioration of tracking capability of precoding weight to the fading variation. However, the degradation in throughput is sufficiently small when Nt is shorter than 10 TTI, while the UL overhead can be greatly reduced when Nt is set to 10 TTI. Thus, approximately 10 TTI precoding update interval would be reasonable for precoding chunk size for low mobility support.
· When the codebook size is increased from 4 (2 bits) to 8 (3 bits), some throughput gain of approximately 100 to 200 kbps can be observed when Nf is 5 and 10 RB bandwidth, while sufficient gain is not observed when the codebook size is larger than 8 (3 bits).
( From the observations above, we consider that codebook size of 8 (3 bits) is adequate: when Nt is 10 TTI, Nf is 5 (10) RB, 3-bit codebook provides 21.8 (18.2) % and 10.7 (8.7) % gain over S-PARC for signal-to-noise power ratio (SNR) of 0 dB and 8 dB, respectively. In this case, the DL signaling overhead of precoding vector information is approximately 1.1 (0.54) %, and the UL overhead is approximately 0.11 (0.05)% which corresponds to 3 kbps (1.5 kbps) UL data rate for the control channel.
Table 3 – Throughput performance and DL and UL signaling overhead (2 Tx antennas, Rank = 1)
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Tables 4(a) and 4(b) show the throughput performance and DL and UL signaling overhead for rank 2 precoding in 2 Tx antenna MIMO transmission. We obtained following observations.

· Table 4(a) shows that similarly to the rank 1 case, when Nf increases from 2 to 5 RB bandwidth, achievable throughput rather increases. And Table 4(b) shows that when Nt is shorter than 10 TTI, the degradation in throughput is small and the UL overhead can be greately reduced.
· When the codebook size is increased from 2 (bits) to 3 (bits) and 4 (bits), achievable throughput is slightly increased, but the gain is not significant. In addition, when Nf is small (e.g. 2 RB bandwidth), throughput rather decreases when codebook size increases from 3 (bits) to 4 (bits) due to the increased overhead.
( From the observation above, codebook size of 4 (2 bits) or 8 (3 bits) is sufficient: when Nt is 10 TTI, Nf is 5 RB, 2-bit (3-bit) codebook provides 5.3 (5.5) % and 4.2 (4.3) % gain over S-PARC when the average received SNR is 12 dB and 20 dB, respectively. In this case, the DL signaling overhead is about 0.7 (1.1) %, and the average UL overhead is about 0.07 (0.11) % which requires 2 kbps (3 kbps) average data rate for UL control channel. 
Table 4 – Throughput performance and DL and UL signaling overhead (2 Tx antennas, Rank = 2) 
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Figure 2 shows the throughput performances of 2 Tx and 2 Rx antenna MIMO (2x2MIMO) transmission with rank adaptation as a function of average received SNR per receiver branch in order to confirm the throughput gain employing precoding. We set Nt, and Nf to 10 TTI and 5 RBs from Tables 3 and 4. Codebook sizes for rank 1 and rank 2 precoding were both set to 3 bits in the evaluation. For comparison, throughput performances employing S-PARC which performs transmit antenna selection, and SVD-based precoding. The SVD performance is considered as the upper-bound of the codebook precoding scheme. Note here that the throughput performance of the SVD-based precoding does not include the loss due to the DL signaling overhead. The graph shows: 
· 2-3 Mbps user throughput gain is obtained in wide SNR range by employing precoding.
· The DL and UL signaling overheads in this case are 1.1 % and 0.11 %, respectively. 
· We can see from the results that the codebook size  of 8 (3-bit) provides sufficient gain with reasonable overhead in wide range of SNR regions.
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Figure 2 – Throughput performances with rank adaptation (2 x 2 MIMO)

5.2 Precoding for 4 Tx Antennas (4 x 2 MIMO)
Tables 5(a) and 5(b) show the throughput performance and DL and UL signaling overhead for rank 1 precoding in 4 Tx antenna MIMO transmission. We obtained following observations.
· With the same reason as in the 2 Tx antenna case, frequency domain precoding chunk size Nf  of 5-10 RB, and precoding update interval Nt of approximately 10 TTI are reasonable in terms of throughput gain and signaling overhead.
· When codebook size increases from 3 to 4 bits, achievable throughput slightly increases (approximately 200 kbps). However, when the codebook size is 6 bits, achievable throughput does not increase due to increased overhead.
( From the above results, codebook size of 8 (3 bits) or 16 (4 bits) is adaquate: when Nt is 10 TTI, Nf is 5 RB, 3-bit (4-bit) codebook provides 25.0 (27.5) % and 15.4 (17.1) % gain over S-PARC when average received SNR is 0 dB and 8 dB, respectively. In this case, the DL signaling overhead is approximately 1.1 (1.4) %, and the UL signaling overhead is approximately 0.11 (0.14) % which corresponds to 3 kbps (4 kbps) UL data rate for control channel.
Table 5 – Throughput performance and DL and UL signaling overhead(4Tx antennas, Rank = 1)
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Tables 6(a) and 6(b) show the throughput performance and DL and UL signaling overhead for rank 2 precoding in 4 Tx antenna MIMO transmission. We obtained following observations from the tables.
· For rank 2 in 4 Tx antennas, precoding gain does not saturate until 6 bits because potential precoding gain is higher than the rank 1 case. 

· On the other hand, we consider that data-non associated UEs will use their dedicated control channel to transmit precoding weight information by using CDM [8] where the number of bits which each UE can transmit is very small. Furthermore, considering that each UE needs to transmit other information, such as DL CQI, ACK/NACK, and scheduling request information in addition to precoding weight information, it is desirable that the number of bits assigned for precoding weight information is kept as small as possible. 
(Based on the observation and consideration above, we consider that 4-bit codebook would be reasonable: when the precoding update interval is 10 TTI, frequency domain precoding chunk size is 5 RB (10 RB), 4-bit codebook provides 17.2 (13.0) % and 13.8 (10.2) % gain over S-PARC for SNR = 12 dB and 20 dB, respectively. In this case, DL signaling overhead is about 1.4 (0.71) %, and UL signaling overhead is about 0.14 (0.07) % which requires 4 kbps (2 kbps) UL data rate for control channel.
Table 6 – Throughput performance and DL and UL signaling overhead (4Tx antennas , Rank = 2)
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Figure 3 shows the throughput performances of 4 Tx and 2 Rx antenna MIMO transmission with rank adaptation as a function of average received SNR per receiver branch. We set Nt and Nf to 10 TTI And 5 RBs, respectively. Codebook sizes for rank 1 and rank 2 precoding were 3 and 4 bits. The figure shows that:

· DL and UL signaling overheads in this case are respectively 1.0 % and 0.1 % for the rank 1 case and respectively 1.4 % and 0.14 % for the rank 2 case. 

· We can see from the results that sufficient precoding gain is obtained in wide range of SNR regions with reasonable signaling overhead.
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Figure 3 – Throughput performance (4 x 2 MIMO)
6. Conclusion

We investigated codebook sizes for rank 1 and 2 precoding for 2 Tx and 4 Tx antenna MIMO downlink in terms of throughput performance and DL and UL signaling overhead. According to our simulation results, we have the following conclusion.
· 5-10 RB is sufficient for frequency domain precoding chunk size, and approximately 10 TTI is reasonable for time-domain precoding update interval.
· Following codebook sizes are recommended:

· 8 (3 bits) for rank 1 precoding with 2 Tx antennas

· 4 (2 bits) or 8 (3 bits) for rank 2 precoding with 2 Tx antennas

· 8 (3 bits) or 16 (4 bits) for rank 1 precoding with 4 Tx antennas

· 16 (4 bits) for rank 2 precoding with 4 Tx antennas

· These codebook sizes offer sufficient throughput gain over S-PARC and sufficiently low DL and UL signaling overhead as summarized in the following table.
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