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1.
Introduction
In the E-mail discussion on MIMO channel schemes for the E-UTRA after RAN1 AdHoc meeting in June 2006, the selection of a single codeword (SCW) or multiple codewords (MCW) was requested. In this contribution, we investigate on the optimum number of codewords (MCW or SCW) for MIMO multiplexing (or spatial division multiplexing (SDM)) in the E-UTRA downlink from the viewpoint of the achievable throughput considering link adaptation.
2.
Link Adaptation Methods for MCW / SCW-Based MIMO Scheme
We compare the throughput performance of MIMO multiplexing using the following link adaptation methods for MCW and SCW schemes as shown in Fig. 1. 

· Stream-dependent modulation and coding rate (MCW) (Fig. 1(a))

· Stream-dependent modulation and stream-common coding rate (SCW) (Fig. 1(b)) [1]
· Stream-common modulation and coding rate (SCW) (Fig. 1(c))
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Figure 1 – Link adaptation methods for MCW / SCW-based MIMO scheme
In the case of the MCW scheme, both the modulation scheme and channel coding rate are separately decided for each stream as shown in Fig. 1(a) (Note that the same modulation and coding scheme (MCS) is assigned to all assigned resource blocks (RBs) within a stream [2]). Therefore, the achievable throughput of the MCW scheme is improved compared to the SCW scheme by adaptively controlling the data rate according to the channel conditions of each stream. In addition, the throughput of the MCW scheme can be further increased by employing a successive interference canceller (SIC) receiver, which increases the received signal power-to-interference plus noise power ratio (SINR) of streams after the first stream. However, the number of control signaling bits for the MCW scheme is increased compared to that for the SCW scheme. For the SCW scheme, the same coding rate is selected for all streams assigned to the same sub-frame as shown in Figs. 1(b) and 1(c). The number of control signaling bits for the SCW scheme is reduced compared to that for the MCW scheme. The difference between Figs. 1(b) and 1(c) is that different (common) modulation schemes may be applied to different streams in Fig. 1(b) (Fig. 1(c)). Therefore, the throughput performance of the stream-dependent modulation and stream-common coding rate scheme is somewhat better than the stream-dependent modulation and coding rate.
3.
Simulation Conditions

Table 1 lists the simulation parameters assumed in the evaluations, which follow the simulation assumptions given in [3] except for the channel models. As indicated in the table, we employed many channel coding rates to investigate precisely the differences among the three methods. We assumed a single-user environment, i.e., without frequency channel-dependent scheduling or multi-user MIMO. We used the two (four) transmitter- and two (four) receiver-antenna branch configuration denoted by 2-by-2 (4-by-4), and codebook-based Unitary pre-coding with the codebook size of two for both 2-by-2 and 4-by-4 MIMO multiplexing. The pre-coding matrices, Ek (k = 1, 2), used in the evaluation are as follows [4].

· 2-by-2 MIMO multiplexing
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· 4-by-4 MIMO multiplexing
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We select the pre-coding vector and the pre-coding matrix for the first stream (Stream #1) with the maximum received SINR among the all pre-coding vectors of all pre-coding matrices. Then, for the next stream (Stream #2), the pre-coding vector yielding the maximum SINR is selected from the pre-coding vector candidates that are not selected yet and belong to the pre-coding matrix. The pre-coding vector is selected successively for all streams in this manner. The channel models used in this contribution were the spatial channel model (SCM)-C (Urban Macrocell) and SCM-D (Urban Microcell) [5] assuming a space diversity branch configuration. As for the signal detection method, a Linear Minimum Mean Squared Error (LMMSE) receiver was employed in both the SCW and MCW schemes, and an SIC receiver was employed in the MCW scheme. 
Table 1 – Simulation parameters
	System bandwidth
	10 MHz

	Number of sub-carriers
	600

	Sub-carrier spacing
	15 kHz

	Resource block bandwidth
	375 kHz (24 RBs)

	Symbol duration
	Effective data
	66.67 sec

	
	Cyclic prefix
	4.75 sec

	Sub-frame length
	0.5 msec (7 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 code (K = 4) / Max-Log-MAP decoding

	Loss of pilot and control signals
	29%

	Pre-coding
	Codebook based-Unitary pre-coding (codebook size = 2) [4]

	Number of antennas (streams)
	2-by-2 (2 streams), 4-by-4 (4 streams)

	Channel model
	SCM-C, SCM-D channel model [5]

	Maximum Doppler frequency
	fD = 5.55 Hz

	Channel estimation and 
CQI measurement
	Ideal

	Signal detection
	LMMSE (MCW, SCW), SIC (MCW only)

	Link adaptation method
	Average mutual information-based link adaptation [2]

	Control delay in AMC
	3 sub-frames (= 1.5 msec)

	Hybrid-ARQ
	None


In all the link adaptation methods, the optimized selection of the data modulation and channel coding rate in each stream is essential in order to increase the achievable throughput. We employed joint optimized selection of the data modulation and coding rate, which maximize the achievable throughput. In the method, we used the principle that when the “average mutual information per bit” is the same, the corresponding block error rate (BLER) performance becomes identical regardless of the data modulation scheme [2]. By using the BLER performance as a function of the “average mutual information per bit,” we can predict the throughput from the channel quality indicator (CQI) (or SINR after signal detection) information. By using this relationship, we obtained the BLER performance of a 10-MHz channel bandwidth as a function of the average mutual information per bit. Figure 2 shows the BLER performance of 2-by-2 MIMO multiplexing as a function of the average mutual information per bit in the SCM-D channel model. As shown in Fig. 2, the achievable BLER performance is almost identical irrespective of the data modulation schemes, when the channel coding rate is the same. Based on these results, the joint optimized selection of the data modulation and coding rate is performed in the following steps. In the MCW scheme, we independently select the optimum modulation scheme and coding rate that achieves the maximum estimated throughput for each stream based on the CQI information of each stream. In the SCW scheme with a common coding rate over all streams, we select the optimum set of data modulations that achieves the maximum estimated throughput of all streams based on the CQI (average CQI) information of each stream in the stream-dependent modulation scheme (stream-common modulation scheme). In order to obtain the estimated throughput, the data modulation and coding rate is tentatively selected. Based on the CQI of each stream, the received SINR after signal detection of each stream is obtained [6]. After the average mutual information per bit is calculated [2], we derived the corresponding BLER using the performance curves as shown in Fig. 2. Finally, the estimated throughput is calculated by using the following equation.
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where DR represents the data rate determined by the data modulation and the channel coding rate of all streams.
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Figure 2 – BLER performance as a function of the average mutual information bit

4.
Simulation Results

Figures 3(a) and 3(b) show the throughput performance using MCW and SCW schemes for 2-by-2 MIMO multiplexing with an MMSE and SIC receiver in the SCM-D and SCM-C channel models, respectively. Figure 3(a) shows that the required average received signal energy per symbol-to-noise power spectrum density ratio (Es/N0) using MCW to achieve the same throughput is decreased by approximately 0.5 – 1.0 dB and 0.5 – 2.0 dB compared to that using SCW with stream-dependent modulation and stream-common modulation, respectively, when the MMSE receiver is employed. This is because a more optimum MCS is selected for each stream in MCW rather than in SCW. Moreover, we observe that the required received Es/N0 using the SIC receiver is reduced by approximately 1 dB compared to that using the MMSE receiver. In the SIC receiver, the interference replica of the stream, which is first decoded, is generated by re-modulation of the decoded bits after Turbo decoding. The generated interference replica of the first stream is subtracted from the received signal. The received SINR of the second stream is improved. Accordingly, since the higher MCS providing a higher data rate is selected, throughput is increased. Figure 3(b) shows that the improvement in the throughput using MCW compared to that with SCW in SCM-C channel model is almost identical to that in SCM-D channel model.
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(a) SCM-D channel model
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(b) SCM-C channel model

Figure 3 – Throughput performance (2-by-2 MIMO)

Figure 4 shows the throughput performance using the MCW and SCW schemes for 4-by-4 MIMO multiplexing with an MMSE and SIC receiver in the SCM-D channel model. The number of codewords is set to two and four. In the case of two codewords, we apply the same codeword associated with the same MCS to Streams # 1 and #2 (also to Streams #3 and #4). Figure 4 shows that when the SIC receiver is employed, the required average received Es/N0 with MCW is decreased by approximately 4 dB compared to that for SCW using stream-dependent modulation. The improvement in MCW for 4-by-4 MIMO becomes larger than that for 2-by-2 MIMO assuming two codewords. This is because according to the increase in the number of streams, the interference cancellation effect in SIC becomes more effective. Moreover, focusing on the throughput using MCW in 4-by-4 MIMO, the improvement with four codewords from that with two codewords is approximately 0.5 dB.
Although the gain by increasing the streams from two to four is obtained, we should consider the increase in overhead for the L1/L2 control bits according to the increase in the number of streams. In the downlink, the numbers of Category 2 control information bits such as for the modulation scheme and transport format size and Category 3 control information bits such as for the process number are increased according to the increase in the number of codewords. However, the number of Category 1 control information bits such as for radio resource assignment and the pre-coding vector (note that pre-coding vector is not necessary when the dedicated reference signal after pre-coding is transmitted) is independent of the number of codewords. Moreover, the Category 1 control bits are larger than Category 2/3 control bits in the downlink. Similarly, in the uplink, L1/L2 control information bits such as for CQI and pre-coding vector, which are basically independent of the number of codewords, are larger than ACK/NACK feedback information bits. (Note that stream-dependent modulation and stream-common coding rate (Fig. 1(b)) is considered for link adaptation method of SCW here.) 
Thus, the impact of increasing the number of L1/L2 control information bits according to the increase of codewords is not significant. As a result, we don’t consider that two codewords are sufficient and that four codewords are not necessary. Further investigation is necessary for the maximum number of codewords. 
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Figure 4 – Throughput performance (4-by-4 MIMO)

5.
Conclusion

We investigated the optimum number of codewords for MIMO multiplexing (or SDM) in the E-UTRA downlink from the viewpoint of the achievable throughput. Simulation results showed the following.
· MCW is more effective than SCW to increase the throughput both in 2-by-2 and 4-by-4 MIMO SDM. Thus, MCW scheme should be selected.
· The maximum number of codewords is two in 2-by-2 MIMO SDM.

· The improvement in the required average received Es/N0 with four codewords from that with two codewords is approximately 0.5 dB in 4-by-4 MIMO SDM. Moreover, the impact of increasing the L1/L2 control information overhead according to the increase in the number of codewords is small. Therefore, the maximum number of codewords should be investigated further in 4-by-4 MIMO SDM. 
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