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1. Introduction

Per-antenna rate control (PARC) was proposed by Lucent in [1-2] to achieve higher throughput as well as peak data rate for HSDPA systems. It was later demonstrated in [3] that for systems with 2 transmit antennas PARC may not provide significant single-user throughput improvement over the existing 2-antenna solution for HSDPA, namely STTD and TxAA. To enhance the performance of PARC, Lucent proposed per-stream rate control (PSRC) [4], which incorporates a unitary precoding in PARC. This scheme offers throughput improvement over PARC, thereby providing improved throughput over TxAA at high geometries. This throughput improvement comes from transmitting up to 2 independent data streams instead of only 1 as in TxAA. In [4], TxAA transmission is implicitly included when only 1 data stream is transmitted (i.e. the selection diversity mode). However, the TxAA parameterization in [4] is somewhat restrictive in the following sense:

· The magnitude-phase quantization for TxAA follows that for the 2-stream precoding in PSRC. In general, the optimum magnitude-phase quantization for TxAA and weighted 2-stream could be different.

· MCS and weighting matrix selection for 1-stream and 2-stream are done jointly. In Section 3, we show that this is not necessary. 

To circumvent the above restriction and to further improve the performance of PSRC, we propose a modified PSRC (M-PSRC) scheme where the parameterization for TxAA and 2-stream weighting are defined separately. Hence, weight vector quantization for TxAA and precoding matrix quantization for PSRC can be done separately as well. In addition, the proposed scheme includes the following:

1. Optimized weighting matrix quantization resulting in better performance relative to the one in [4].

2. Optimized MCS set resulting in a total of 11 levels as opposed to the 32 levels proposed in [4], still with superior performance and enhanced robustness for higher UE speeds. 

2. Summary of The Existing Two-Antenna Schemes

2.1 Closed-Loop Transmit Diversity (Transmit Adaptive Array - TxAA)

TxAA transmits the same data stream on the 2 antennas, with each antenna weighted as depicted in Fig. 1 with:
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TxAA transmission can be received by single antenna UEs.  Rel’99 TxAA consists of 2 modes:

1. Mode 1: no magnitude quantization (equal gain), 4-point uniform phase quantization achieved via filtering at the base station.

2. Mode 2: 2-point magnitude quantization, 8-point uniform phase quantization achieved via progressive refinement.


Figure 1: TxAA.
2.2 Per-antenna rate control (PARC)

PARC is basically H-BLAST  with coding and modulation control for each stream. The coding and modulation for each stream are chosen based upon feedback from the receiver every TTI. The feedback could be a channel condition indicator (SINR or CQI) or simply the suggested choice of MCS. PARC for 2-antenna system is depicted in Fig.2. In [1-2], a 32-level MCS set is suggested.
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Figure 2: PARC for 2-antenna systems.

2.3 Per-stream rate control (PSRC)

PSRC is PARC with unitary (rotation) precoding W before transmission. That is:
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with A and  quantized. The rotation matrix W is chosen at the receiver from a finite (say, size-N) predetermined set to maximize throughput. The scheme for 2-antenna system is depicted in Fig. 3. Additional feedback from the receiver for communicating the selected transformation W is required analogous to TxAA. In [4], 1-bit A-quantization and 2-bit -quantization analogous to [3] are used. 
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Figure 3: PSRC for 2-antenna systems.

In [4], the MCS level selection is done as follows:

· For each W from the size-N set, select an MCS level as in PARC (that which maximizes the total throughput). This is done for all N matrices.

· Among the above N selections corresponding to different N matrices, select the (W, MCS level) combination that maximizes the total throughput.

Some of the PARC MCS levels transmit only 1 data stream (selection diversity). Notice that when only 1 data stream is transmitted, PSRC is reduced to TxAA in Section 2.1. However, some redundancy exists since the following 2 distinct “modes” result in essentially the same transmission: 
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Notice also that 1-stream and 2-stream transmissions share the same A- quantization since (2) is defined for both 1-stream (TxAA) and 2-stream transmissions. Also, the above MCS level selection procedure for PSRC (select MCS level for each W, then select the global optimum across W) is not needed for 1-stream transmission as demonstrated in Section 3.

3. Proposed Solution: the Modified PSRC

Based on the discussion in Sections 1 and 2, we propose a modified PSRC scheme that is defined as follows:

1. The scheme consists of 2 operation modes: one-stream TxAA transmission with M1 MCS levels (shown in Fig. 1) and two-stream precoding transmission with M2 MCS levels (shown in Fig. 3).

2. The weight vector for TxAA transmission is defined in (1) and chosen from a set of N1 vectors.

3. The unitary matrix W for 2-stream precoded transmission is defined in (2) and chosen from a set of N2 matrices. 

4. A- quantization (i.e. the number of feedback bits allocated for A and ) for TxAA and 2-stream precoding are done separately. In general N1 can be the same or different from N2. Note that N1=N2 does not imply that A- quantization for TxAA and 2-stream precoding are identical. 

In particular, we propose to use N1=N2=8. The TxAA transmission uses the quantization defined in [3]:
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The A- quantization for the 2-stream transmission has been optimized for N2=8:
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For each of the 2 modes, MCS level and transformation operation (w for TxAA and W for 2-stream) are selected to maximize the throughput given a channel realization H. For TxAA (1 stream):
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where n, Fn, , and Rn denote the MCS level, FER for the n-th MCS level, SINR (which is a function of channel realization and w), and the data rate (throughput) for the n-th MCS level. Note that the equality in (6) exploits the fact that FER is a decreasing function of SINR. Also, SINR is not a function of MCS level. This implies that the weight vector w can be selected to maximize the SINR prior to MCS level selection and thus the weight selection and MCS selection can be decoupled. Hence, for a given channel realization H the overall selection algorithm is:

1. Select weight vector w (from the size-N1 weight vector set in (4)) to maximize SINR. This is the optimum w.

2. Use the resulting maximum SINR (corresponding to the optimum w) in step 1 to find the MCS level n from a subset of the size-M1 set (that results in FER (10%) maximizing the throughput.

For weighted 2-stream transmission, the throughput maximization criterion can be written as follows:
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where Fi and i are the FER and SINR for the i-th stream, respectively, and Rn,m is the data rate resulting in the 2-stream MCS level (n,m). In this case since the weighting matrix W affects both 1 and 2, the weighting matrix and MCS level selection cannot be decoupled. Hence, for a given channel realization H the overall selection algorithm is:

1. Draw W from size-N2 matrix set:

· Compute the SINR for stream 1and 2 given W and H.

· From the computed SINR values in step 1, find the MCS level (n,m) from a subset of the size-M2 set (that result in FER1 (10% and FER2 (10%) that maximizes the throughput.

2. Repeat the above set for different W.

3. Find the optimum W: choose the W that corresponds to the maximum of the M2 throughput values obtained from step 1 to 2.

4. Simulation Results

We first optimize the A- quantization and the set of MCS levels for the 2-stream transmission. For optimization, we assume 3-kmph UE speed. We then compare the performance of the proposed modified PSRC scheme with TxAA (as defined in [3]), PARC [1-2], and PSRC as defined in [4]. We use the following assumptions for our simulations:

Table 1: Simulation assumptions

	Number of antennas
	2 transmit, 2 receive

	Spreading factor
	16

	Number of multi-codes
	10

	Frame length
	2.0 ms (3-TS)

	Ec/Ior
	70%

	Fading model
	1 path Rayleigh: 3, 6, 15 kmph UE speed

	Spatial correlation model
	IID

	Channel estimation
	Perfect

	Feedback delay
	4 slots

	Feedback error
	0%

	Fractional receive power
	0.98


Optimizing the set of MCS levels for the modified PSRC scheme

In general, the set of MCS levels depends on the UE class as well as on the supported transport block format. The UE signals the channel quality indicator (CQI) to the base station. When the UE is scheduled for transmission, the base station determines the MCS level for the transmission based on the CQI value, the amount of buffered data for that particular UE, and the available resource. In this contribution, we assume that MCS selection is done at the UE and signalled to the base station. This is equivalent to the case where the UE data buffer is always full and the base station has unlimited resource and selects the MCS level based only upon the CQI feedback. While this may not reflect the actual system operation, it should be sufficient to capture the performance of different MIMO schemes we simulate in this report.

For comparison, we use the 8-level MCS set for TxAA as defined in [3] and 32-level MCS set for PARC and PSRC as defined in [1-2]. 

For the modified PSRC scheme, the MCS sets for TxAA and 2-stream precoded transmissions are selected separately. We use the following 6-level MCS set for the TxAA mode:

Table 3: MCS level set for TxAA mode

	Modulation
	Code Rate
	Spectral Efficiency (bps/Hz)

	(i) No transmission
	0
	0

	(ii) QPSK
	¼
	0.5

	(iii) QPSK
	½
	1.0

	(iv) QPSK
	¾
	1.5

	(v) 16QAM
	½
	2.0

	(vi) 16QAM
	¾
	3.0


The “complete” MCS set for the 2-stream mode can be derived from the set for the above 1-stream set (excluding (i)), which results in a 25-level set. Combining this set with the 1-stream set in Table 2 results in the complete 31-level MCS set (Set 1) for the modified PSRC scheme.

It is desired to reduce the size of the MCS set to minimize the feedback requirement and more importantly, the effect of feedback non-idealities. While one can optimize the MCS set over all possible combinations for a given set size, we choose to investigate the following combinations (see Appendix for further details).

Set 2: 2-stream only, remove all the MCS levels with TxAA ( 27 levels (including no transmission)

Set 3: 6 TxAA modes (data rate ( 3.0 bps/Hz) + 12 weighted two-stream modes with data rate ( 3.5 bps/Hz  ( 18 levels

Set 4: 6 TxAA modes (data rate ( 3.0 bps/Hz) + 10 weighted two-stream modes with data rate ( 3.5 bps/Hz & no QPSK rate ¼ ( 16 levels

Set 5: 6 TxAA modes (data rate ( 3.0 bps/Hz) + 5 weighted two-stream modes with data rate ( 3.5 bps/Hz & no QPSK rate ¼ & select only 1 MCS per data rate ( 11 levels

We compare the performance of the modified PSRC scheme with the above MCS sets at 3-kmph UE speed in Fig. 5. Notice that Set 2 performs the worst especially in geometries Ior/Ioc < 10 dB. This indicates that 1-stream TxAA transmission is essential. Interestingly, using Set 4 does not result in noticeable loss compared to the complete 31-level MCS set. 
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Figure 4: Performance with different MCS sets

Performance under different fading rates

We now compare the performance of TxAA-only, PARC, and PSRC (as defined in [4]) to the modified PSRC scheme with 31-level and 11-level MCS set at different UE speeds. In this section, we refer to the PSRC scheme defined in [4] as PSRC, and the modified PSRC scheme as M-PSRC. The results are depicted in Figs. 5 to 7. We observe the following:

1. M-PSRC (with 31 or 11 levels) outperforms PSRC (with 32 levels MCS) in any condition.  This is due to the sub-optimal quantization in PSRC for the size-8 weighting matrix. 

2. PARC, PSRC, and M-PSRC are more sensitive to UE speed than TxAA-only. This indicates that 2-stream transmission is more prone to feedback delay. Significant performance loss is observed even at 6-kmph UE speed. Notice also that the 11-level M-PSRC is more robust compared to PARC and PSRC. Hence, it is beneficial to reduce the number of MCS levels as much as possible. 
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Figure 5: Comparison at 3-kmph UE speed
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Figure 6: Comparison at 6-kmph UE speed
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Figure 7: Comparison at 15-kmph UE speed

5. Conclusion

We have presented the modified PSRC (M-PSRC) scheme for 2-antenna HSDPA systems that combines 1-stream TxAA transmission and weighted 2-stream transmission. The set of MCS levels and weight quantization are chosen and optimized separately for those two schemes. We show that a total of 11 MCS levels can be used with minimum performance degradation compared to the 31-level complete MCS set. Schemes with fewer MCS levels are more robust to feedback delay as well as feedback error. 

In this contribution we assume IID flat fading channel model. The performance in frequency selective channels with spatial correlation based on the SCM model needs to be studied. 

While the proposed M-PSRC scheme is presented above for systems with 2 transmit antennas, it can be readily extended to systems with more transmit antennas. In that case, the unitary precoding matrix can be parameterized using Householder or Givens techniques. 

Appendix: Table of MCS levels

Table 4: MCS levels for different sets
	MCS stream 1
	MCS stream 2
	Total rate (bps/Hz)
	Set 2: 

 27 levels
	Set 3: 

18 levels
	Set 4: 

16 levels
	Set 5: 

11 levels

	-
	-
	0
	(
	(
	(
	(

	QPSK r=1/4
	-
	0.5
	
	(
	(
	(

	QPSK r=1/2
	-
	1.0
	
	(
	(
	(

	QPSK r=3/4
	-
	1.5
	
	(
	(
	(

	16QAM r=1/2
	-
	2.0
	
	(
	(
	(

	16QAM r=3/4
	-
	3.0
	
	(
	(
	(

	QPSK r=1/4
	QPSK r=1/4
	1.0
	(
	
	
	

	QPSK r=1/4
	QPSK r=1/2
	1.5
	(
	
	
	

	QPSK r=1/2
	QPSK r=1/4
	1.5
	(
	
	
	

	QPSK r=1/4
	QPSK r=3/4
	2.0
	(
	
	
	

	QPSK r=1/2
	QPSK r=1/2
	2.0
	(
	
	
	

	QPSK r=3/4
	QPSK r=1/4
	2.0
	(
	
	
	

	QPSK r=1/4
	16QAM r=1/2
	2.5
	(
	
	
	

	QPSK r=1/2
	QPSK r=3/4
	2.5
	(
	
	
	

	QPSK r=3/4
	QPSK r=1/2
	2.5
	(
	
	
	

	QPSK r=1/2
	QPSK r=1/4
	2.5
	(
	
	
	

	QPSK r=1/2
	16QAM r=1/2
	3.0
	(
	
	
	

	QPSK r=3/4
	QPSK r=3/4
	3.0
	(
	
	
	

	16QAM r=1/2
	QPSK r=1/2
	3.0
	(
	
	
	

	QPSK r=1/4
	16QAM r=3/4
	3.5
	(
	(
	
	

	QPSK r=3/4
	16QAM r=1/2
	3.5
	(
	(
	(
	(

	16QAM r=1/2
	QPSK r=3/4
	3.5
	(
	(
	(
	

	16QAM r=3/4
	QPSK r=1/4
	3.5
	(
	(
	
	

	QPSK r=1/2
	16QAM r=3/4
	4.0
	(
	(
	(
	

	16QAM r=1/2
	16QAM r=1/2
	4.0
	(
	(
	(
	(

	16QAM r=3/4
	QPSK r=1/2
	4.0
	(
	(
	(
	

	QPSK r=3/4
	16QAM r=3/4
	4.5
	(
	(
	(
	(

	16QAM r=3/4
	QPSK r=3/4
	4.5
	(
	(
	(
	

	16QAM r=1/2
	16QAM r=3/4
	5.0
	(
	(
	(
	(

	16QAM r=3/4
	16QAM r=1/2
	5.0
	(
	(
	(
	

	16QAM r=3/4
	16QAM r=3/4
	6.0
	(
	(
	(
	(
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