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1. Introduction
For the E-UTRA it is assumed that both the Node B and UE employ 2 antennas. This facilitates the use of multi-input multi-output (MIMO) techniques. While the use of multiple antennas at the Node B and UE has some potential gain, choosing the set of MIMO techniques that results in the best overall performance requires some extensive study. Different types of MIMO schemes were outlined in [1].
In this contribution we study two types of enhancements to the 2-antenna per antenna rate control (PARC) and the 4-antenna per group rate control (PGRC) schemes that was first proposed in [2] for OFDMA E-UTRA: rank adaptation and unitary pre-coding. Rank adaptation was introduced for PARC in [5] in the form of selective PARC. Pre-coded MIMO has been known as the per stream rate control (PSRC) which was proposed in [3-4]. Its multi-user version is also known as PU2RC [5]. 
The rest of this contribution is organized as follows. Section 2 outlines the simulation assumptions, followed by the study of PGRC and pre-coded MIMO in different scenarios in Section 3 and 4, respectively. Section 5 concludes this contribution with a summary of our findings.  
2. Simulation Assumptions
The agreed link level numerology in [6] is used. Additional simulation assumptions are given in Table 1. Two different localized OFDMA chunk sizes corresponding to 5 and 15 chunks are simulated to assess the performance under different frequency scheduling gains. 
	Parameter
	Assumption

	Bandwidth
	5 MHz

	Number of frequency chunks for the localized OFDMA
	5 (900 kHz per chunk), 15 (300 kHz per chunk)

	Channel Models
	Typical Urban 3 kmph

	Modulation schemes and channel coding rates (for adaptive MCS)
	QPSK (R = 1/4, 1/2, 3/4),

16QAM (R = 1/2, 5/8, 3/4),

64QAM (R = 5/8, 3/4)

	CQI feedback delay
	0

	Target BLER for adaptive MCS
	10%

	Antenna configuration
	1x2, 1x4, 2x2, 2x4, 4x2, 4x4

	Spatial correlation (Node B, UE)
	50%

	MIMO detector
	Iterative MMSE with post-decoding feedback and SIR-based detection ordering


Table 1: Simulation Assumptions for Single-User Throughput Evaluation

The exponential effective SIR mapping (EESM) was applied to map the channel conditions to an effective SINR that can be used to determine the expected BLER from the link level AWGN curves for the single user link (MCS) adaptation. We use single-user throughput with adaptive MCS (unless indicated) for performance comparison. While the final assessment should be based on system-level simulation, the single-user throughput is useful in providing some initial insights into the potential of each scheme. 
3. Per antenna rate control (PARC) and per group rate control (PGRC)
Per-antenna rate control (PARC) was first proposed for HSDPA in the context of single user MIMO (Figure 1). The basic idea of the scheme is to obtain a finer granularity in the MCS selection by independent MCS selection across antennas (see [4]). For links with 4-antenna Node B and 4-antenna UE, four independent data streams are transmitted thereby requiring four CQI feedbacks per OFDMA chunk. The resulting uplink overhead is therefore excessive. In [1-2], the per group rate control (PGRC) method was introduced (Figure 2, please see [1-2] for additional details on PGRC on the antenna grouping). It was demonstrated that the performance difference between 4x4 PARC and PGRC is small with 2x lower CQI feedback requirement. 
For links with 4-antenna Node B and 2-antenna UE (4x2), PGRC can also be used with an ML/MAP-type MIMO decoder which is capable of decoding 4 transmit antennas even with 2 receive antennas. However, since the choice of MIMO decoder is vendor-specific, MIMO schemes that can be decoded with linear or decision-feedback receivers are preferred. In that case, a candidate scheme is to select 2 out of 4 transmit antennas based on a certain criterion and perform 2x2 PARC transmission. We term this scheme the 4x2 PARC with group selection (GS-PARC).

[image: image1]
Figure 1. 4x4 per antenna rate control (PARC)


[image: image2]
Figure 2. 4x4 per group rate control (PGRC)

An N-antenna PARC scheme utilizes all the N transmit antennas to transmit N independent data streams. In this case, full spatial multiplexing gain is achieved. Likewise, two independent data streams are transmitted in the 4-antenna PGRC although full spatial multiplexing gain of 4 is achieved.  For low geometry users, however, transmitting with full spatial multiplexing may not be feasible. Therefore, a mechanism for adjusting the rank of the transmission (from 1 to N) according to the channel may be beneficial. For PARC, this is addressed in [5] by allowing 2 additional options of antenna selection. Similarly, the selective PARC scheme in [5] also attempts to address this problem. Typically, rank adaptation capability results in 1 or 2 additional FBI bits per OFDMA chunk depending on the number of antennas. In this section, we investigate the necessity of adapting the transmission rank to the instantaneous channel condition for 2x2 PARC, 4x2 GS-PARC, and 4x4 PGRC. For this study we use 5 chunks for the localized OFDMA. 
3.1. 2x2 PARC 

Figure 3 depicts the single user throughput comparison between adapting the transmission rank for 2x2 PARC (rank 1+2) and fixing the transmission rank to 2. Note that the second figure (on the right) is a zoomed version of the first one. Notice that significant loss in low-geometry throughput is observed when the rank adaptation is turned off. For instance, approximately 30% loss is observed at -5dB geometry (which is the 5% geometry for macro-cellular deployment scenarios defined in [5] and [6]). Hence, rank adaptation is clearly necessary for the 2-antenna PARC. 
For 2x2 PARC, rank adaptation can be incorporated into the CQI if a single CQI defines the MCS for both antennas. If each of the transmit antennas is assigned a separate CQI, rank adaptation costs 2 more feedback bits to signal the 3 possibilities of power distribution across antennas. The first approach seems to be better since the set of MCS combo can be further optimized. 
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Figure 3. Throughput performance of 2x2 PARC with and without rank adaptation
3.2. 4x2 GS-PARC 

While rank adaptation is necessary for 2x2 PARC, it does not seem to be crucial for 4x2 GS-PARC as demonstrated in Figure 4. Note that the 2x2 PARC results depicted in Figure 4 assume rank adaptation.   Significant throughput difference is observed only for geometry values lower than -5 dB. Also, even without rank adaptation the throughput of 4x2 GS-PARC is always better than 2x2 PARC with rank adaptation. This can be attributed to the additional diversity from selecting 2 out of 4 antennas at the Node B. In light of these results, the rank adaptation capability for 4x2 GS-PARC can be ignored to reduce the uplink feedback overhead. It can, however, be supported if operations at lower geometry than -5 dB is somehow desired (e.g. larger cell size for macro-cell deployments).

3.3. 4x4 PGRC

For a 4x4 PGRC system, there are four possible rank combinations: 4 (no rank adaptation), 1+4 (partial adaptation), 2+4 (partial adaptation), 1+2+4 (full rank adaptation). In this case, rank-2 transmission is achieved by selecting a group of 2 out of 4 antennas and performing a single-stream (VBLAST) transmission. Each of the combinations is simulated and the results are depicted in Figure 5. Again, the results for 2x4 PARC with rank adaptation are given for comparisons. Similar to the 4x2 GS-PARC results, significant throughput difference is observed only for the geometry values below -6 dB. However, notice that the throughput of 4x4 PGRC without rank adaptation falls below that of 2x4 PARC in this region. Notice also that the 2+4 partial rank adaptation performs very closely to the full rank adaptation. Based on these results, it seems that the 2+4 partial rank adaptation is the best choice in terms of performance. For 4x4 PGRC, the effect of incorporating rank adaptation on the CQI definition is similar to that for PARC. 
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Figure 4. Throughput performance of 4x2 GS-PARC with and without rank adaptation
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Figure 5. Throughput performance of 4x4 PGRC with and without rank adaptation
4. Pre-coded MIMO
Further improvement on PARC and PSRC can be obtained by adding a channel-responding weighting vector or unitary pre-coding. The pre-coded PARC is also known as the per-stream rate control or PSRC which can be viewed as a MIMO generalization of Rel.6 TxAA [3-4]. This scheme can be further enhanced by allowing user multiplexing across the independent streams which was proposed as the PU2RC scheme (please see [5] for further details). That is, different streams can be assigned to different users thereby resulting in spatial multi user diversity. However, the additional gain from pre-coding must be considered along with some other factors such as:
· The additional uplink feedback for the choice of pre-coding vector/matrix

· The support for dedicated pilots which is required for channel estimation and/or pre-coder verification
In this section, we assess the potential gain of unitary pre-coding for 2x2 PARC, 4x2 GS-PARC, and 4x4 PGRC. While those schemes employ some implicit pre-coding due to antenna or group selection, we would like to quantify the additional gain that can be obtained from some additional unitary pre-coding.
4.1. 2x2 pre-coded PARC (PSRC)
PSRC with rank adaptation is depicted in Figure 6. In this contribution, we consider the codebook that was optimized in [4]:
· Rank 1 codebook (size = 2N1): 

[image: image9.wmf](

)

þ

ý

ü

î

í

ì

-

=

Î

þ

ý

ü

î

í

ì

Î

ú

û

ù

ê

ë

é

-

=

1

,

,

1

,

0

   

,

  

2

  

,

 

5

2

,

5

1

   

,

   

exp

1

1

1

2

N

n

N

n

A

j

A

A

L

p

f

f

v



… (1)
· Rank 2 codebook (size = N2):


[image: image10.wmf](

)

þ

ý

ü

î

í

ì

-

=

Î

ú

ú

û

ù

ê

ê

ë

é

-

-

-

=

-

1

,

,

1

,

0

    

,

  

2

cos

    

,

  

1

1

2

2

1

2

2

N

n

N

n

A

A

A

A

A

L

p

V



… (2)
When B bits are available for codebook feedback, 
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Figure 6. Pre-coded 2x2 PARC (PSRC)
For simulations we use the following maximum throughput criteria to select the pre-coder and the MCS levels:
· Rank 1:
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· Rank 2:
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F(), (), R, and H denote the block error rate function, SIR, data rate, and the channel, respectively. Rank selection is performed by choosing the rank which maximizes the throughput.
Figure 7 depicts the throughput performance with adaptive MCS for 5 and 15 OFDMA chunks. We consider 3- and 4-bit codebooks. We found that increasing the codebook size beyond 16 does not result in noticeable difference. Notice that the performance gain of PSRC over PARC is no more than 10%. However, the performance gain of PSRC over PARC is much more significant for a fixed rate transmission as demonstrated in Figure 8 (20-30% throughput gain). That is, the gain of MIMO pre-coding does not add on top of the throughput gain due to the adaptive MCS. This can be explained as follows: By adapting the MCS, the system selects the MCS for which the channel is reasonably well-conditioned. MIMO pre-coding, on the other hand, attempts to condition a poor channel such that the minimum distance in the signal constellation is maximized. Since the channel is reasonably well-conditioned due to adapting the MCS, the additional gain from MIMO pre-coding is small.
From these results we can conclude that PSRC gives significant gain over PARC in scenarios where a highly reliable constant-rate link is required. On the other hand, PSRC is marginally beneficial in best effort scenarios (e.g. web browsing, FTP). This conclusion can be extrapolated to other types of MIMO pre-coding as demonstrated in Section 4.2 and 4.3 below.
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Figure 7. Throughput performance of 2x2 PSRC with adaptive MCS
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Figure 8. Throughput performance of 2x2 PSRC with fixed MCS, 15 chunks, and 4-bit codebook
4.2. 4x2 pre-coded GS-PARC
The pre-coded GS-PARC scheme is depicted in Figure 9. Note that rank adaptation is not used here due to its marginal potential gain (Section 3.2). For simulations, we use the three different codebooks based on the following matrix (this codebook is based on the Double-TxAA scheme in [5]):
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· Codebook 1 (size = 16): 
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· Codebook 2 (size = 64): 
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· Codebook 3 (size = 3x16=48): the expanded version of codebook 1 where size-3 grouping transformation is also introduced { (1,2), (3,4) }, { (1,4), (2,3) }, { (1,3), (2,4) }.  
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Figure 9. Pre-coded 4x2 GS-PARC
The results are depicted in Figures 10 and 11 for adaptive and fixed MCS, respectively. Notice that codebook 3 performs as well as codebook 2 despite its smaller size. Notice also that the same trend applies for GS-PARC where the pre-coding gain with adaptive MCS is marginal yet the gain with fixed MCS is substantial.
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Figure 10. Throughput performance of 4x2 GS-PARC with adaptive MCS
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Figure 11. Throughput performance of 4x2 GS-PARC with fixed MCS, 15 chunks, and codebook 3
4.3. 4x4 pre-coded PGRC
Pre-coded PGRC with 2+4 rank adaptation is depicted in Figure 12. For simulations we consider four codebooks based on the GS-PARC rank-2 codebook and the following Givens rotation matrix [8] for rank-4 transmission:
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with P = 4, 
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Figure 12. Pre-coded 4x4 PGRC

The results are depicted in Figures 13 and 14 for adaptive and fixed MCS, respectively. Interestingly, reducing the codebook size from 64 to 16/8 does not result in significant degradation although this amounts to reducing the rotational dimension from 6 to 4/3. Notice the same trend applies for PGRC where the pre-coding gain with adaptive MCS is marginal yet the gain with fixed MCS is substantial.
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Figure 13. Throughput performance of 4x4 PGRC with adaptive MCS
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Figure 14. Throughput performance of 4x4 PGRC with fixed MCS, 15 chunks, and codebook 4
5. Conclusions
In this contribution we study two types of enhancements to the 2-antenna per antenna rate control (PARC) and the 4-antenna per group rate control (PGRC) schemes for OFDMA E-UTRA: rank adaptation and unitary pre-coding. We have addressed the following antenna configurations: (2,2), (2,4), (4,2), and (4,4). From the simulation results, the following observations are established:

· Adapting the transmission rank between 1 and 2 is essential for 2x2 PARC to maintain good performance at reasonably low geometries (around -5 dB).  For 4x2 PARC with group selection, however, rank adaptation is not necessary since there is no performance loss observed for geometries higher than -5 dB. Partial rank adaptation (between 2 and 4) is also beneficial for 4x4 PGRC. 
· The additional unitary pre-coding that is applied to PARC or PGRC offers significant gain in scenarios where highly reliable constant-rate links are required. On the other hand, unitary pre-coding is marginally beneficial for PARC and PGRC in best effort scenarios (e.g. web browsing, FTP).
While the above observations are based upon the single user throughput, we expect the same to hold with the system level throughput. Also, the schemes considered in this contribution are readily applicable when spatial multi-user  scheduling is used.
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