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1. Introduction

A number of different multi-antenna approaches have been considered to enhance the performance of the high-speed downlink shared channel (HS-DSCH) mode of the WCDMA standard. These approaches include multiple-input-multiple-output (MIMO) techniques both with channel feedback (closed-loop) and without channel feedback (open-loop); multiple-input-single-output (MISO) with channel feedback; and conventional receiver diversity. Unfortunately, there is currently no single scheme that performs consistently better than others over the range of operating scenarios envisioned for deployment. What is desired is to have a robust approach that will work well for different antenna configurations in the envisioned operating environments. In this contribution, we propose such an adaptive approach for MIMO/MISO systems. The essence of the approach is to adaptively select the number of antennas from which to transmit, i.e., mode, as well as select the best subset of antennas for the selected mode.

2. Motivation for Proposed Approach

It is well known that MIMO techniques that rely on spatial multiplexing such as CR-BLAST are able to exploit a large portion of the capacity of the MIMO channel. CR-BLAST works well when the number of receive antennas is equal or greater than the number of transmit antennas. However, performance is severely degraded when there are fewer receive than transmit antennas. Another promising technique that has been developed recently is per-antenna-rate-control (PARC) [3] which can operate with fewer receive than transmit antennas.

Recent results have shown that PARC, coupled with successive interference cancellation/decoding at the receiver, achieves the full open-loop capacity of the flat fading MIMO channel [2]. However, at low SNRs and/or when the number of receive antennas is less than the number of transmit antennas, there is a significant gap between the open-loop (OL) capacity and the closed-loop (CL) capacity. The performance gap indicates that, depending on the antenna configuration and operating regime, there is significant room for improvement over conventional PARC.  For example, the gap between the theoretical OL capacity (achieved by PARC using Gaussian modulation) and the CL capacity of the flat fading MIMO channel is illustrated in Figs. 1–3 for 4x1, 4x2, and 4x4 antenna configurations, respectively.
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Fig. 1. Capacity of the 4x1 flat-fading channel.
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Fig. 2. Capacities of the 4x2 flat-fading channel.
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Fig. 3. Capacities of the 4x4 flat-fading channel.

From Fig. 1, we can see a striking 6 dB gap indicating a very large potential for improvement upon conventional PARC. Furthermore, the OL capacity is not much greater than the capacity of the SISO channel over a wide range of operating SNRs. Recall that with PARC, the number of coded substreams is always equal to the number of transmit antennas – 4 in this case. However, results from information theory suggest that there is little benefit in transmitting more data streams than min(N,L) where N is the number of transmit antennas and L is the number of receive antennas. Furthermore, the transmission of 4 streams creates excessive self-interference that cannot be resolved by a single receive antenna.

In Fig. 1, we plot the performance of PARC-1, i.e., the transmission of only one coded substream from a single transmit antenna. Furthermore, the best antenna is chosen for transmission, where “best” is interpreted as that antenna that results in the maximum information rate. These results clearly show that reducing the number of substreams and employing antenna selection results in a large gain (3 dB) compared to the OL capacity of the channel. Moreover, PARC-1 closes the gap between OL and CL capacity by approximately half – a striking improvement.

The behaviour in Fig. 1 clearly motivates our concept of employing some form of adaptive selection to achieve performance that exceeds that of both conventional PARC and CR-BLAST. This concept naturally extends to systems with more receive antennas (e.g., 4x2 and 4x4). As the number of receive antennas increases, the proposed approach adaptively selects several antennas from which to transmit, i.e., selects the best mode, and further selects the best subset of antennas for the chosen mode. Again, “best” is interpreted as that mode/antenna selection that achieves the greatest information rate. Generally speaking, the selective approach transmits from fewer than the full number of antennas when operating at lower SNRs and/or when the number of receive antennas is less than the number of transmit antennas and/or when the channel is heavily dispersive. In this way, excessive self interference is avoided, and diversity is obtained through both the channel and multiple receive antennas.

Figs. 2 and 3 indicate the room for improvement over conventional PARC (i.e., open loop capacity) using the proposed approach of adaptive mode/antenna selection. For the 4x2 system in Fig. 2, the gap between OL and CL capacity is approximately 4.5 dB This is somewhat less than for the 4x1 system, but it still indicates significant room for improvement over PARC. For the 4x4 system in Fig. 3, the gap shrinks to approximately 1 dB, and occurs mostly at low SNRs. Even so, there is still room for improvement.

3. Proposed Transmitter Architecture

The gains from switching modes (i.e., number of transmit antennas) envisioned in the previous section can be achieved through a flexible adaptive MIMO transmission architecture.  As illustrated in Fig. 4, the architecture consists of three conceptual components:

· Adaptive antenna, modulation, coding scheme (AMCS) decision controller
This component is charged with the decision of selecting the optimal subset of M antenna (out of the N available antennas) and the corresponding coding rates to maximize transmission throughput and reliability.

· Encoding, demultiplexing and filtering processor
The primary function of this component is to provide a channel coding format that is matched to the number of selected antennas specified by the AMCS Decision Controller.  More details are provided in Section 3.1—3.2.
· Antenna processor

This component is designed to achieve desirable radio transmission characteristics (e.g., power balancing) from all transmit antennas while allowing full flexibility in MIMO transmission mode adaptation.

[image: image4.emf]
Figure 4. Conceptual block diagram of adaptive MIMO transmitter.

3.1 A demultiplexing-first approach: Selective-PARC (S-PARC)
One option for configuring the encoding and demultiplexing process is to demultiplex the user information bits into a number of streams equal to that of the active antennas.  The streams are then individually encoded and spread for the transmission over the active antennas. This approach allows the coding rates among the different active antennas to be set differently.  If the receiver is equipped with successive decoding and cancellation algorithms, the individual rates are determined by decoding order and the channel conditions of the active antennas.  

[image: image5.emf]
Figure 5. A demultiplexing-first approach: Selective-PARC (S-PARC).  Note that the number of active antennas M can be less than the number of available antennas N.

3.2 An encoding-first approach: Selective-Spatial-Multiplexing (S-SM)
An alternative to the previous configuration is to encode the user information bits first at an aggregate rate that is supportable by the active antennas.  The coded bits are then demultiplexed onto the active antennas for spreading and transmission.  

[image: image6.emf]
Figure 6. An encoding-first approach: Selective-Spatial-Multiplexing (S-SM).  Note that the number of active antennas M can be less than the number of available antennas N.

3.3 MISO Reference Approach: Matched-Field Transmit Diversity (MFTD)
For the MISO scenarios, we shall compare our schemes to a reference approach that is a simple extension to the existing close-loop transmit diversity schemes.  Following the same encoding and spreading procedure, a matched-field transmit diversity (MFTD) processing is used to transmit the same coded signal across multiple antennas.  The principle of MFTD is set forth in reference [1].

[image: image7.emf]
Figure 7. Reference Matched-Field Transmit Diversity (MFTD) Approach.

4. Preliminary Performance Comparison Results
In this section, we provide a preliminary performance comparison among the alternative MIMO architectures.  The adopted metric is the long-term average throughput of a single cell assuming perfect link adaptation.  We further assume, for this study, spatially uncorrelated channels and spatially white interference from other cells.  The individual channel links are modelled according to two scenarios: the 3GPP Pedestrian A (PedA) channel model for light dispersion and the 3GPP Typical Urban (TU) channel model for heavy dispersion environments.  

We consider the following MIMO and reference schemes:

· SISO: the baseline single-input single-output scheme

· RxDiv: a second baseline based on utilizing a single TX antenna but multiple RX antennas

· Full spatial multiplexing (CR-BLAST): another baseline based on multiplexing a single channel-coded signal across all available TX antennas, similar to the code-reuse BLAST scheme

· PARC: as discussed in reference [3]

· MFTD for MISO: reference case as discussed in reference [1] and briefly described in Section 3.3

· S-PARC: as described in Section 3.1

For all MIMO schemes, we assume 15 multi-codes of spread factor 16 are used for all modulation and coding schemes (MCS).  The MCS table is constructed using QPSK and 16QAM with coding rates ranging from 0.01 to 0.985.  The total transmission power is distributed among different services as follows: (1) 70% is devoted to the high-speed shared MIMO transmission, (2) 20% is applied to voice services through one TX antenna, and (3) the last 10% is divided evenly on all available TX antennas for pilot transmission.  For PARC and CR-BLAST, the power for high-speed shared transmission is divided evenly across all available antennas.  For S-PARC, the power for high-speed shared transmission is divided evenly across all active antennas.

For all MIMO schemes, the receivers are based on RAKE-type processors with the assumption of perfect channel estimation.  Pilot subtraction is also adopted in all schemes.  For the PARC and S-PARC schemes, successive decoding and interference cancellation is implemented.  For all other schemes, a single decoding stage follows the RAKE-type combiner.
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4.1 Case 1: 4 x 4 Systems 

The results for the 3GPP TU channel are plotted in Figure 8.  We can see that S-PARC always outperforms RxDiv and CR-BLAST.  At high SINR region, the throughput gains of S-PARC over the two schemes are 200% and 50%, respectively.  For the low SINR region, for instance at 2 Mbps, we observe around 2 dB gain in SINR over RxDiv and CR-BLAST.  It is also noted that the throughput gains of S-PARC over the SISO baseline can be more than 300%.
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(a) Full SNR region
                                     (b) Low SNR region

Figure 8. Average single-cell throughput for 4x4 system on TU channel.

The results in Figure 8 also indicates that, for 4 x 4 systems, the S-PARC scheme is advantageous to the conventional PARC scheme only in lower SINR regions.   For instance, a 2 dB gain in SINR can be observed at 2 Mbps.  This is consistent with the fact that the gap between the OL and CL capacities is observable only in the low SNR region as shown in Figure 3.  Though the gain is moderate, it should be reminded that the RX complexity is significantly reduced since only one TX antenna is activated in this region.  Namely, in this region, only one decoding stage and no cancellation is required for S-PARC while four decoding and cancellation stages are needed for the conventional PARC.

4.2 Case 2: 4 x 2 Systems

The results for the 3GPP PedA and TU channels are plotted in Figures 9 and 10, respectively.  We observe significant gains for S-PARC.  For both channel models, S-PARC achieves more 100% throughput gains over the CR-BLAST scheme.  The throughput gains of S-PARC over RxDiv are around 120% and 30% for the light and heavy dispersive channels, respectively.  We can also see that CR-BLAST performs worse (significantly so on the TU channel) than RxDiv since there are fewer RX antennas than the TX antennas to resolve the transmitted signals.
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Figure 9. Average single-cell throughput for 4x2 system on PedA channel.
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Figure 10. Average single-cell throughput for 4x2 system on TU channel.

For the 4 x 2 systems considered in this subsection, we observe that the performance of S-PARC in moderately superior to that of conventional PARC.  However, it should be understood that the RX decoding complexity of S-PARC is significantly lower than that of the conventional PARC across the entire considered SINR region.  For instance, on the TU channel, S-PARC requires only one decoding stage for SNR up to 10 dB and only two decoding stages for higher operating SNR points.  On the other hand, conventional PARC always requires four decoding and cancellation stages and still achieves lower throughput.

4.3 Reference Case: 4 x 1 Systems

In this section, we highlight that the proposed MIMO switching schemes achieve robust performance even in MISO scenarios.  The results for the 3GPP PedA channel are plotted in Figure 11.  We can observe large SINR gains for both the S-PARC and MFTD scheme over the SISO baseline.  For instance, the required SINRs for 2 Mbps are 3.5 dB and 6 dB less for the S-PARC and MFTD schemes, respectively.  For low to moderate SINR regions, the MFTD scheme performs better than the S-PARC scheme.  However, in the high SINR region, the achievable rates for MFTD are limited by the modulation size (16QAM) while the achievable rates for S-PARC can be still be increased by activating more than one TX antennas.
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Figure 11. Average single-cell throughput for 4x1 system on PedA channel.

The results for the 3GPP TU channel are plotted in Figure 12.  We can observe moderate gains over the SISO baseline for the S-PARC scheme but still significant gains for the MFTD scheme.  For instance, at 2 Mbps throughput, MFTD and S-PARC requires 7.5 dB and 2 dB less SINR than SISO, respectively.  
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Figure 12. Average single-cell throughput for 4x1 system on TU channel.

For this MISO scenario, we observe that the proposed S-PARC scheme not only requires much less RX complexity but also significantly performance gains over the conventional PARC and CR-BLAST schemes.
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