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1 Introduction

With the deployment of the Long-Term Evolution taking off and the increased demand for higher uplink data rates in HSPA/WCDMA networks, deployments where four receive antennas are used in the base station will become increasingly common. As the penetration of such base stations start to increase a relevant question is how these antennas can be used for also improving downlink performance.

This contribution discusses the benefits of introducing a 4-branch MIMO for downlink HSDPA. In addition to a qualitative analysis focusing on the specification impact and possible design considerations, we also present initial system level results quantifying the performance gains. Our analysis suggest that 4-branch MIMO can increase cell-edge data rates, peak data rates, as well as system capacity and that it will have a relatively small impact on existing deployments and specifications. By further optimizations additional gains may be achieved. Thus, we view 4-branch MIMO as a promising technique in the continued evolution of HSDPA.

2 Motivations for downlink MIMO

During the last years mobile operators have started to offer mobile broadband based on WCDMA/HSPA. Further, fuelled by new devices designed for data applications, the end user performance requirements are steadily increasing. Moreover, the large uptake of mobile broadband has resulted in that the traffic volumes that have to be handled by the HSPA networks have grown significantly. We expect that these trends continue. Therefore, techniques that allow mobile operators to manage their spectrum resources more efficiency are of practical importance.

One such technique is multi-carrier HSPA whereby carriers are pooled and handled as a common resource. Different variants of multi-carrier transmission techniques have been the main features in Rel-8, Rel-9 and Rel-10. However, for Rel-11 we are now also observing new features that complement the multi-carrier HSPA features. The new features target on increasing the (average) spectral efficiency. One such technique is multi-point transmissions for HSDPA. This is based on spatial resource pooling and it enables a UE to receive data transmissions from multiple sectors and/or sites simultaneously. Although the feature is still being studied within 3GPP it seems clear that it can provide cell-edge data rate improvements. Another, possible technique for improving downlink performance would be to introduce support for 4-branch MIMO. Given a fixed amount of transmission power this would:

· Double the supported peak data rate so that 84 Mbps can be supported on a single downlink 5 MHz carrier. 

· Improve the coverage for rank-1 and rank-2 transmissions due to the higher order of beamforming gain.
3 Design objectives

If work on 4-branch MIMO is started in 3GPP then we believe that the work should be guided by the following objectives: 

· Transmissions to legacy UEs shall be able to exploit all antennas (and PAs). This can be achieved by means of virtual antenna mapping (VAM) used already for Rel-7 MIMO deployments.

· Transmissions of up to four streams, each configured with 64 QAM, shall be supported. This will provide a peak data rate of approximately 84 Mbps per 5 MHz carrier. 

· The performance of legacy UEs should not be adversely affected.

· The pilot and signalling overhead should thus scale with the data rate of the MIMO UE.

· 4-branch MIMO transmission should be limited to HSDPA operation.

· The impact on existing network implementations should be kept at a minimum. 

· It should be possible to deploy the feature without impacting existing functionality 

· The impact on existing UE architectures should be kept at a minimum.

· The impact on specifications should kept at a minimum

· Existing functionality should be re-used unless clear benefits from doing otherwise can be shown.

4 Design considerations

4.1 RAN1 aspects

4.1.1 Pilot design

In Rel-7 downlink MIMO mode, two common pilots are transmitted. These pilots are used for several purposes. For example, the Primary CPICH (P-CPICH) is used for synchronization, mobility, etc. Moreover, both the P-CPICH and the Secondary CPICH (S-CPICH) are used for determining the rank and quality of the radio channel as well as the combining weights used by the UE when demodulating the data. At this point it could be noted that the required pilot energy (“quality”) varies depending on purpose. In general the requirements in terms of received energy are highest for the demodulation (when compared to the requirements for determining the channel quality and rank of the channel). 
4.1.1.1 Pilots for channel sounding

For the channel sounding (selection of rank, channel quality and pre-coding information) it is reasonable to use non-pre-coded pilots (as in Rel-7). This way the P-CPICH and S-CPICH could be transmitted in a similar way as today while the two new secondary pilots would be transmitted on other SF256 codes. To minimize overhead from the common pilots it should be possible to transmit the new secondary pilots when UEs configured with 4-branch MIMO are present in the cell. In principle, this is possible already for Rel-7 downlink MIMO. 

4.1.1.2 Pilots for data demodulation

With respect to the pilots used for data demodulation we see two main alternatives:

Option 1: Use the common pilots also for demodulation purposes. 

Option 2: Introduce UE specific dedicated demodulation pilots. 

For the first option the transmission power of the third and fourth (new) common pilots would need to be chosen so that an adequate demodulation quality can be guaranteed for all UEs in the cell. Obviously this means that an excessive amount of power would be used for the majority of the UEs in the system. It should furthermore be highlighted that the UEs residing close to the cell border may request single or dual stream transmissions the vast majority of time even when they are configured with 4-branch MIMO. However, all pilots would still be needed for demodulation purposes (since the pilots are not pre-coded). Consequently, the usage of common pilots in such scenarios will result in that a large part of the transmitted pilot energy is lost since the useful signal only spans a fraction of the available signal dimensions. (In other words, most of the pilot energy would be transmitted in the null-space and hence only cause interference to neighbouring cells.)
The second option relies on that new dedicated UE specific pilots are introduced. Although four common pilots still would be needed (for the case of channel sounding) dedicated pilots would enable a reduction in the transmit power of the common pilots. Furthermore, UE specific pilots would enable that pre-coding is applied also to the demodulation pilots. Hence each UE could have one pilot for each layer. This design would result in that the pilots associated with a certain layer only is transmitted when data transmission on the corresponding layer take place. Thus the overhead associated with the demodulation pilots would scale with the downlink data rate (i.e. the number of layers that are scheduled). Another benefit with dedicated, pre-coded demodulation pilots would be that the beam-forming gain also applies to the demodulation pilots. 

Additionally, the usage of dedicated pre-coded pilots would also decrease the need for signaling the used pre-coding matrix since the effective channel can be estimated by the UE. It could also be argued that dedicated pilots can limit the impact on legacy UEs since the UE dedicated demodulation pilots only would be present when a 4-branch MIMO capable UE is scheduled.

4.1.1.3 Transmissions of pilots 

Irrespectively of whether common and/or dedicated pilots are used, the simplest way to transmit the pilots would be to code multiplex pilots and data. A drawback with code multiplexed pilots would be that the physical layer control signaling (or rather the related physical channels) would occupy more code resources than an approach based on common pilots only. The number of codes that would need to be allocated for the control signaling would depend on, e.g., how many HS-SCCHs that are used, whether only common pilots are used or whether both common and dedicated pilots are used, etc. 

4.1.2 HS-DPCCH feedback design

The HS-DPCCH in Rel-5 to Rel-9 is based on a 1xSF256 solution. The structure of the HS-DPCCH is shown in Figure 1. As well-known, the HS-DPCCH sub-frame structure consists of 1 slot for HARQ-ACK transmissions and 2 slots for CQI/PCI transmissions. This structure should be kept also for 4-branch MIMO.

[image: image1]
Figure 1: Illustration of the HS-DPCCH slot format.

For what concerns the exact HARQ-ACK codebook there are straightforward design options for different MAC layer solutions (see further the discussion in section 4.2.5). More specially:

· Use the Rel-7 HARQ-ACK codebook if new larger transport blocks are defined: One way to reduce the uplink and downlink control signaling (if deemed necessary) would be to introduce larger transport block sizes (so that there still would be two transport blocks even though more layers were used for the actual transmissions). Aside from allowing reuse of the HS-SCCH Type 3 design this would also reduce the uplink overhead since it would be sufficient to send two HARQ-ACKs even when 4 layers are scheduled.

· Use the Rel-9 HARQ-ACK codebook if one transport block is mapped to an individual layer: If a transport block is mapped to an individual layer (as in Rel-7) the Rel-9 DC-HSDPA+MIMO HARQ-ACK codebook could be reused (since this can acknowledge up to four streams). 

Note that although we assume that the 4-branch MIMO only can be applied to a single downlink carrier it is straightforward to extend the solutions to scenarios where a 4-branch MIMO is used in combination with multi-carrier HSDPA operation.

Concerning the channel quality and pre-coding information (CQI/PCI) modifications will be necessary. Currently, in Rel-7 there are 5 or 2x4 bits allocated for describing the CQI depending on the CQI type. In addition to these bits there are 2 bits allocated for signaling the preferred pre-coding information. The 7 (or 10) bits are then encoded into a 20 symbols that are transmitted during the second and third slot. The exact details of the CQI/PCI design will depend on the medium access control (MAC) solution, the pre-coding codebook design, as well as the pilot design. However, it is clear that the introduction of 4-branch MIMO will require a larger pre-coding codebook. One example of how the additional CQI/PCI information could be accommodated within existing formats would be to reduce the minimum CQI feedback cycle (e.g. to 4 ms). This would result in that 20 information bits become available (see Figure 2). Note that the minimum CQI feedback cycle was reduced from 2 ms to 4 ms in Rel-9 for the introduction of DC-HSDPA+MIMO (since the loss in performance was marginal). This would result in that the 4 bits are available for signaling the pre-coding information while 16 bits are available for signaling the CQI and rank information.


[image: image2]
Figure 2: Illustration of one possible HS-DPCCH structure based on 1xSF256.

It should be noted that the HS-DPCCH solution described above is one of many possible solutions. In a potential work item the performance of different solutions should be further evaluated.

4.1.3 HS-SCCH downlink control signalling

The HS-SCCH physical channel is used to signal the information related to the data transmitted on the HS-PDSCH. For 2x2 downlink transmissions this carries information related to the channelization code set, modulation scheme, transport block size, HARQ process, redundancy and constellation version, and the pre-coding information.  

For 4-branch MIMO we see two possible alternatives for extending the HS-SCCH signaling:

· Introduce a new HS-SCCH slot format that carriers all information related to the data transmissions, or

Use multiple HS-SCCHs for describing the information related to the different transport blocks.

Which one of the two alternatives that is best suited depends on other design decisions (e.g., whether pre-coded pilots are used for demodulation or not). The exact details can be analyzed further in a potential work or study item.

If new, larger transport blocks are introduced so that there are only two transport blocks even when there are transmissions on four layers the existing HS-SCCH Type 3 could be reused. 

4.1.4 Pre-coding codebook design

One of the design issues for 4-branch MIMO is the pre-coding codebook. In principle, we see two options:

· Use a matrix based pre-coding codebook: A codeword is used to indicate the preferred rank and the pre-coding vector/matrix. Thus, given that a codebook consisting of N codewords 
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· Use a product-based pre-coding codebook: An alternative would be to rely on a product based codebook. This would be suitable for the case where the four transmit antennas are composed of two cross-polarized (x-pole) columns but it can also encompass the case of e.g. 4 columns with single polarized elements. More specifically the overall pre-coder 
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One property of this pre-coder is that the inner precoder 
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 focuses on long term properties of the channel while the outer 
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 adapts to the short term properties of the resulting channel (given the inner pre-coder). For a two column x-pole antenna structure it is reasonable to assume a block diagonal structure for the inner precoder
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where each block can consists of DFT vectors (an oversampled 2-DFT) 
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The number of elements (N) is a design parameter, but N=4 or 8 would give enough granularity in the spatial domain. The outer precoder  
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 is then used for co-phasing the two polarization states and can, for example, be taken from the current 2Tx codebook for rank 1 and 2. The main benefit with approach, as compared to the using pure matrix based codebook is that it is associated with less overhead for large codebooks. 

4.2 Layer 2/3 aspects
This section discusses RAN2 related issues associated with 4-branch MIMO.
4.2.1 New UE categories

Clearly, new UE categories supporting 4-branch MIMO would need to be introduced. One aspect that should be considered here is whether or not a category only capable of receiving one or two layers should be introduced. In general, the aim should be to keep the number of new UE categories to a reasonable number.

4.2.2 Number of re-ordering SDUs

For Rel-9 DC-HSDPA+MIMO and Rel-10 4C-HSDPA the number of reordering SDUs per sub-frame is 44. (For single carrier operation the number of reordering SDUs per sub-frame is 26.) Assuming that 4-branch MIMO is limited to one downlink carrier the maximum peak data rate would be 84 Mbps. This would correspond to the peak data rate offered in Rel-9. Further assuming a RLC packet size of 1500 bytes then maximum peak data rate on MAC layer would be 1500∙8∙44/2∙10-3 = 264 Mbps. Here 1500∙8 corresponds to the number of bits in an RLC packet, 44 is the window size used in Rel-9, and 2∙10-3 denotes the sub-frame duration. Thus, we can concluded that 4-branch MIMO can be introduced on one or two downlink carrier given the existing number of re-ordering SDUs. 

4.2.3 MAC-ehs window size

Currently the maximum MAC-ehs window size is 128. This will be sufficient for supporting 4-branch MIMO for HSDPA.

4.2.4 RLC window size 

Currently the maximum RLC window size (as of Rel-10) allows that 2047 RLC packets are outstanding. Assuming that status prohibit timer can be set in a way so that it does not affect the downlink throughput, an optimistic estimate of the supported RLC data rate is given by 2047∙1500∙8/TRTT where 2047 is the maximum window size currently supported by RLC, 1500∙8 corresponds is the maximum RLC packet size and TRTT is round trip time. Assuming a RLC round trip time 50-100 ms yields a maximum supported RLC data rate of 245–491Mbps. Given the current RLC reordering depth we can thus conclude that 4x4 downlink MIMO could be supported on at least two downlink carriers.
4.2.5 Transport Block Sizes and Layer Mapping

For 4-branch MIMO there are a few approaches that could be used for the layer mapping. One approach would be to extend the Rel-7 downlink MIMO principle and transmit one transport block per layer. This is also similar to the approach used in the multi-carrier evolution. One benefit with using this approach also for a 4-branch MIMO would be that it minimizes impact on specifications and implementations. The main drawback would be that there would be additional HS-SCCH control signalling and HS-DPCCH overhead.  

An alternative to duplicating the number of transport channels would be to increase (double) the transport block sizes and introduce a layer mapping functionality. This approach would result in that there would not exist more that two transport blocks (regardless of the rank of the channel). Instead a given transport block could be partitioned over multiple layers.

The benefits the different approaches could be studied further within a potential work or study item. This will however require new transport block sizes, which likely will impact both RAN2 and RAN3.
4.3 Antenna arrangement

Aside from the design considerations mentioned above it is important to account for the existing network and UE architectures so that the potential impact is minimized. One such example is to ensure that there are antenna arrangements that can support not only legacy UEs receiving a transmission from a single antenna port but also supporting simultaneous transmissions from two and four antenna ports. Similarly to the case when going from one to two antenna ports, one, two and four-ports can be realized using virtual antenna mapping (VAM).
5 Numerical evaluation
Previous section discussed design considerations associated to 4-branch MIMO transmissions. The main conclusion from that section was that a 4-branch MIMO can be introduced into the 3GPP specifications with moderate impact. In this section we provide system simulation results whereby the gains can be quantized. The objective of these simulations is to quantify the increase in average and cell-edge spectral efficiency enabled by 4-branch downlink MIMO.

As performance measures we use:

· Average sector throughput 

· 5th percentile user throughput. 

The system level system parameters are summarized inTable 5. 

5.1 System level simulation evaluations

5.1.1 Average user throughput

Figure 3 shows the average user throughput as a function of the cell throughput for different transmit antenna configurations. It is evident that the data rate can be increased significantly. The gains are summarized in Table 1.  It can be observed that gains up to 45 percent and 93 percent can be obtained by using 2 and 4 transmit antennas respectively as compared to the case where a single transmit antenna is used. This is due to the rank-1 and rank-2 transmissions for 2 antenna configuration while 4 transmit antennas allow rank-1, rank-2, rank-3 and rank-4 transmissions.
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Figure 3: Average user throughput as a function of the sector throughput. In the figure we consider the case where there are 1, 2 and 4 transmit antennas. For all studied scenarios there are 4 receive antennas.

Table 1: Relative gain from using 2 and 4 transmit antennas (as compared to using a single transmit antenna) in a scenario where there are 4 receive antennas. 

	Load (mean users per sector)
	Average sector throughput [Mbps]
	%gain with respect to 1x4 MIMO

	
	1x4
	2x4
	4x4
	2x4
	4x4

	0.05
	1.59
	2.28
	3.08
	43.39
	93.71

	0.1
	2.07
	3.02
	3.91
	45.89
	88.89

	1
	8.16
	10.4
	14.72
	27.45
	80.39

	2
	10.57
	12.62
	18.23
	19.39
	72.47


Figure 4 depicts the average user throughput as a function of the cell throughput for different transmit antenna configurations when the UE applies two receive antennas. Also in this case we can observe significant gains by increasing the number of transmit antennas to 2 and 4. Table 2 summarizes the relative gains for the studied user densities. Comparing Table 1 and 2, we can observe that by going from two to four transmit antennas the relative gains are doubled. 
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Figure 4: Average user throughput as a function of the sector throughput for different transmit antenna configurations in a situation where there are 2 receive antennas. 
Table 2: Relative gains from using two and four transmit antennas (as compared to the case where a single transmit antenna is used) when two receive antennas are used.

	Load (mean users per sector)
	Average sector throughput [Mbps]
	%gain with respect to 1x2 MIMO

	
	1x2
	2x2
	4x2
	2x2
	4x2

	0.05
	1.36
	1.64
	1.83
	20.59
	34.56

	0.1
	1.66
	2.01
	2.28
	21.08
	37.35

	1
	6.06
	7.1
	8.54
	17.16
	40.92

	2
	8.39
	9.49
	10.6
	13.11
	26.34


5.1.2 Cell-edge user performance

Figure 5 illustrates the 5th percentile user throughput as a function of the cell throughput for the studied transmit antenna configurations. From the figure it can be notice that the cell-edge performance can be improved significantly by increasing the number of transmit antennas from two to four. This is due to the beam forming gain for rank-1 and rank-2 configurations at the cell edge. The relative gains are summarized in Table 3.
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Figure 5: 5th percentile user throughput as a function of the sector throughput for different transmit antenna configurations when 4 receive antennas are used.
Table 3: Relative gain in cell-edge throughput for the studied transmit antenna configurations when there is 4 receive antennas at the UE. 

	Load (mean users per sector)
	Cell edge user throughput [Mbps]
	%gain with respect to 1x4 MIMO

	
	1x4
	2x4
	4x4
	2x4
	4x4

	0.05
	7.79
	8.93
	13.86
	14.63
	77.92

	0.1
	6.08
	6.37
	9.76
	4.77
	60.53

	1
	1.79
	2.03
	2.78
	13.41
	55.31

	2
	1.21
	1.40
	2.05
	15.7
	69.42


Figure 6 shows the 5th percentile user throughput as a function of sector throughput for different transmit antenna configurations when the UE has two receive antennas. The relative gains are summarized in Table 4.
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Figure 6: 5th percentile user throughput as a function of the sector throughput for different transmit antenna configurations when there are two receive antennas. 

Table 4: Cell-edge user throughput gain for the studied antenna transmit structures (as compared to the case where there is one transmit antenna) when there are two receive antennas. 

	Load (mean users per sector)
	Cell edge user throughput [Mbps]
	%gain with respect to 1x2 MIMO

	
	1x2
	2x2
	4x2
	2x2
	4x2

	0.05
	4.88
	7.36
	8.59
	50.82
	76.02

	0.1
	4.78
	6.19
	6.64
	29.5
	38.91

	1


	0.99


	1.75


	2.06


	76.77
	108.08

	2
	0.74
	1.39
	1.62
	87.84
	118.92


5.1.3 Gains comparison with respect to 2x2 MIMO
Figure 7 and Figure 8 shows the average sector throughput and 5th percentile user throughput as a function of the average number of users per sector for 2 receive antennas and 4 receive antennas respectively. Table 5 summarizes the relative gains compared to a 2x2 MIMO configuration. Observe that gains can be doubled by using 4 transmit and 4 receive antennas in sector throughput and up to 20% by using 4 transmit and 2 receive antennas.
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Figure 7: Average sector throughput as a function of load for different transmit and receive antenna configurations.
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Figure 8: 5th percentile user throughput as a function of load for different transmit and receive antenna configurations. 

Table 5: Sector throughput and Cell-edge user throughput gains for the studied antenna transmit structures (as compared to the case where there is two transmit and receive antennas) for different loading conditions.
	Load (mean users per sector)
	Sector throughput gains
	Cell edge user throughput gains

	
	4x2
	4x4
	4x2
	4x4

	0.05
	11.59
	87.8
	16.93
	88.67

	0.1
	13.43
	94.53
	7.27
	57.67

	1
	20.28
	107.32
	17.71
	58.86

	2
	11.7
	92.1
	16.55
	47.48


6 Conclusions
With the introduction of the Long-Term Evolution and the increased demand for higher uplink data rates in HSPA/WCDMA, network deployments where four receive antennas are used at the Node-B will become increasingly common. As the penetration of such base stations grows it would be desirable to ensure that these antennas also can be used for improving the downlink performance. Starting from this observation this contribution discussed the benefits of introducing a 4-branch MIMO for HSDPA. 
In the first part of the paper we discussed the impact on the existing standard as well as outlined a few design considerations related to the different RAN working groups. The main conclusion from this discussion is that 4-branch MIMO can be introduced with modest impact on the existing standards and networks. The second part of the contribution evaluated the gains in system performance that could be achieved from 4-branch MIMO by means of system level simulations. These results indicate that the ability of transmitting data from four transmit antennas to a single UE simultaneously can increase average user data rates as well as the cell edge data rates considerably (typically in the order of 20-30 percent when compared to a 2-branch transmit diversity scheme). Based on this evaluation we view 4-branch MIMO as an important component in the continued evolution of the HSDPA standard.
7 Appendix

The tables below lists the parameters used in the system simulations.

Table 5: System level simulation parameters. 

	Parameter
	Assumption

	Cell Layout
	Hexagonal grid, 7 cell sites, 3 sectors per site with wrap-around

	Inter-site distance
	500 m

	Frequency
	2110 MHz

	Distance-dependent path loss
	L=128.1 + 37.6log10(R), R in kilometers

	Log Normal Fading 
	8dB Standard Deviation
50% Inter-Site Correlation
100% Inter-Sector Correlation
Correlation Distance: 50m 

	In-Building Penetration Losses 
	15 dB (all users)

	Max BS Antenna Gain
	17 dBi 

	Antenna pattern
	3D antenna, 10 degrees down tilt 

	Channel Model
	SCM-suburbanmacro

	UE speeds 
	3 km/h

	CPICH Power
	36 dBm

	UE Antenna Gain
	0 dBi

	UE noise figure
	10 dB

	UE Receiver Type
	Type 3i

	Implementation Margin
	No impairments included

	Max Cell Transmit Power
	80 W (49 dBm)


	Parameter
	Assumption

	Total DL Losses 
	8.6 dB (Including body Losses, but not building penetration losses) 

	Max HSDPA Power 
	Case 1: All Power available for HSDPA and associated channels 

	Modulation
	QPSK, 16-QAM and 64-QAM

	HSDPA Scheduling Algorithm
	PF

	UE capability
	15 codes and 64QAM enabled, 

	Traffic model
	Full Buffer, downlink only

	Traffic distribution
	Uniform over the area

	C/I estimation
	Ideal

	CQI reporting delay
	0 ms
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