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1
Introduction

The uplink beamforming transmit diversity (BFTD) scheme for HSPA has gained a lot of attention recently in RAN1. This scheme assumes that the mobile terminal utilizes 2 transmit antennas and 2 power amplifiers. The practical implementation aspects of such a device was discussed in great depth and proven to be feasible as part of the open loop ULTD for HSPA study item [1]. Furthermore, this scheme when implemented in a closed loop mode under network control shows significant improvements [2]-[7] in cell edge user experience as well as an overall improvement in system performance while ensuring a well defined UE behaviour from the perspective of the network. 
Note that the studies performed so far have been limited to the UE transmitting a single stream or transport block across the two antennas. It is but natural then to investigate the feasibility and performance of UL MIMO i.e. transmitting dual streams or transport blocks using such device. In this contribution, we introduce the concept of UL MIMO for HSPA via a high level baseline design and provide some PHY/MAC design considerations towards the baseline design. We also provide a preliminary link analysis of this design for both 2x2 and 2x4 uplink MIMO systems.
2
Motivation

By using the spatial dimension of a communications link, MIMO systems can achieve significantly higher data rates than traditional SISO or SIMO channels without the need to expand the channel bandwidth
With the introduction of 2x2 MIMO or 64QAM or DC-HSDPA or 4C-HSDPA in the downlink, higher data rates can be provided for users in favourable conditions. To match the increased downlink throughput, the introduction of UL 2x2 or 2x4 MIMO in the uplink is an attractive addition to the enhanced uplink concept, providing the users also with increased uplink data rates. 

In scenarios (cells with isolation) where users can benefit from favourable radio conditions such as in well tuned outdoor systems or indoor system solutions, UL MIMO should provide the degree of freedom gain i.e. significant increase in throughput in high SNR conditions. In cell edge scenarios, the UL MIMO feature could fall back to UL CLTD thereby improving the user’s experience at cell edge by reducing the required UE transmit power. 
3
UL MIMO for HSPA Design Objective

The UL MIMO for HSPA design objective can be summarized as follows:

· Dynamic adaptation of single/dual stream transmissions:

· Via network control, the UL MIMO UE should be capable of dynamically adapting to single (rank-1) and dual stream (rank-2) transmissions.

· A rank-1 transmission corresponds to the case when all physical channel symbols are precoded with a pre-coding vector prior to transmission across the two antennas.
· A rank-2 transmission corresponds to the case when some physical channel symbols are precoded with a primary pre-coding vector and the other symbols are precoded with an orthogonal or secondary pre-coding vector.
· Increase in peak spectral efficiency:

· By combining high order modulation (16QAM as specified in Rel-7) and UL MIMO, it should be possible to double the existing UE peak data rates from 11.52 to 23.04 Mbps. This in turn leads to a an impressive peak spectral efficiency of 23.04 Mbps/3.84 MHz = 6 bps/Hz. Note that while DC-HSUPA also provided for such increase in peak rates, it did not increase the peak spectral efficiency since the doubling in peak rate was achieved by doubling the channel bandwidth.
· Increase in average spectral efficiency:

· Depending on the channel and interference conditions, an UL MIMO UE could enjoy increased data rates due to a high percentage of rank-2 transmissions in high SNR conditions or an improved cell edge experience in low SNR conditions due to the beamforming effect associated with rank-1 transmissions. This in turn should lead to an increase in average spectral efficiency. 
· Hence, the design should be able to adapt fast enough to changes in SNR conditions, so that the UE is optimally scheduled with single or dual streams in any given transmission time interval.
· Furthermore, in the future, it is likely that 4 antennas will be deployed at the NodeB. In that case, due to the higher diversity order offered by the two eigenmodes, the UL 2x4 MIMO could provide significant increase in average spectral efficiency relative to UL 2x2 MIMO. 

· Hence the design should allow for 2x2 and 2x4 modes of operation.
· Increase in cell edge spectral efficiency

· In cell edge conditions when the UE is power limited, beamforming (rank-1 transmissions) is known to be a powerful method to improve the cell edge spectral efficiency. It is important that UL MIMO offer the same performance advantage that can be achieved by UL CLTD in these conditions. In other words, since UL MIMO allows for dynamic scheduling of rank-1/rank-2 transmissions, the design should be fast enough to detect these cell edge conditions and adapt primarily to rank-1 transmissions.
· Minimize additional pilot and control channel overhead

· In order to support the UL MIMO feature, as in the downlink, a secondary pilot and control information on the second stream would need to be transmitted by the UE on the uplink. Furthermore, as in UL CLTD, the NodeB would need to transmit the precoding information to the UE on the downlink.  It would be desirable to minimize the amount of transmitted power to carry these pieces of information.
· Furthermore, care should be taken to ensure that when the UE primarily transmits single streams (as in UL CLTD), the additional overhead does not negatively impact the transmit power savings due to beamforming. In other words, the UL MIMO rank-1 transmission design should strive to minimize the additional overhead relative to UL CLTD.
· Commonality with UL CLTD

· If the UL CLTD feature were introduced, it would be highly desirable to ensure as much commonality as possible between UL CLTD and UL MIMO. This objective is attractive from both implementation and specification perspective.

· Reuse NodeB based MAC-e scheduling design

· A critical component of the UL MIMO design is to dynamically adapt the UE to either transmit rank-1 or rank-2 transmissions and to simultaneously adapt the rates accordingly. 

· HSUPA design already provides for a MAC-e scheduling function that dynamically adapts or schedules UE data rates based on a combination of the UE feeding back scheduling information to the NodeB and the NodeB adjusting the UE’s serving grant via grant channels (E-RGCH, E-AGCH) based on available load or noise rise.
· Furthermore, when DC-HSUPA was introduced in Rel-9, the MAC-e scheduler function was enhanced to simultaneously allocate scheduling grants to a UE on each of the uplink carriers.

· By introducing UL MIMO, in scenarios favorable to rank-2 transmissions, due to the similarity with DC-HSUPA, we should try to reuse as much as possible the MAC-e scheduler design for DC-HSUPA.

· Reuse DL MIMO design

· Wherever possible, UL MIMO should try to reuse the DL MIMO design. 
· For example, the precoding codebook used in DL MIMO over 2 transmit antennas could be considered to be a very good candidate for UL MIMO over 2 transmit antennas.
· Due to the nature of centralized scheduling on the uplink, concepts and principles from existing DL MIMO HS schedulers can be borrowed for the purpose of UL MIMO scheduling. 
· Reuse existing NodeB Advanced Receivers

· Over the last few years, NodeB receivers have evolved to accomodate UL16QAM and UL Interference Cancellation (IC). With the introduction of UL MIMO, care should be taken to avoid much impact to these advanced receiver implementations. 
· For example, an UL MIMO receiver can reuse much of an LMMSE Type 3 receiver designed for SIMO 16QAM. 
· Also in the case of UL IC, if the cancellation is based on cancelling symbols prior to decoding or cancellation of reconstructed bits after decoding of the transport block, when two streams are received, these streams could be independently processed similar to processing two users.
· Existing NodeB receiver implementations assume that the data and pilot channels experience the same channel prior to demodulation. Hence the design could take this aspect into consideration with regard to whether to precode the pilot with the same precoding vector as the one used on the data stream.
· Backward compatible:

· If UL MIMO is not configured in the UL MIMO capable UE, the UE shall revert to the legacy waveform.

· The UL MIMO feature should be compatible with CPC to avail of the many benefits provided by the DTX feature namely battery life savings and reduced uplink interference.
· Coexistence with legacy devices

· The UL MIMO design must ensure that legacy devices are not negatively impacted by UL MIMO UEs.
· Link Budget/Coverage
· UL MIMO design should try to achieve similar link budget improvement as UL CLTD when rank-1 transmissions are primarily scheduled.
· Furthermore, UL MIMO UEs should match the RACH coverage achievable by legacy devices. 

· Cubic Metric Impact:

· By introducing additional channels on the uplink, there is bound to be some impact on the cubic metric and peak to average power (PAPR) ratios which in turn affects the PA backoff and maximum UE output power. The design should be sensitive to this fact and care should be taken  to minimize this impact.

· Battery Life Impact

· Due to the introduction of transmit processing of a second transport block, the design should try to ensure minimal impact to UE battery life. 
· For example if the second transport block size (sent on the weak eigenmode)  is much smaller than the first transport block size (sent on the strong eigenmode), then the tradeoff in increase in data rate could be considered against the additional battery life impact due to processing the second transport block. This tradeoff could be better assesed at the UE.
4
MIMO operation of E-DCH: Basic Concept
In this section, we present a concept of MIMO operation of E-DCH via a baseline design.

The general UE transmitter structure to support MIMO operation of E-DCH transmission is shown in Figures 1 and  2. 
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Figure 1: MIMO Operation of E-DCH: Channel Coding and Multiplexing
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Figure 2: MIMO Operation of E-DCH: Spreading, Precoding and Modulation

The MIMO operation of E-DCH is summarized as follows:
· We assume a single E-DCH, one HARQ entity per E-DCH, one HARQ process per TTI for single stream transmission and two HARQ processes per TTI for dual stream transmissions.

· The MAC-i scheduler at the NodeB is modified to allow for per-stream scheduling. The scheduler can generate two grants (one for each stream or HARQ process) per TTI.

· The UE is allocated two resources on the E-HICH channel to carry HARQ A/N feedback for each of the transport blocks transmitted in the primary and secondary HARQ processes.

· The UE is allocated two resources on the E-RGCH channel to carry relative scheduling grants for the primary and secondary HARQ processes respectively.

· The E-AGCH channel coding structure is modified to jointly encode absolute grant information for each of the two HARQ processes.

· Upon receiving scheduling grants via E-AGCH and E-RGCH from the NodeB, for both H-ARQ processes, the E-TFC selection function decides to either transmit one transport block or two transport blocks. 

· The multiplexing and TSN setting entity is responsible for concatenating multiple MAC-d PDUs or segments of MAC-d PDUs into MAC-is PDUs, and to multiplex one or multiple MAC-is PDUs into a single MAC-i PDU to be transmitted in the next TTI, as instructed by the E-TFC selection function. If the E-TFC selection decides to transmit two transport blocks then 2 MAC-i PDUs are generated and delivered to the HARQ entity

· A single HARQ entity is responsible for handling the MAC functions relating to the HARQ protocol for each of the streams. It is responsible for storing MAC-i payloads and re-transmitting them. For each stream, the HARQ entity provides the E-TFC, the retransmission sequence number (RSN), and the power offset to be used by L1 for all the transport blocks (one or two) transmitted in a TTI. Redundancy version (RV) of the HARQ transmission in each process is derived by L1 from RSN, and CFN.
· The E-DCH processing structures for both of the two transport blocks (in case of dual stream transmissions) are identical.

· In the case of dual streams, we restrict the spreading factor to 2xSF2+2xSF4. This can be achieved by setting the minimum transport block size per stream to 3988 bits and assuming  PLmax = 0.33 and  PLnon_max = 0.66. 

· Three new types of physical channels are introduced a) secondary pilot (S-DPCCH); b) secondary E-DPDCH (S-E-DPDCH) and S-E-DPCCH. The S-E-DPDCH channels carry channel bits corresponding to the secondary transport block.  The S-E-DPCCH carries the E-DPCCH information for the second stream. S-DPCCH is introduced for the two purposes:  Along with DPCCH, it serves as reference to help sound the channel between the two UE transmit antennas and the NodeB receive antennas. By estimating the channel matrix, the NodeB can derive an optimal primary precoding vector that is fed back to the UE. The S-E-DPCCH also serves as a phase reference to aid demodulation of the secondary data channel (S-E-DPDCH). 

· Between the spreading/scrambling and and modulation blocks, a stage of precoding is introduced in the UE transmitter. The spread complex valued signals are fed to both TX antenna branches, and weighted with precoding weights w1, w2, w3 and w4. If the UE transmits a single transport block to the NodeB in one TTI, it uses the precoding vector (w1, w2) for transmission of that transport block on the E-DCH TTI. If the UE transmits two transport blocks to the NodeB in one TTI, it uses two orthogonal precoding vectors to transmit the two transport blocks. The precoding vector (w1, w2) is called the primary precoding vector, which is used for transmitting the DPCCH, DPDCH, HS-DPCCH, E-DPCCH and the primary transport block on the E-DCH. The precoding vector (w3 , w4) is called secondary precoding vector, which is used for transmitting the secondary transport block and secondary pilot (S-DPCCH).
· A single ILPC on the DPCCH is maintained at the NodeB.

· When E-DCH data is transmitted on either stream, boosting of the E-DPCCH and S-DPCCH should be performed accordingly. On the primary precoding vector branch, similar to Rel-7, the E-DPCCH is boosted, if the primary stream is transmitted, and the S-DPCCH is boosted if the secondary stream is transmitted. The boost amount is based on the same parameters that are used to determine the E-DPCCH power offset.

· The E-DPCCH and S-E-DPCCH of the E-DCH transmissions in each of the two HARQ processes are jointly transmitted (via I/Q multiplexing) on the channelization code Cch,256,1 as used today. In TTIs where only one stream is transmitted, DTX is used for the S-E-DPCCH.
· The NodeB signals scheduling grants per stream. The primary serving grant  (T/P)1 is used to determine the TBS on the primary stream and the power level on the E-DCH which is equally distributed between E-DPDCHs and S-E-DPDCHs, while the secondary serving grant  (T/P)2  is used by the E-TFC selection algorithm only to determine the suitable TBS for the second stream. Note that (T/P)2 does not affect the power levels of S-E-DPDCH since we assume that the power on the E-DPDCHs is equal to the power on the S-E-DPDCHs.
5
Link Analysis

In this section we present a preliminary link analysis of UL MIMO on HSPA based on the baseline design described in Section 4 and the assumptions in Table 1.
Table 1: Simulation assumptions for link evaluation of UL MIMO
	Parameter
	Value

	Physical Channels
	E-DPDCH, S-E-DPDCH, DPCCH, S-DPCCH,        E-DPCCH (both streams),

	E-DCH TTI [ms]
	2

	Modulation
	16QAM

	TBS [bits]
	Variable based on NodeB scheduler as described in Section 8

	Number of physical data channels and spreading factor on primary stream
	2xSF2+2xSF4

	Number of physical data channels and spreading factor on primary stream
	2xSF2+2xSF4

	ΔT2TP [dB]
	10

	Number of H-ARQ Processes
	8

	Target Number of H-ARQ Transmissions
	1

	Residual BLER
	10%

	Number of Rx Antennas
	2

	Channel Encoder
	3GPP Release 6 Turbo Encoder

	Turbo Decoder
	Log MAP

	Number of iterations for turbo decoder
	8

	DPCCH Slot Format
	1 (8 Pilot, 2 TPC)

	Channel Estimation
	Realistic – 4  slot non-causal filtering

	Inner Loop Power Control
	OFF

	Outer Loop Power Control
	OFF

	Inner Loop PC Step Size
	N/A

	UL TPC Delay (sent on F-DPCH)
	N/A

	UL TPC Error Rate (sent on F-DPCH)
	N/A

	Precoding weight vector determination
	SVD based

	Quantization of Precoding vector
	Unquantized

	Precoding Feedback delay
	1 slot

	Propagation Channel
	Single Path 3km/hr (2x2 MIMO)

	NodeB Receiver Type
	LMMSE

	Antenna imbalance [dB]
	0

	UE Tx Antenna Correlation
	0

	NodeB Rx Correlation
	0

	UE DTX
	OFF


5.1
2-Rx Antennas at the NodeB
Table 2: UE Throughput [kbps] as a function of Tx Ec/No: UL CLTD and UL MIMO (2x2, single path 3km/hr) 

	Tx Ec/No [dB]
	5
	10
	15
	20

	SIMO
	5142
	7941
	9895
	10957

	CLTD (SVD based)  unquantized feedback               gain %
	7012

36
	9439

19
	10825

9
	11429

4

	MIMO (SVD based) unquantized feedback              gain%
	7127

39
	10460

32
	13670

38
	17103

56


Table 3: UE Throughput [kbps] as a function of Rx Ec/No: UL CLTD and UL MIMO (2x2, single path 3km/hr)  

	Rx Ec/No [dB]
	5
	10
	15
	20

	SIMO
	5143 
	7932 
	9893 
	10956 

	CLTD (SVD based)  unquantized feedback               gain %
	5654

10              
	8625                         

9
	10252                       

4
	11222 

2

	MIMO (SVD based) unquantized feedback                   gain %
	5891
15
	9710
22
	13404
35
	17058
56


5.2
4-Rx Antennas at the NodeB

Table 4: UE Throughput [kbps] as a function of Tx Ec/No: UL CLTD and UL MIMO (2x4, single path 3km/hr) 

	Tx Ec/No [dB]
	5
	10
	15
	20

	SIMO
	7471
	9792
	10929
	11417

	CLTD (SVD based)  unquantized feedback               gain %
	8467

13
	10387

6
	11335

4
	11442

0

	MIMO (SVD based) unquantized feedback              gain%
	10430

40
	15982

63
	19981

83
	22141

94


Table 5: UE Throughput [kbps] as a function of Rx Ec/No: UL CLTD and UL MIMO (2x4, single path 3km/hr)  

	Rx Ec/No [dB]
	5
	10
	15
	20

	SIMO
	7552
	9781
	10938
	11417

	CLTD (SVD based)  unquantized feedback               gain %
	7791

3
	9873

2
	11182

1
	11437

0

	MIMO (SVD based) unquantized feedback                   gain %
	10497

39
	16050

64
	20037

83
	22152

94


6
Conclusions

In this contribution, we have introduced the concept of UL MIMO via a high level baseline design based on some careful design considerations. Also, we have presented a preliminary link analysis on a single path 3km/hr channel for both  2x2 and 2x4 MIMO channels. The gains of UL MIMO can be observed both at high and low SNR conditions either realizing the degree of freedom gain or beamforming gain respectively. Based on the discussion presented here, we consider UL MIMO to be a very promising feature and due to it’s synergy with the UL CLTD feature, we propose bundling the two features as part of a potential work item in the near future.
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