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1
Introduction

The UL Transmit Diversity (ULTD) feature for HSPA was studied with an objective to investigate techniques that complied with the following architecture:

· not requiring any newly standardised dynamic feedback signalling between network and UE

· simultaneous transmission from 1 Tx antenna e.g. switched antenna Tx diversity (SATD) or 
· simultaneous transmission from 2 Tx antennas e.g. transmit beamforming (BFTD)
The findings of that study can be found in [1]. The studied transmit diversity algorithms (SATD and BFTD) were based on existing UL TPC bits generated at the NodeB based on pilot SIR measurements and fed back to the UE on the downlink. While the outcome of the study indicated cell edge user throughput improvements in certain scenarios for both the transmit diversity algorithms (SATD and BFTD), it was difficult to arrive at a common consensus on the overall system benefit associated with this feature due to the following:
-
Unknown UE behavior due to lack of specification of Tx diversity algorithm at the UE

-
NodeB Demodulation losses associated with various possible sub-optimal algorithms
-
Detrimental effect of the ULTD algorithm in soft handover scenarios
-
Detrimental effects from mixes of different uplink Tx diversity algorithms and/or legacy UEs

-
Feasibility of testing of new core Tx requirements

-
Feasibility of testing TPC delay correctness
-
Inability to control the UE’s transmit diversity algorithm by the UTRAN including turning on/off the feature.

A common theme in the above list was related to the fact that the UTRAN could not anticipate the UE behaviour in various scenarios.

In this contribution, we discuss the closed loop (CL) ULTD feature where we assume that the Tx diversity algorithm is well specified and the network controls the UE via dynamic feedback signaling. In particular, we describe the concept and preliminary system performance of both CL-BFTD and CL-SATD schemes based on link and system simulations as well as prototype lab and over the air (OTA) testing
2
Motivation behind UL CLTD
For a mobile user in the HSPA cellular system, the user experience is often limited by the UE’s transmit power.  In case of a cell edge user, due to transmit power limitation, it has to transmit at a low date rate, or possibly not establish a call. The technique of transmit diversity is useful to improve these situations. These potential benefits are highly attractive to operators of HSPA systems, in their goal of optimizing uplink throughput. 

If we assume two transmit antennas at the UE, the UE transmitter can apply a complex weight vector to the transmit antennas such that the signals from these antennas are coherently combined at the Node B receive antennas thereby reducing the required transmit power at the UE. The motivation of considering a closed loop transmit diversity scheme is that via the Node B knowledge of the channel and feedback of the weight vector, the UE transmitter can apply the weight vector to achieve the transmit power gains possibly at the expense of more NodeB complexity and more downlink feedback power. Furthermore, since the NodeB feeds back the weight vector to the UE, it can compensate for this feedback at the NodeB receiver thereby limiting the Rx loss associated with the open loop schemes.

A theoretical gain analysis of both switched antenna and beamforming algorithms in the single path independent and identically distributed (i.i.d.) Rayleigh fading channel (no antenna imbalance) under some ideal assumptions was presented in [1]. The gains computed in that analysis served as a reference for the design of practical transmit diversity schemes. Table 1 lists the theoretical transmit power reduction possible in 4 different channels, relative to the 1x1 case.
Table 1: Transmit Power Reduction due to CL-BFTD/SATD

	
	Transmit Power Reduction [dB]

	Channel
	CL-BFTD
	CL-SATD

	2x1 AWGN
	3
	0

	2x1 Single Path Rayleigh
	∞
	∞

	2x2 AWGN
	3
	0

	2x2 Single Path Rayleigh
	4.1
	3


Another important aspect of CL-BFTD is as follows:

Since the UE forms the beam only toward the serving cell, the signals from the two UE transmit antennas are typically received at all other cells without constructive addition. Thus from the network level point of view, the amount of interference caused by this UE at other Node B receivers is reduced. This interference reduction will lead to network throughput improvement. On the other hand, since in CLTD beamforming, the UE is beamforming toward the serving cell, the performance gain in the soft handover state may not be as large as the non-soft handover state.

3
Closed Loop Beamforming Transmit Diversity
3.1
Basic Concept

A system block diagram of CL-BFTD is shown in Figure 1.
[image: image1.emf]
Figure 1: Closed Loop Beamforming Transmit Diversity, System Block Diagram

The CL-BFTD scheme can be summarized as follows:

· UE transmits on both antennas and applies a beamforming (amplitude/phase) weight to each of the antennas
· All legacy uplink channels are beamformed in the same way
· A secondary pilot (DPCCH) is sent with a different beam to assist NodeB channel estimation
· NodeB estimates the 2x2 channel and selects the beam that maximizes the received energy
· NodeB feeds back the beam index to UE via F-DPCH

· Possible phase {0°, 90°, 180°, 270°}

· Equal Power Weighting or Optional amplitude weights of {[0.5, 0.87], [0.87, 0.5]}.

3.1.1
NodeB Receiver Processing

Since all the data and control channels are running on the same beamforming vector as the primary pilot channel, in the receiver, all the NodeB receiver functions  related to finger processing, such as searcher, finger assignment, time tracking loop, frequency tracking loop, etc, continue to operate on the primary DPCCH channel. Essentially, the demodulation part works as if the UE is a non-transmit diversity UE, except for the additional channel estimator running on the secondary pilot channel (DPCCH2) to determine the beamforming weights as follows:

1. The Node B receiver estimates the composite channels from both the primary and secondary DPCCH, by inverting the beamforming weight matrix
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where r is the receive antenna index, t is the transmit antenna index, and k is the finger index. 
3. Finally, the Node B receiver can compute the new beamforming weight vector:

a. A received power maximization based beamforming algorithm can be considered which is more general than the SVD algorithm [5] (equivalent in single path scenario), since there may be more than one path in the uplink channel.
b.  For a given set of quantized phase θ, e.g. {0, 90, 180, 270} degree, and/or amplitude quantized value a1, we can compute the received power for each phase and/or amplitude combination, given current channel estimate 
[image: image4.wmf]H
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. Then, the phase and/or the amplitude corresponding to maximum receive power is chosen as the optimal beamforming phase and/or amplitude.
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3.2
Extension to Uplink MIMO

An advantage of the proposed UE architecture in Figure 1 is that it can easily extend to supporting uplink MIMO (rank -2 transmissions) in the future. In that case, the second stream (E-DPDCH and E-DPCCH) can be sent along with the second DPCCH on the second beam as shown in Figure 2.
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Figure 2: Extension to UL MIMO, UE Transmitter Block Diagram

3.3
Evaluation of single UE performance due to CL-BFTD

In this section, we present the single UE, single cell system performance in terms of the transmit power gain, which is defined as the transmit power difference between a CLTD beamforming UE and a regular UE (with single antenna transmission) under identical uplink transmission conditions. The measured antenna patterns of both handset and laptop terminals are used in the simulations based on the measurement methodology in [6],[7].
All the simulations are run with the phase only mode (
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). Table 2 summarizes the simulation assumptions used in the study. Table 3 shows the gains observed in terms of transmit power reduction.
Table 2: Single UE Simulation Assumptions

	Parameter
	Value

	TBS [bits]
	546

	TTI [ms]
	10

	Target Number of Transmissions
	2

	Residual BLER
	1%

	E-DPDCH/DPCCH [dB]
	6

	E-DPCCH/DPCCH [dB]
	-4.46

	HS-DPCCH/DPCCH [dB]
	-1.9

	DPCCH2/DPCCH [dB] 1
	-3

	Channels
	PA3, PB3, VA30


Note 1: Only for CL-BFTD

Table 3: Transmit Power Reduction due to CL-BFTD

	
	
	
	Channel

	Scenario
	Link Imbalance1 [dB]
	Antenna Pattern
	PA3
	PB3
	VA30

	Non-Soft Handover
	N/A
	Handset
	2.3
	1.7
	0.9

	
	
	Laptop
	2.4
	1.5
	0.6

	Soft Handover
	0
	Handset
	0.5
	0.2
	0.2

	
	
	Laptop
	0.7
	0.4
	0

	Soft Handover:
	3
	Handset
	1.2
	0.9
	0.3

	
	
	Laptop
	1.2
	0.9
	0.5

	Softer Handover
	0
	Handset
	1.3
	1.1
	0.7

	
	
	Laptop
	1.5
	1.1
	0.6


Note 1: Link Imbalance = X dB  ( Serving Cell is X dB stronger than Non-Serving Cell on the UL
3.4
System Performance Evaluation due to CL-BFTD
Tables 4 and 5 lists the system simulation assumptions used to evaluate CL-BFTD.
Table 4: System Simulation Assumptions

	System Parameter 
	Value and Comments 

	Cell Layout
	Hexagonal grid, 19 Node B, 3 sectors per Node B with wrap-around

	Inter-site distance
	1km

	Path Loss
	L=128.1 + 37.6log10(R), R in kilometers

	Log Normal Fading
	Standard Deviation : 8dB
Inter-NodeB Correlation: 0.5
Intra-NodeB Correlation :1.0
Correlation Distance: 50m

	NodeB Antenna pattern
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	UE Antenna pattern
	Laptop (See [6], [7])

	Channel Model
	PA3

	Penetration loss
	0 dB

	Maximum UE EIRP
	23 dBm

	Uplink system noise
	-103.16 dBm

	Soft Handover Parameters
	R1a (reporting range constant) = 4 dB

	Thermal noise density
	-174 dBm/Hz

	UE distribution 
	Uniform in each cell 

	User Mix 
	Full Buffer, Bursty (see Table 5)

	NodeB Receiver 
	Matched Filter 

	Closed Loop Power Control Delay 
	2 slots 

	UL TTI [ms] 
	10 

	Target Number of  HARQ Transmissions 
	2 

	Residual BLER 
	1% 

	HS-DPCCH βhs/ βc [dB] 
	-1.9 

	E-DPCCH βec/ βc [dB] 
	-4.4 

	DPCCH2 βc,2/ βc [dB]1 
	-3 

	CQI Feedback Cycle 
	2ms 


Table 5: Uplink Sytem Simulation Bursty Traffic Model

	Component
	Distribution


	Parameters


	PDF



	File size (S)
	Truncated Lognormal
	Mean = 0.125 Mbytes

Std. Dev. = 0.045 Mbytes

Maximum = 0.3125 Mbytes
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	Inter-burst time
	Exponential
	Mean = 5 sec
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3.4.1
Full Buffer Traffic

Full Buffer traffic was evaluated for the 10 users/cell, PA3 channel and ISD = 1km case. The average cell throughput increased by 19% with a simultaneous decrease in average UE transmit power by 1.93 dB.  Figure 3 shows the CDF of the user throughput. Figure 4 shows the gain in user throughput as a function of the user throughput percentile and Figure 5 shows the CDF of the UE transmit power. As can be seen in these figures, the reduction in average UE transmit power leads to an increase in user throughput between 16% to 26% across the different user throughput percentiles.
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Figure 3: CDF of User Throughput, (PA3, 1km ISD, 10UEs/Cell)
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(19% Gain) CLTD-Phase: Avg. CellTput = 1.69Mbps


Figure 4: User Throughput Gain v/s UE Throughput Percentile, (PA3, 1km ISD, 10UEs/Cell)
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Figure 5: CDF of UE Transmit Power (dBm) (PA3, 1km ISD, 10UEs/Cell)

3.4.2
Bursty Traffic
The open loop bursty traffic source as described in Table was evaluated for 8 UEs/cell, PA3, ISD=1km case. The average burst rate increased by 66% with a simultaneous decrease in average UE transmit power by 2.69 dB. Figure 6 shows the CDF of the UE average burst rate. In this case, CLTD beamforming significantly improves the UE burst rate especially for the UEs at the cell edge as shown in Figure 7. In addition to the burst rate improvement, Figure 8 shows that CLTD beamforming also helps to reduce the UE average transmit power across the cell.
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Figure 6: CDF of UE Average Burst Rate, (PA3, 1km ISD, 8UEs/Cell)
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Figure 7: Average Burst Rate Gain v/s UE Average Burst Rate Percentile, (PA3, 1km ISD, 10UEs/Cell)
[image: image14.emf]-40 -30 -20 -10 0 10 20 30

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Bursty MultiCell Laptop PA3 only 1Km 8 UEs/Cell

UE Total TxEc (dBm)

CDF

 

 

(0.00 dB Tx Pwr Gain) NoTD

(2.69 dB Tx Pwr Gain) CLTD-Phase


Figure 8: UE Tx Power CDF (PA3, 1km ISD, 8UEs/Cell)

3.5
Lab Evaluation of CL-BFTD
Table 6 summarizes the transmit power gain observed at the UE and the received Ecp/No loss observed at the NodeB due to CL-BFTD in a lab evaluation. A fixed transport block size (TBS) = 374 bits, 10ms TTI, Target 1% BLER after 2 transmissions was used in this evaluation.
Table 6: Lab Evaluation of CL-BFTD: Transmit Power Gain and Rx Ecp/No Loss

	
	
	
	Transmit Power Gain [dB]
	Average Rx Ecp/Io Loss [dB]

	Channel
	Antenna Correlation
	Antenna Imbalance   [dB]
	CL-BFTD
	CL-BFTD

	AWGN
	0
	0
	2.1
	0.1

	PA3
	0
	0
	2.8
	0.2

	
	0.5
	-3
	1.3
	0.3

	
	
	0
	2.5
	0.2

	
	
	3
	4.4
	0.3

	PB3
	0
	0
	1.8
	-0.5

	
	0.5
	-3
	0.3
	-0.6

	
	
	0
	1.7
	-0.6

	
	
	3
	3.4
	-0.4

	VA30
	0
	0
	1.6
	-0.4

	
	0.5
	-3
	0.2
	-0.5

	
	
	0
	1.8
	-0.4

	
	
	3
	3.5
	-0.4


3.6
OTA Evaluation of CL-BFTD

The CL-BFTD feature as described in Section 3.1 was also evaluated in a field trial over the air using a prototype UE and NodeB capable of CL-BFTD. The BFTD UE was tested with handset antennas. Tables 7 and 8 summarize the performance for a single cell, non soft handover setup as well as for a multi-cell setup for the UEs that were in 2-way handover.
Table 7: Single Cell, Non-Soft Handover, OTA performance due to CL-BFTD

	Scenario
	Transmit Power Gain [dB]
	Target SIR Increase [dB]
	Measured SIR Increase [dB]

	Stationary
	2.3
	0.0
	0.1

	Pedestrian
	1.8
	0.1
	0.0

	Vehicular
	1.7
	-0.1
	-0.1


Table 8: Multi Cell, 2-way Soft Handover, OTA performance due to CL-BFTD

	Scenario
	Transmit Power Gain [dB]
	Target SIR Increase [dB]

	Stationary
	0.7
	0.4

	Pedestrian
	0.6
	0.3

	Vehicular
	0.4
	0.1


3.7
Impact to 3GPP RAN Specifications due to CL-BFTD

The impact to 3GPP RAN specifications due to CL-BFTD can be summarized as follows:

· Introduction of a secondary pilot uplink channel in the UE transmitter

· Channelization code and spreading factor of the secondary pilot channel

· UE power control procedure to set the transmit power of the secondary pilot channel

· Uplink power headroom measurements should now include the transmission of the secondary pilot

· E-TFC selection procedure should now account for the transmission of the secondary pilot

· Physical Layer Synchronization and Radio Link Failure procedures to accommodate the secondary pilot channel

· NodeB Feedback of the CL-BFTD information

· Number of feedback bits to represent 

· phase information

· amplitude information

· Feedback rate

· Timeline between transmission of the pilot channels on the uplink and the reception of the feedback bits on the downlink

· The downlink physical channel (eg. F-DPCH) to carry these bits

· UE Response to CL-BFTD feedback information

· UE procedure to apply beamforming weights on

· Primary pilot (DPCCH,1)

· Secondary pilot (DPCCH, 2)

· Data (DPDCH, E-DPDCH)

· Control (E-DPCCH, HS-DPCCH)
· UE Capability and RRC Configuration

· Signaling of new UE capability to support CL-BFTD to the network

· RRC configuration of CL-BFTD in the UE

· Mobility procedures to handle serving cell change between CL-BFTD and non CL-BFTD capable cells

· Radio Link Setup

· Introduce CL-BFTD relevant information elements in Radio Link setup messages sent on the Iub and Iur interfaces

· Minimum Performance

· Introduction of new minimum performance tests due to CL-BFTD

· Cubic metric impact due to the transmission of a secondary pilot channel. This in turn may impact the existing core MPR requirements
4
Closed Loop Switched Antenna Transmit Diversity

4.1
Basic Concept

The closed loop switched antenna transmit diversity (SATD) algorithm is used to take advantage of the possible imbalance of channels from each UE transmit antenna to the Node B receive antennas. The imbalance may be due to the disparity of the quality of two transmit antennas, the fading phenomenon, etc. Figure 9 shows a high level system block diagram of the CL-SATD scheme considered here.
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Figure 9: Closed Loop Switched Antenna Transmit Diversity, System Block Diagram

The CL-SATD scheme can be summarized as follows:
· At any given time, the UE transmits on only 1 out of 2 antennas 
· A cycle consists of a testing period and an extended use period. 

· Once the cycle period ends, the UE will transmit on the other transmit antenna to help Node B determine the new winner antenna and the new cycle period. 
· Duration of extended use period is adaptive:

· Testing Tx antennas has a performance cost. 
· The adaptive algorithm varies extended use periods for fast and slow fading channels. 
· Two bits are sent (each at a different time) on the F-DPCH

· 1 bit {test, don’t test}: Whether UE should switch antenna for the purpose of testing in the beginning of next 10ms Frame.

· 1 bit {switch, don’t switch}: Whether UE should switch antenna after test period

· This is determined based on comparison of the received pilot energies at the NodeB from each of the transmit antennas.

4.2
Lab Evaluation of CL-SATD

Table 9 summarizes the transmit power gain observed at the UE and the received Ecp/No loss observed at the NodeB due to CL-SATD in a lab evaluation. A fixed transport block size (TBS) = 374 bits, 10ms TTI, Target 1% BLER after 2 transmissions was used in this evaluation.

Table 9: Lab Evaluation of CL-SATD: Transmit Power Gain and Rx Ecp/No Loss

	
	
	
	Transmit Power Gain [dB]
	Average Rx Ecp/Io Loss [dB]

	Channel
	Antenna Correlation
	Antenna Imbalance   [dB]
	CL-SATD
	CL-SATD

	AWGN
	0
	0
	0.0
	0.1

	PA3
	0
	0
	1.0
	0.2

	
	0.5
	-3
	0.0
	0.1

	
	
	0
	1.3
	0.1

	
	
	3
	3.1
	0.1

	PB3
	0
	0
	0.6
	-0.2

	
	0.5
	-3
	0.0
	0.1

	
	
	0
	0.5
	-0.1

	
	
	3
	3.2
	0.0

	VA30
	0
	0
	0.5
	0.0

	
	0.5
	-3
	-0.5
	0.3

	
	
	0
	0.4
	-0.4

	
	
	3
	3.2
	-0.1


4.3
OTA Evaluation of CL-SATD

The CL-SATD feature as described in Section 4.1 was also evaluated in a field trial over the air using a practical UE and NodeB capable of CL-SATD. The SATD UE was tested with a pair of handset antennas.Tables 10 and 11 summarize the performance for a single cell, non soft handover setup as well as for a multi-cell setup for the UEs that were in 2-way handover.

Table 10: Single Cell, Non-Soft Handover, OTA performance due to CL-SATD

	Scenario
	Transmit Power Gain [dB]
	Target SIR Increase [dB]
	Measured SIR Increase [dB]

	Stationary
	1.8
	0.0
	0.0

	Pedestrian
	1.3
	-0.2
	-0.1

	Vehicular
	0.9
	-0.3
	-0.2


Table 11: Multi Cell, 2-way Soft Handover, OTA performance due to CL-SATD

	Scenario
	Transmit Power Gain [dB]
	Target SIR Increase [dB]

	Stationary
	1.0
	-0.1

	Pedestrian
	0.5
	-0.2

	Vehicular
	0.8
	0.0


4.3
Impact to 3GPP RAN Specifications due to CL-SATD

The impact to 3GPP RAN specifications due to CL-SATD can be summarized as follows:
· NodeB Feedback of the CL-SATD information

· 2 bits of information sent at different times on F-DPCH
· Antenna Choice

· Change antenna or 

· Stay with current antenna

· Cycle Period

· Test or 

· Do not Test

· Feedback rate

· Timeline between transmission on the winner antenna and the reception of the feedback bits on the downlink

· The downlink physical channel (eg. F-DPCH) to carry these bits

· UE Response to CL-SATD feedback information

· UE procedure to transmit on winner antenna and switching between candidate transmit antennas
· UE Capability and RRC Configuration

· Signaling of new UE capability to support CL- to the network

· RRC configuration of CL-SATD in the UE

· Mobility procedures to handle serving cell change between CL-SATD and non CL-SATD capable cells

· Radio Link Setup

· Introduce CL-SATD relevant information elements in Radio Link setup messages sent on the Iub and Iur interfaces

· Minimum Performance

· Introduction of new minimum performance tests due to CL-SATD

· Impact to Max Tx power core requirement due to CL-SATD

· Due to introduction of RF switch in the transmit path
5
Conclusions

In this contribution, we have introduced the concept of closed loop uplink transmit diversity (CL-ULTD) for HSPA along with some preliminary link, system, lab and OTA evaluation results. Both the closed loop switched antenna transmit diversity (SATD) and beamforming transmit diversity (BFTD) schemes were considered alongwith the impacts to 3GPP RAN specifications.. The SATD schemes is suitable for UE devices that are cost effective and use a single power amplifier (PA) while the BFTD scheme is realized in UE devices that can afford 2 PAs. The transmit power gains associated with each scheme were observed to be fairly significant. From a system performance point of view, the benefits of CL ULTD results in the following: (i) Improved cell coverage or UE performance in the cell edge when the UE becomes transmit power limited. (ii) Reduced interference to other cells, especially for the CL-BFTD scheme, since the CL-BFTD UE constructively forms a beam to the serving cell while received at non-serving cells without constructive addition, which in return, increases the average UE as well as the Cell throughput. (iii) Reduced UE transmit power.
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