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1 Introduction

During the last RAN1 meetings in Jeju (RAN1#22) and Korpilampi (RAN1#23), there were some discussions on the choice of transmit diversity scheme for HSDPA [3]

 REF _Ref536851129 \r \h 
[7]

 REF _Ref536851134 \r \h 
[8]

 REF _Ref536851136 \r \h 
[9]. Transmit diversity schemes can be applied to both the HS-SCCH and HS-PDSCH. These two HSDPA channels can be considered scheduled transmissions because both are transmitted to the scheduled user only. The HS-SCCH is power controlled to the addressed user while HS-PDSCH uses link adaptation and uses all the remaining power allocated to the user.  The scheduled nature of these two channels provides multi-user diversity that can be considered another form of diversity scheme. Therefore, it becomes important to study the interaction of the available transmit diversity schemes with multi-user diversity.

The major difference between HS-SCCH and HS-PDSCH is that the latter one applies techniques such as AMC and HARQ to improve system throughput. The HARQ scheme itself provides some diversity and then it becomes interesting to see the interaction of transmit diversity schemes with the use HARQ.  In this paper, we compare the performance of various transmit diversity schemes such as STTD, selection transmit diversity (STD) and closed-loop transmit diversity for HSDPA.

2 Summary of performance results

The performance results are summarized in Table 1. It can be seen that the closed-loop transmit diversity schemes i.e. STD and CLTD, which is also alternately often referred to as TxAA, provides significant improvement compared to single-antenna (SA) and open-loop transmit diversity scheme (STTD)
. As the UE speed increases, the gains from closed-loop transmit diversity reduces. This is because at high speeds or high Dopplers, the channel quality changes rapidly, i.e., the coherence time of the channel is comparable to or smaller than the channel quality feedback delay. As a result, the gains from closed-loop transmit diversity schemes diminish. Additionally, at high speeds, HARQ provides robustness by operating at high FER. Since HARQ can be regarded as a form of diversity, any additional diversity technique provides marginal gains. It should be noted that HARQ provides gains only at medium/high speeds. At low speeds like 3.0Km/h, HARQ provides no gains over simple link adaptation with fast retransmissions [4].  In the absence of HARQ gains at low speeds, the system can benefit from any form of additional diversity. It is well known that at low speeds closed-loop transmit diversity schemes always outperform open loop transmit diversity schemes.

Table 1 Summary of transmit diversity schemes performance results

	UE Speed
	STTD
	STD
	TxAA

	3.0 Km/h
	At light loads, STTD gives better performance compared to single antenna. At medium/high loads single-antenna provides better performance compared to STTD
	STD provides more than 33% performance improvement over single-antenna
	TxAA provides more than 33% performance improvement over single-antenna. Furthermore, TxAA with 4 bits weight indication outperforms STD


3 Simulation Results

The simulations were performed for single antenna, STD, TxAA and STTD. In the case of TxAA, we assume 4 bits of feedback from the UE: 1 bit is used for FSMpo, i.e., magnitude, and 3 bits for FSMph, i.e., phase, subfield. We also assume a one-shot application of the weight vector in each TTI. 

The HARQ scheme is based on incremental redundancy with the flexibility of changing modulation and coding scheme on retransmissions (A2IR). The A2IR system design is based on the rate table shown in Table 2. All results are for adaptive, asynchronous incremental redundancy (A2IR) using a semi-static TTI of 2ms (3 slots). 

Table 2: Data Rate and MCS table. TTI is fixed at 3-slots or 2 ms. Channelisation codes are of SF=16.  The cells marked “X” correspond to non self-decodable transmissions and may be used only for retransmission.

	Number of Codes
	Modulation and Coding Schemes

	
	1280 bits code block
	2560 bits code block
	3840 bits code block
	5120 bits code block
	7680 bits code block
	11520 bits code block
	15360 bits code block

	
	640 Kbps
	1280 Kbps
	1920 Kbps
	2560 Kbps
	3840 Kbps
	5760 Kbps
	7680 Kbps

	10
	QPSK, 0.13
	QPSK, 0.27
	QPSK, 0.4
	QPSK, 0.53
	QPSK, 0.8
	16QAM, 0.6
	16QAM, 0.8

	8
	QPSK, 0.17
	QPSK, 0.33
	QPSK, 0.5
	QPSK, 0.67
	16QAM, 0.5
	16QAM, 0.75
	X

	6
	QPSK, 0.22
	QPSK, 0.44
	QPSK, 0.67
	16QAM, 0.44
	16QAM, 0.67
	X
	X

	4
	QPSK, 0.33
	QPSK, 0.67
	16QAM, 0.5
	16QAM, 0.67
	X
	X
	X

	2
	QPSK, 0.67
	16QAM, 0.67
	X
	X
	X
	X
	X


Data rate and MCS selection from the rate table may be performed in multiple ways. These are

a) C/I Based Selection: Based on the number of codes available and the data backlog, the best MCS that can be supported is selected. User’s backlog may be rounded up to the nearest code block size via padding or data may be segmented. 

b) Code Block Based Selection: The code block size is first selected to match the backlog, always rounding up to the nearest code block size. If the data backlog exceeds the largest code block size, then the largest code block size is selected and the data is segmented accordingly. The number of codes available determines the row below which selection in the rate table is possible. For example, if code block size of 5120 bits is selected and there are 8-codes available, then rows 2-4 in the rate table may be selected. (Note that Row 5 is disallowed except for retransmission with A2IR). If a suitable MCS cannot be found in that column, then the next lower code block size is searched in a similar fashion. This continues until the appropriate code block and MCS are picked. 

For A2IR scheme, MCS and number of codes may be selected both for first transmission as well as retransmission. The first transmission of code blocks is always self-decodable, but retransmissions are not necessarily self-decodable.  If a retransmission corresponds to one of the entries marked “X” in the rate table, then the retransmission is not self-decodable. For such retransmissions, only QPSK modulation is used and the code rate is selected appropriately. The notion of aggressive factors in the selection of MCS was introduced in [2] and is repeated in Appendix B for convenience. 

The throughput metrics used viz. Over-The-Air (OTA) Throughput, Service Throughput and Packet Call Throughput are as defined in the TR (see [1]). In addition, the cumulative distribution function (CDF) of the UE packet call throughput is also provided as a measure of quality of service.

As used in [1], the following assumptions are made (other assumptions from TR are listed in the Appendix of this document). 

· 30% power used by overhead channels

· Single path Rayleigh fading with 3km/hr and 30 km/hr speeds.

· Fractional Recovered Power (FRP) is 0.98

The following additional assumptions are made in obtaining the simulation results:

· No limit on maximum number of retries.

· Fast cell selection is not considered.

· Results do not count padding into the throughput (i.e. only information bits count towards throughput).

· Channel quality measurement and ACK/NACK feedback are error-free. In the case of TxAA, we have modeled, in part, the effect of phase estimation errors. Note that the performance of TxAA depends on the UE’s ability to estimate the phase difference of the received signals from the two antennas. In our simulations, we assume that the UE estimates the phase difference from the pilots on the two antennas, each of which has 3% of the power fraction. 

· The channel quality feedback delay is assumed to be 6 slots and the ACK/NACK delay is assumed to be 3 slots.

· Normalized Max C/I scheduler is used, wherein scheduling is based on the instantaneous (Rayleigh) fading alone, thereby removing the effect of the UE’s geometry.

The adaptive scheme uses link quality feedback valid during previous transmissions of a data block to obtain an estimate of the aggregated energy for that data block at the receiver. That information is used in conjunction with the most recent link quality feedback to determine the MCS and number of codes for retransmission. This adaptive scheme attempts to pick the MCS and number of codes to fulfill the residual energy required for the data block to be successful with high probability. For example, for a given MCS, suppose we need Eb/No of 1 (= 0 dB) for successful decoding. If Eb/No from earlier transmissions is 9/10, then we need only 1/10 (= -10 dB) more. The MCS and number of codes for retransmission can be selected to provide just the required energy (= -10 dB) under the current channel conditions. Wherever possible, capacity gains are quantified by matching the UE packet call throughput CDFs especially in the lower throughput region (< 1000 Kbps) [5].

3.1 System performance at 3.0 Km/h

The system throughput results are given in Table 3 through Table 6. Note that both the closed-loop transmit diversity schemes provide significant improvements in throughputs over a system with no transmit diversity, i.e., single-antenna (SA). Additionally, STTD provides gains over SA in a lightly loaded system, i.e., when the system has low multi-user diversity. However, when the system is heavily loaded, i.e., when the system can benefit from high multi-user diversity, its performance is actually inferior to SA.

Table 3: Throughputs for single-antenna (SA) at 3km/hr

	Number of UEs
	Pkt. Call Tput (Kbps)
	OTA

(Kbps)
	Service Tput (Kbps)
	Utilization
	Ave. num of TX per success

	12
	1459.5
	1662.0
	442.8
	0.27
	2.52

	37
	1289.7
	2085.3
	1349.0
	0.65
	2.37

	56
	1154.4
	2477.1
	2012.5
	0.81
	2.23

	75
	965.8
	2848.4
	2627.1
	0.92
	2.13

	100
	720.6
	3476.3
	3414.9
	0.98
	1.96


Table 4: Throughputs for STD at 3km/hr

	Number of UEs
	Pkt. Call Tput (Kbps)
	OTA

(Kbps)
	Service Tput (Kbps)
	Utilization
	Ave. num of TX per success

	12
	1697.5
	2198.8
	433.0
	0.20
	2.16

	37
	1545.0
	2542.6
	1364.3
	0.54
	2.11

	56
	1361.7
	2846.4
	2057.9
	0.72
	2.05

	75
	1209.0
	3184.9
	2677.3
	0.84
	1.98

	100
	947.0
	3703.1
	3507.7
	0.95
	1.89


Table 5: Throughputs for STTD at 3km/hr

	Number of UEs
	Pkt. Call Tput (Kbps)
	OTA

(Kbps)
	Service Tput (Kbps)
	Utilization
	Ave. num of TX per success

	12
	1547.4
	1859.5
	417.8
	0.23
	2.32

	37
	1328.6
	2156.5
	1337.7
	0.62
	2.26

	56
	1154.6
	2481.2
	1975.7
	0.80
	2.17

	75
	969.0
	2909.1
	2653.5
	0.91
	2.07

	100
	671.3
	3406.9
	3346.2
	0.98
	1.95


Table 6: Throughputs for TxAA at 3km/hr

	Number of UEs
	Pkt. Call Tput (Kbps)
	OTA

(Kbps)
	Service Tput (Kbps)
	Utilization
	Ave. num of TX per success

	12
	1776.7
	2432.8
	442.0
	0.18
	1.55

	37
	1647.4
	2780.4
	1362.7
	0.49
	1.54

	56
	1494.3
	3041.8
	2019.5
	0.66
	1.55

	75
	1277.9
	3316.1
	2709.6
	0.82
	1.56

	100
	998.7
	3785.1
	3528.9
	0.93
	1.57


[image: image1.emf]0

10

20

30

40

50

60

70

80

90

100

0 500 1000 1500 2000 2500 3000

Packet call throughput in kbps

CDF (%)

37UE, SA

37UE, STTD

37UE, STD

37UE, TxAA


Figure 1: Packet call throughput CDFs at 3km/hr.
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Figure 2: Packet call throughput CDFs at 3km/hr.
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Figure 3: Packet call throughput CDFs at 3km/hr.
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Figure 4: Packet call throughput CDFs at 3km/hr.

The packet call throughput comparison is given in Table 5. It can be seen that the packet call throughput for TXAA and STD with 100 UEs is better than the CDF for single antenna with 75UEs. This represents greater than 33% improvement in capacity for the same QoS defined in terms of packet call throughput. 
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Figure 5: Comparison of packet call throughput CDFs at 3km/hr.

3.2 System performance at 30.0 Km/h

The system throughput results are given in Table 7 through Table 10. As mentioned earlier, under the given simulation assumptions, the results at this speed are inconclusive regarding the superiority of any of the transmit diversity schemes considered.

Table 7: Throughputs for Single-antenna at 30km/hr

	Number of UEs
	Pkt. Call Tput (Kbps)
	OTA

(Kbps)
	Service Tput (Kbps)
	Utilization
	Ave. num of TX per success

	12
	1445.6
	1746.4
	436.9
	0.26
	1.87

	37
	1088.0
	1878.9
	1315.2
	0.70
	2.07

	56
	861.4
	2233.4
	1951.6
	0.87
	2.14

	75
	549.4
	2588.9
	2518.9
	0.97
	2.25

	100
	284.4
	3023.8
	3019.9
	1.00
	2.31


Table 8: Throughputs for STD at 30km/hr

	Number of UEs
	Pkt. Call Tput (Kbps)
	OTA

(Kbps)
	Service Tput (Kbps)
	Utilization
	Ave. num of TX per success

	12
	1515.7
	1881.5
	429.2
	0.23
	2.09

	37
	1214.0
	2105.9
	1354.8
	0.65
	2.21

	56
	968.1
	2355.0
	1976.1
	0.84
	2.26

	75
	626.6
	2622.9
	2520.2
	0.96
	2.35

	100
	311.7
	3081.9
	3076.3
	1.00
	2.38


Table 9: Throughputs for STTD at 30km/hr

	Number of UEs
	Pkt. Call Tput (Kbps)
	OTA

(Kbps)
	Service Tput (Kbps)
	Utilization
	Ave. num of TX per success

	12
	1520.8
	1825.5
	440.0
	0.25
	1.69

	37
	1238.3
	2053.4
	1304.9
	0.64
	1.80

	56
	878.8
	2270.3
	1980.9
	0.87
	1.92

	75
	542.2
	2562.8
	2493.0
	0.97
	2.03

	100
	261.2
	2918.3
	2914.6
	1.00
	2.11


Table 10: Throughputs for TxAA at 30km/hr

	Number of UEs
	Pkt. Call Tput (Kbps)
	OTA

(Kbps)
	Service Tput (Kbps)
	Utilization
	Ave. num of TX per success

	12
	1482.8
	1798.9
	453.6
	0.26
	1.91

	37
	1224.8
	2070.1
	1316.8
	0.64
	2.00

	56
	938.2
	2311.1
	1973.3
	0.86
	2.10

	75
	649.6
	2663.6
	2561.8
	0.96
	2.18

	100
	314.7
	3064.5
	3061.3
	1.00
	2.28
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Figure 6: Packet call throughput CDFs at 30km/hr
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Figure 7: Packet call throughput CDFs at 30km/hr
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Figure 8: Packet call throughput CDFs at 30km/hr

[image: image9.emf]0

10

20

30

40

50

60

70

80

90

100

0 500 1000 1500 2000 2500 3000

Packet call throughput in kbps

CDF (%)

100UE, SA

100UE, STTD

100UE, STD

100UE, TxAA


Figure 9: Packet call throughput CDFs at 30km/hr

4 Discussion and Conclusions

A comparison of the system-level performance of different transmit diversity schemes, as also the performance of a system with no transmit diversity, has been presented. Following is a summary of our conclusions, and a discussion of some relevant issues concerning the transmit diversity techniques.

· At low speeds like 3.0Km/h, closed-loop transmit diversity schemes provide significant capacity gain over single-antenna case. The gain achieved with STD can be as high as 33% compared to single-antenna case. Additionally, TxAA, with 3-bit phase information, outperforms STD at low speeds. 

· The performance of both STD and TxAA scheme will degrade in the presence of feedback errors, which have not been simulated here. These errors, if undetected by the UE, result in improper demodulation, which, in the extreme case, can result in corruption of H-ARQ buffers. Note that the severity of the impact of these errors on the different schemes can be different. This is because, TxAA achieves its gains through coherent combining of the received signals from the two antennas, and the presence of undetected feedback errors is likely to impact its performance to a greater extent. We remark that the effect of feedback errors can be mitigated to some extent through antenna verification, or by explicitly including the weight information for TxAA (1-bit antenna indication in case of STD) in the HS-SCCH. 

· Additionally, even with ideal antenna verification, the effect of errors in phase estimation for the purpose of coherent demodulation is likely to be greater with TxAA than with STD. Note that in order to perform coherent demodulation, STD (as also the case with no transmit diversity) requires the phase of the received signal from only one antenna, while TxAA requires phase information of both the received paths. In fact, this effect is more pronounced with higher order modulations, i.e., 16-QAM. In the simulation results presented in this document, we have modeled the loss in SNR due to imperfect phase estimation for QPSK modulation. 

· The simulations were done using normalized Max C/I scheduler. With more fair schedulers like proportional fair, the gains of some of the diversity schemes can be even higher.

· At medium speeds, feedback delay results in a reduction in the gains from closed-loop transmit diversity schemes. Here, HARQ provides the necessary diversity. 

In summary, TxAA is likely to be less robust to channel estimation errors and feedback errors than STD or STTD, because it attempts to coherently combine the received signals from the two antennas. Our simulation results have shown that at low mobile speeds, TxAA – with the appropriate amount of weight feedback – outperforms the other transmit diversity schemes by a reasonable margin. So, if the weight feedback error rate is low, or with other techniques – such as, antenna verification or explicit signaling of the weight information on the HS-SCCH – gains for TxAA will not be impacted. Otherwise, the performance of TxAA can be impacted severely. 
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6 Annex: Simulation parameters

The system level simulation parameters are listed in Table 11 below.

Table 11 Basic system level simulation assumptions.
	Parameter
	Explanation/Assumption
	Comments

	Cellular layout
	Hexagonal grid, 3-sector sites
	Provide your cell layout picture

	Site to Site distance
	2800 m
	

	Antenna pattern
	As proposed in [2]
	Only horizontal pattern specified

	Propagation model
	L = 128.1 + 37.6 Log10(R)
	R in kilometers

	CPICH power
	-10 dB
	

	Other common channels
	- 10 dB
	

	Power allocated to HSDPA transmission, including associated signaling
	Max. 70 % of total cell power
	

	Slow fading
	As modeled in UMTS 30.03, B 1.4.1.4
	

	Std. deviation of slow fading
	8 dB
	

	Correlation between sectors
	1.0
	

	Correlation between sites
	0.5
	

	Correlation distance of slow fading
	50 m
	

	Carrier frequency
	2000 MHz
	

	BS antenna gain
	14 dB
	

	UE antenna gain
	0 dBi
	

	UE noise figure
	9 dB
	

	Max. # of retransmissions
	Specify the value used
	Retransmissions by fast HARQ


	Fast HARQ scheme
	A2IR
	

	BS total Tx power
	Up to 44 dBm
	

	Active set size
	3
	Maximum size

	Frame duration
	2.0 ms
	

	Scheduling
	normalized Max C/I
	

	Specify Fast Fading model
	Jakes spectrum
	Generated e.g. by Jakes or Filter approach 


The fundamentals of the data-traffic model are captured in Table 12 below.

Table 12 Data-traffic model parameters

	Process
	Random Variable
	Parameters

	Packet Calls Size
	Pareto with cutoff
	Α=1.1, k=4.5 Kbytes, m=2 Mbytes, μ = 25 Kbytes

	Time Between Packet Calls
	Geometric
	μ = 5 seconds

	Packet Size
	Segmented based on MTU size
	(e.g. 1500 octets)

	Packets per Packet Call
	Deterministic
	Based on Packet Call Size and Packet MTU

	Packet Inter-arrival Time

 (open- loop)
	Geometric
	μ = MTU size /peak link speed 

(e.g. [1500 octets * 8] /2 Mb/s = 6 ms)

	Packet Inter-arrival Time

 (closed-loop)
	Deterministic
	TCP/IP Slow Start 

(Fixed Network Delay of 100 ms)


Appendix B: MCS Selection and Aggressiveness

The aggressive factor [w x y z] indicates w dB aggressiveness for QPSK, x dB for 8-PSK, y dB for 16-QAM and z dB for 64QAM. As an example, assume 7680 bits code block has been selected. If a, b, c, d and e represent the SNR required to maintain 1% BLER for MCS 1 (QPSK, 0.16), 2 (QPSK, 0.48), 3 (QPSK, 0.8), 4 (8PSK, 0.8) and 5 (64QAM, 0.8), respectively, the SNR is partitioned into five regions: (-(,b-w], (b-w, c-w], (c-w, d-x], (d-x, e-z] and (e-z,(). These regions correspond to the SNR ranges where the MCS 1, 2, 3, 4 and 5 will be chosen respectively.
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Figure 10 An Illustration of MCS selection with [6 3 2 0] aggressiveness










� In this paper, in order to avoid confusion between the term “closed-loop diversity techniques” (which include STD and CLTD) and CLTD, we shall use the term TxAA instead of CLTD.





PAGE  
11

