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1 Introduction
The EUTRA system complexity requirements specified in TR 25.913 [1], state that the overall system complexity should be minimized by limiting the number of options in the system (section 11.1 (a)).  Presently several options for open-loop transmit diversity schemes are being considered for EUTRA (see section 7.1.1.4 of TR 25.814 [2]).  This contribution supports the selection of a single transmit diversity option to minimize system complexity.   We present system level performance comparison of open-loop transmit diversity schemes.  Results are presented for Alamouti-space-time-block codes (STBC) and the cyclic-delay-diversity (CDD) codes, which are the main open loop transmit diversity options being considered at present.  
We show that the  spatial diversity benefit of the STBC scheme is reduced significantly in the presence of co-channel interference (CCI).  As such the diversity advantage of STBC, when compared to CDD schemes, becomes negligible for an interference-limited cellular system.  In comparison, the CDD scheme may be designed to control the frequency-selectivity across the OFDM band to improve multi-user diversity gains with channel-aware scheduling.  Thus, CDD can provide system performance benefits over STBC especially for channels with limited frequency-diversity.  
We note that a number of recent contributions,  [3-8], have focused on comparing STBC and CDD based transmit diversity schemes.  Contributions [3-5], present link layer results which do not account for co-channel interference and hence show that STBC schemes can provide performance improvement over CDD.  Contribution [6] compares the interference limited performance of STBC and CDD schemes, and shows a benefit for CDD over STBC if interference-aware linear receivers are used.  Our results show that in terms of  average spectral efficiency, the interference-limited performance of CDD and STBC schemes is roughly similar, even with the use of interference-aware  linear-minimum-mean-square (LMMSE) receivers. We further note that the multi-user diversity gains with CDD are extensively illustrated in contribution [7].  Our contribution extends the evaluation to include STBC schemes, to further illustrate the system performance advantage of CDD over STBC. 

2.1 Discussion on performance of STBC and CDD in the presence of co-channel interference

The operation of STBC and CDD schemes are well described in [3,5].  Here we discuss the impact of co-channel interference on the spatial diversity performance of STBC schemes and compare it with the expected performance of CDD.  
For the case of STBC, the benefits of spatial diversity are reflected in an improved post-processing SINR distribution at the receiver.  Typically STBC schemes are decoded by a simple matched-filter (MF) operation.  The post processing SINR is the SINR value seen at the input to the FEC decoder after the matched filtering operation.   The following table shows the per-sub-carrier post-processing SINR expression for a 1x1, 2x1 STBC, 2x1 CDD  and a 1x2 maximal-ratio-combining (MRC) scheme, without accounting for co-channel interference.

Table 1: Per sub-carrier post-processing SINR with matched filtering receiver, without co-channel interference
	Configuration
	Per sub-carrier post-processing SINR expression
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	1x2 MRC
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	2x1 CDD 
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In the above table, 
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is variance of the AWGN thermal noise at the receiver.  In the 2x1 CDD expression, Dd is the cyclic delay value used and N is the FFT size.   

We focus on the STBC comparison first.  The per-sub-carrier post-processing SINR of the 2x1 STBC scheme is 3 dB worse than that of the corresponding 1x2-MRC scheme due to the normalization of the total transmitted power.  Nevertheless, the diversity benefit for both the schemes over the 1x1 SISO case remains the same ([11]).   
In the presence of co-channel interference, the post-processing SINR of the 2x1 and 1x2 schemes are fundamentally different.  It is easy to show that the post-processing SINR in the presence of a single symbol-synchronous co-channel interferer is given by the expressions in the following table.
Table 2: Per sub-carrier post-processing SINR with matched filtering receiver, with an identical co-channel interferer 
	Configuration
	Per sub-carrier post-processing SINR expression
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	2x1-STBC
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	1x2 MRC
	
[image: image12.wmf](

)

÷

÷

÷

ø

ö

ç

ç

ç

è

æ

+

+

+

+

=

-

-

2

12

2

11

2

12

*

12

11

*

11

2

2

12

2

11

2

1

h

h

g

h

g

h

P

h

h

P

SINR

I

d

cci

MRC

x

s



	2x1 CDD
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are the channel gains and the power of the interference signal respectively.  Identical antenna configurations and processing is assumed for the desired and interfering signals.
It is clear from Table 2 that the diversity advantage of the 2x1 STBC scheme over a 1x1 scheme is reduced due to a similar diversity gain enjoyed by the interfering signal.  However, for the 1x2 case it can be seen that interfering signal channel gains do not add up coherently and the denominator term multiplying the interference power is typically small.   Thus the 1x2 scheme can still provides diversity gain when compared to the 2x1 STBC scheme.  

Based on the simple post-processing SINR considerations presented in this section we expect that the STBC schemes will have negligible performance advantage when compared with equivalent 1x1 and 1x2 schemes.   Here we should also mention that even though this contribution focuses on the interference performance of STBC, similar conclusions are applicable for space-frequency-block coding (SFBC)  schemes as well.
We also note that the per-sub-carrier post-processing SINR expressions for the 2x1 CDD schemes are identical to the 1x1 cases.  The variability of the post-processing SINR values across the OFDM band will be different with CDD.  Hence we expect that in the presence of interference 2x1 CDD will have behavior similar to the 1x1 configuration but the increased variance of the post-processing SINR across the OFDM band will translate into a frequency and multi-user diversity benefit for CDD.  Similar conclusions are applicable for comparing the 2x2 CDD and 1x2 MRC schemes.
3.1 Simulation assumptions
Details related to simulation methodology are listed in the Appendix and in a companion document [9].  The simulation methodology and assumptions are based on TR25.814 [2].  All results are presented for the Case 1 reference scenario in [2]. 

4.1 STBC Performance results for 2 TX Antennas
4.1 CDF of SINR

Figure 1 shows the cumulative density function of effective SINR for the 2x1 and 2x2 STBC configurations. Results are compared with SISO and the reference 1x2 configuration. The effective SINR  is defined as the SINR required to achieve average capacity across sub-carriers in a coded block.  This metric is used as PHY abstraction mapping between link and system level simulations in [10], and is also a useful channel quality indicator.  It can be seen that the 2x1 and 2x2 STBC schemes do not improve the SINR distributions when compared with the 1x1 and 1x2 configurations respectively.  

[image: image16]
Figure 1: CDF of effective-SINR for 6 tap TU channel.  Effective SINR computed over a coded block of 1125 KHz sub-bands and 0.5 ms TTI.
4.2 Spectral efficiency
The average spectral efficiency results for the STBC schemes are shown in the table below.  A proportional fair scheduler is assumed for the results shown.  We can see that the 2x1 and the 2x2 STBC schemes fail to provide spectral efficiency improvements when compared with the corresponding 1x1 and 1x2 schemes.  Hence there is negligible spectral efficiency benefit of using the STBC based transmit diversity option in an interference limited system.
Table 3: Performance comparison of STBC schemes in TU channels, with PF scheduler .  10 users per sector and full buffer queues are assumed.
	Configuration 
	OFDMA 0.5 ms TTI

1125 KHz sub-bands 

 [b/s/Hz/Sector]

	1x1 
	1.09

	1x2
	1.38

	2x1 STBC 
	1.07

	2x2 STBC 
	1.31


5.1 System performance comparison of STBC and CDD without scheduling 
5.1 Spectral efficiency 
In this section we compare the average spectral efficiency performance of 2x2 STBC and CDD schemes.  We use a round-robin scheduler for this comparison so that only the spatial diversity performance of the two schemes in the presence of interference is compared and the benefit of multi-user diversity is excluded.  Both a flat fading and a frequency-selective TU channel are considered.  It can be seen from the results in Table 4 and Table 5, that both schemes fail to provide much gain over the reference 1x2 case.  This conclusion holds even if interference-suppressing linear MMSE
 receivers are used instead of the conventional matched filter receivers.
Table 4: Comparison of STBC and CDD schemes in flat fading channel, with round-robin scheduling.  Both matched filter and interference-aware MMSE receivers considered.
	Configuration 
	OFDMA 2 ms TTI

375KHz sub-bands
(MF)
[b/s/Hz/Sector]
	OFDMA 2 ms TTI

375KHz sub-bands
(MMSE)
[b/s/Hz/Sector]

	1x2
	1.2
	1.27

	2x2 STBC 
	1.16
	1.3 

	2x2 CDD 
	1.1
	1.2


Table 5: Comparison of STBC and CDD schemes in TU channel, with round-robin scheduling.  Both matched filter and interference-aware MMSE receivers considered.
	Configuration 
	OFDMA 2  ms TTI

375KHz sub-bands
(MF)

 [b/s/Hz/Sector]
	OFDMA 2  ms TTI

375KHz sub-bands
(MMSE)

 [b/s/Hz/Sector]

	1x2
	1.08
	1.21

	2x2 STBC 
	1.08
	1.18

	2x2 CDD 
	1.10
	1.14


6.1 Performance comparison of STBC and CDD schemes with channel-aware scheduling
The performance results in this section illustrate the performance of STBC and CDD schemes after including the multi-user diversity gains available with channel-aware scheduling.  A  proportional fair (PF) scheduler is used for this comparison.  Full buffer queues are assumed.  The  PF latency time constant is set to 10 and scheduling is performed for 10 user per sector. 
6.1 Spectral efficiency in flat fading channels

Table 6 shows the average spectral efficiency  performance of CDD and STBC scheme for flat fading channels with matched filter receiver.  It can be seen that the increased frequency diversity introduced with CDD  provides increased multi-user diversity gains.  2x2 CDD with  a simple matched filter receiver can improve the  average spectral efficiency performance by 20% and 23% over the 1x2 and 2x2 STBC cases respectively.  
Table 6:Comparison of STBC and CDD schemes in flat fading channel, with matched filter  receiver.  Proportional fair scheduler with 10 users per sector and full buffer queues are assumed.
	Configuration 
	OFDMA 2  ms TTI

375KHz sub-bands
(MF)

 [b/s/Hz/Sector]

	1x2
	1.31

	2x2 STBC 
	1.28

	2x2 CDD 
	1.57


6.2 Spectral efficiency in frequency-selective channels

When the channel is already frequency selective, the additional multi-user diversity benefit of using CDD is reduced. Table 7 shows the comparative performance of STBC and CDD with a 6-tap typical urban (TU) channel for the matched filter receiver.  It can be seen that CDD still provides (9-11%) improvement over the STBC case.  However for a highly frequency-selective TU channel its performance is similar to the reference 1x2 scenario.

Table 7: Comparison of STBC and CDD schemes in TU channels, with matched filter receiver.  Proportional fair scheduler  with 10 users per sector and full buffer queues are assumed.
	Configuration 
	OFDMA 2  ms TTI

375KHz sub-bands
(MF)

 [b/s/Hz/Sector]

	1x2
	1.6

	2x2 STBC 
	1.47

	2x2 CDD 
	1.61


7.1 Conclusions
In this contribution we have shown that the diversity benefit of STBC schemes is reduced in an interference-limited limited cellular system.  In contrast, cyclic delay diversity schemes can improve system performance over STBC by enhancing frequency and multi-user diversity gains in a system, especially  for channels that are frequency diversity-limited.   Enhancing multi-user diversity can benefit low-medium mobility users in the system for whom CQI feedback is available.  

The performance advantage of CDD over STBC is in addition to the complexity, flexibility and scalability advantages of CDD, which are already noted in [4,5]:

1. CDD codes are easily scalable for transmission with more than 2 TX antennas.  A systematic procedure for CDD code design with increasing number of antenna is given in [12]. With STBC, different codes must be designed when number of transmit antennas is greater than  2.

2. Unlike the STBC case, the same SISO decoder may be used for decoding CDD transmissions with any number of transmit antennas.   
3. Resource allocation with STBC is complex, especially for more than 2 antennas, as contiguous pairs of symbols/sub-carriers need to be reserved to carry STBC encoded symbols.
Considering complexity and scalability, together with the performance results reported here and in  other contributions [4,5,7,8], we recommend that CDD be chosen as the single open-loop transmit diversity option for EUTRA. 
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9.1 Appendix
9.1 Link simulation assumptions
The following table captures the link level simulation assumptions used for generating the system simulation results shown in this document.  Further details are captured in a companion document, [9], which also specifies parameters related to the EESM link-to-system mapping. 
Link simulation parameters
	Parameters
	Details

	DL Modulation and coding 
	QPSK  1/3,1/2, 3/4 

16QAM 1/2, 3/4
64QAM  1/2, 3/4 

	Coding for data channel and Mother code rate
	Turbo, 1/3

	Non-ideal receiver functions
	Ideal channel estimation 

	Link Mappings 
	EESM (exponential-effective-SINR)


	Cyclic delay value
	2 samples 


9.2 System simulation assumptions

Key system level simulation assumptions are summarized in following tables.  Further details are available in [9].
Macro-cell system simulation parameters

	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance
	500m

	Frequency Reuse
	1

	Carrier Frequency / Bandwidth
	2 GHz

	Channel model
	Flat fading and Typical Urban (TU) with spatial extension

	Spatial channel model
	Tx/Rx correlation matrices

	Tx correlation 
	0.0

	Rx correlation
	0

	UE speed
	3km/hr

	Total BS TX power (Ptotal)
	46dBm - 10MHz carrier

	Inter-cell interference modeling
	DL: Explicit modeling of strongest B = 14 frequency selective interferers

	Macro-diversity
	Users dropped uniformly in a cell of 3R radius 

	HARQ
	None 

	Target PER
	1%


OFDMA simulation parameters

	Parameter
	Assumption

	Subframe duration
	0.5ms and 2ms

	Transmission BW
	10MHz

	Usable subcarriers
	600

	CP Length 
	Short

	Number of OFDM symbols per subframe
	6 (data) + 1 (reference)


Scheduling parameters

	Parameter
	Assumption

	Resource block/per user
	25 subcarriers x 6 symbols

	Coded block/per user
	Fixed code block size of :

· 75 subcarriers x 6 symbols for 0.5 ms TTI 
· 25 sub-carriers x 6 symbols x 4 sub-frames for 2 ms TTI

	CQI feedback delay 
	0 TTI (channel prediction is assumed)

	Scheduler
	Round-Robin and Proportional Fair

	PF latency parameter
	10

	Control + Reference overhead 
	25% 

	Traffic Models 
	None.  Full buffer queues are assumed

	Number of users scheduled per sub-frame
	10
































� In this contribution, the results shown for interference-suppressing minimum-mean-square-error  (MMSE) receivers assume ideal knowledge of the interference statistics.
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