3GPP TSG-Ran Working Group 1 Meeting #47bis
R1-070455
Sorrento, Italy, Jan 15th-19th, 2007
Agenda Item:
6.7.5
Source: 
Nortel
Title: 
Further Performance Evaluation of Downlink Transmit Diversity Schemes for 2- and 4-Branch L1/L2 Control 
Document for:
Discussion
1 Introduction
Coverage is a very important desired feature for the control channel, which transmits, for example, the scheduling information for DL data transmission and the scheduling grant for UL transmission. As a result, all users have to be able to decode their corresponding control data before they can decode their own data. This means that node-B needs to exploit an open loop transmit scheme with low spectral efficiency for many users. In RAN1 # 47 meeting held in Riga, it was agreed that DL control channel is located in the first n (n<=3) OFDM symbols. In addition, multiple control channels are used to carry the information for each MAC ID. As a result, the information length for each control channel is very short 

We provided some numerical results for open loop data channel in [1-3] comparing orthogonal space-time and space-frequency transmit diversity (STTD, SFTD) [4], cyclic delay diversity (CDD) [5] and combined STTD/CDD, SFTD/CDD [6]. We also provided some simulation results for single-codeword control channel in [7]. In this contribution, we provide further numerical results for 2×2 and 4×2 downlink multi-codeword control channel over TU channel according to the latest working assumptions on control channel and RS structure. 
2 System Description
According to the working assumptions agreed in Riga meeting, in each TTI, control channel precedes data channel and it needs to be decoded prior to data channel. The sooner the user decodes the control channel, the sooner it can stop buffering the received signal, which might or might not be allocated to that specific user. This helps the UEs to access and store only their own data and conserve energy. On the other hand HARQ can not be applied to the control channel. As a result, control channel consists of open loop low-spectral efficiency channel coding and modulation with easy and fast decoding scheme at least for cell-edge users. For this reason, we assume that the control channel occupies only the second OFDM symbol in each TTI, right after the first set of reference symbols in the first OFDM symbol. We assume that the modulation is QPSK and the channel coding scheme is a rate 1/3 tail-biting binary convolutional code with k=9 (8 memory elements) and coefficients 557, 663 and 711 in octal representation. Simulation results are based on 40-bit control channel codewords occupying 60 tones in five different RBs distributed evenly over the bandwicth. UEs exploit an optimal Viterbi decoder to decode the control channel. 

We consider a downlink wireless communication channel that consists of two (2-Tx) or four (4-Tx) transmit antennas. We assume that the receiver is a UE exploiting two receive antennas. The following open-loop schemes are considered. Note that in the following matrices, rows represent different transmit antennas and columns represent different tones separated in frequency as all the control channel tones occupy the same OFDM symbol. 
· 2×2 system
· Frequency switched transmit diversity (FSTD): 
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The equivalent channel equation for this scheme over the two adjacent sub-carriers k and k+1 is:
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---(EQ-2),
where H represents the channel coefficients matrix.

· Alamouti space-frequency block code, (SFBC, also known as space-frequency transmit diversity, SFTD)
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The equivalent channel equation for this scheme over the two adjacent sub-carriers k and k+1 is:
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---(EQ-4)

Assuming that the channel coefficients do not change very fast over frequency, the equivalent channel is orthogonal and hence, a simple Alamouti decoder performs similar to the optimal receiver.

· Cyclic delay diversity (CDD, also known as cyclic shift diversity, CSD): The OFDM signal is transmitted over one transmit antenna and a circularly shifted version of that is transmitted over the second transmit antenna. 
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where the phase shift is related to the relative time shift and sub-carrier position. For the frequency position k and cyclic delay D and FFT size of N, this phase shift is
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The equivalent channel equation for this scheme over the two adjacent sub-carrier k is:


[image: image7.wmf][

]

1

)

(

22

21

)

(

12

11

2

1

]

[

]

[

]

[

]

[

]

[

]

[

S

e

k

H

k

H

e

k

H

k

H

k

y

k

y

Y

k

j

k

j

ú

û

ù

ê

ë

é

+

+

=

ú

û

ù

ê

ë

é

=

q

q

---(EQ-6)

· 4×2 system
· FSTD
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The equivalent channel equation for this scheme over the two adjacent sub-carriers k to k+3 is:
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· CDD
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The equivalent channel equation for this scheme over the two adjacent sub-carrier k is:
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· Combined SFBC/FSTD 
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The equivalent channel equation for this scheme over the two adjacent sub-carriers k to k+3 is:
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Similar to 2×2 case, assuming that the channel coefficients do not change very fast over frequency, the equivalent channel is orthogonal and hence, a simple Alamouti decoder performs similar to the optimal receiver. Note that SFBC/FSTD achieves diversity order of 4 through channel coding while keeping a simple structure similar to 2×2 Alamouti codes. 
FSTD exploits the spatial diversity in the transmitter side by periodically switching on different transmit antennas over different subcarriers. This scheme is very simple and exploits the transmit diversity of the system when a low channel coding rate is used. Note that although each individual symbol experiences a transmit diversity order of one, after the channel code, the overall coded error performance has a transmit diversity order of two or four, in the 2- and 4-Tx systems, respectively. Different symbols experience different channel coefficients and some may suffer from poor channel. This inversely affects the error performance, especially in high coding rates corresponding to cell-interior users exploiting higher spectral efficient control channels. 

By using the Alamouti code in a system with two transmit and two receive antennas, the equivalent channel is orthogonal with the equivalent energy of the sum square of the channel coefficients from the four paths between the transmitter and the receiver, assuming the channel coefficient does not change over two adjacent tones (either in time or frequency). As a result, Alamouti code provides a diversity order of four in a 2×2 system. This property combined by the frequency diversity caused by a dispersed channel provides a reliable transmission especially with a low-rate channel code. Note that all symbols in each Alamouti code experience the same equivalent channel gain. Similar results are applicable to four-Tx systems. For the 4×2 system, although the transmit diversity order for each individual symbol is two, after the channel code, the overall coded transmit diversity is four. It is well known that the Alamouti scheme is optimal over 2×1 system.
A cyclic shift in the time domain is equivalent to the phase shift in the frequency domain. CDD exploits this phenomenon to obtain a frequency-selective equivalent channel. For example, in a system with two transmit antennas and one receive antenna, the equivalent channel for subcarrier k can be written as:
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where h11[k] and h12[k] represent the channel coefficient in the kth subcarrier, D is the size of the circular rotation in chips and N is the size of the OFDM symbols in chips (FFT size). With a large D (i.e. comparable to the OFDM size in chips), the equivalent channel is highly frequency-selective. 
3 Simulation Parameters

The following parameters are used to simulate the performance of these schemes, unless otherwise is specified.
· Channel bandwidth = 10 MHz

· Number of total sub-carriers = 601 (including DC)
· TTI size = 2 sub-frames = 1 msec = 14 OFDM symbols

· FFT size = 1024

· Sampling frequency = 15.36 MHz
· Carrier frequency: 2.5 GHz
· Channel model: uncorrelated TU 3, 120 and 350 km/h
· Cyclic Prefix: 72 samples
· Control Channel assignment: all the tones in the second OFDM symbol of each TTI.
· RS: Scattered reference symbol density of 6 subcarriers as specified by working assumption as shown in Figures 1 and 2 for 2-Tx and 4-Tx transmission, respectively. These two Figures show 2 adjacent RBs where the left one is assumed to carry 12 tones of the control channel for one specific UE. For each UE, 5 different RBS across the band carry the control channel. In these two Figures, T1, T2, T3, and T4 represent a pilot tone for Transmitters 1, 2, 3 and 4, D represents a data tone or a control channel tone for other UEs, and finally, C represents a control channel tone.
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Figure 1. Pilot pattern for 2-Tx transmission.
	T1
	T3
	T4
	T2
	D
	D
	T1
	T3
	T4
	T2
	D
	D
	T1
	T3
	T4
	T2
	D
	D
	T1
	T3
	T4
	T2
	D
	D

	C
	C
	C
	C
	C
	C
	C
	C
	C
	C
	C
	C
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	T2
	D
	D
	T1
	D
	D
	T2
	D
	D
	T1
	D
	D
	T2
	D
	D
	T1
	D
	D
	T2
	D
	D
	T1
	D
	D

	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	T1
	D
	D
	T2
	T3
	T4
	T1
	D
	D
	T2
	T3
	T4
	T1
	D
	D
	T2
	T3
	T4
	T1
	D
	D
	T2
	T3
	T4

	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	T2
	D
	D
	T1
	D
	D
	T2
	D
	D
	T1
	D
	D
	T2
	D
	D
	T1
	D
	D
	T2
	D
	D
	T1
	D
	D

	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D


Figure 2. Pilot pattern for 4-Tx transmission.
· Channel estimation: Wiener filter based only on pilots in the first OFDM symbol of each TTI (the first OFDM symbol of the first sub-frame) to facilitate fast decoding of the control channel. Although transmit antennas number 3 and 4 in a 4-Tx system have lower pilot density, they have the same pilot density over the first OFDM symbol resulting in a balanced channel estimation over all four transmit antennas benefiting control channel decoding.
· Receiver: MMSE

· Symbol constellation: QPSK
· Channel coding: tail-biting convolutional code, k=9, R=1/3

· Cyclic shift in CDD
· 2×2: 3 samples for short delay CDD and 127 samples for long delay CDD
· 4×2: 3, 5 and 8 samples for short delay CDD and 53, 127 and 220 samples for long delay CDD

4 Link Level Simulation Results
4.1 Comparison of different open loop schemes in low speed
Figure 3 shows numerical results of different transmit diversity schemes for the control channel in a TU channel with 3km/h mobile speed. Note that all the control channel tones occupy the same OFDM symbol and hence, there is no time diversity inherent in transmission. As a result, velocity and carrier frequency do not affect the performance for low and moderate mobile speeds, if a perfect CSI is available at the receiver side. The number of transmit antennas is set to two as well as the number of receive antennas. For channel estimation, only reference symbols in the first OFDM symbol in each TTI are being used leaving no room for channel time-interpolation. In the frequency direction, a Wiener filter of size three RBs is applied meaning that each RB relies on reference symbols in the two adjacent RBS for channel estimation. Control channel tones are allocated within five different RBs distributed across the whole frequency band. Since the modulation scheme is QPSK and tail-biting convolutional coding rate is 1/3, the total number of information bits per control channel is 40.

Simulation results show that SFBC outperforms FSTD and long delay CDD by 0.4 dB with perfect channel estimation. Realistic channel estimation preserves the superiority of SFBC over all other schemes. Long delay CDD and SFTD show comparable performance while low delay CDD is unable to exploit the spatial diversity of the system and performs the poorest while imposes a high decoder complexity due to channel rotation. In fact, FSTD outperforms short delay CDD by about 0.9 dB with perfect or real channel estimation.
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Figure 3. Performance comparison in a 2×2 system, TU 3 km/h
Figure 4 shows the numerical results for a 4×2 system. All other parameters are the same as in Figure 3. As shown by Figure 4, SFBC/FSTD outperforms FSTD, long delay CDD and short delay CDD by about 0.3, 0.3 and 1.2 dB, respectively. Unlike other schemes, short delay CDD does not improve significantly as the number of transmit antennas increases and does not achieve the maximum transmit diversity of the system. Short delay CDD also suffers more than other schemes with real channel estimation and SFBC/FSTD outperforms it by about 1.3 dB.
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Figure 4. Performance comparison in a 4×2 system, TU 3 km/h.
4.2 Comparison of different open loop schemes in medium speed

Figures 5 and 6 show simulation results for the same systems as in Figures 3 and 4 except that the UE speed is 120 km/h. As mentioned above, since all the control tones are in the same OFDM symbol, there is no temporal diversity available and the error performance with perfect CSI remains unchanged as the UE speed increases. However, channel estimation degrades with higher mobile speed. Simulation results in Figure 5 exhibits the effect of this degradation on all different schemes, which shows that SFBC maintains its superiority over FSTD, and both long and short delay CDD with aging channel in a 2×2 system. 
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Figure 5. Performance comparison in a 2×2 system, TU 120 km/h.
Simulation results in Figure 6 shows that SFBC maintains its superiority over FSTD with aging channel in a 4×2 system. As for CDD, both long and short delay CDD are vulnerable to channel estimation error and degrade more when the mobile speed increases.
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Figure 6. Performance comparison in a 4×2 system, TU 120 km/h.
4.3 Comparison of different open loop schemes in very high speed

Figures 7 and 8 show the simulation results for the same systems as in Figures 3 and 4 with very high speed of 350 km/h. Now, channel aging results in a relative degradation of up to 2 dB with real channel estimation. A carrier frequency of 2.5 GHz is assumed in the simulations. The effect of channel estimation error in this speed is almost the same in all 2×2 schemes and as a result, the superiority of 0.3, 0.4 and 0.9 dB of SFBC over FSTD, long delay CDD and short delay CDD is preserved. As for 4×2 system, SFBC/FSTD outperforms FSTD, long delay CDD and short delay CDD by 0.3, 0.5 and 1.9 dB, respectively.
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Figure 7. Performance comparison in a 2×2 system, TU 350 km/h.
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Figure 8. Performance comparison in a 4×2 system, TU 350 km/h.
5 Comparisons 

5.1 Performance
Numerical results provided in this contribution compare the error performance of downlink control channel in 2×2 and 4×2 systems with different open loop transmit schemes. As expected, SFBC and SFBC/FSTD provide the best gain since they exploit the maximum diversity and possess orthogonal equivalent channels. Long delay CDD performs similar to FSTD, but it requires additional complexity due to equivalent channel computation and it is more vulnerable to channel estimation caused by channel aging. 

In a 4×2 system, SFBC/FSTD outperforms long delay CDD and FSTD by about 0.3 when the perfect CSI is available to the receiver. In all scenarios, short delay CDD performs the worst and is most vulnerable to channel estimation errors. 

Table 1 summarizes the gain of 2×2 SFBC over other 2×2 schemes and 4×2 SFBC/FSTD over other 4×2 schemes with the perfect channel information and the channel information obtained from the first RS symbol.
Table 1. Relative gain of SFBC and SFBC/FSTD over other schemes
	System
	SFBC Relative gain (dB) in 2×2
	SFBC/FSTD Relative gain (dB) in 4×2

	
	Short CDD
	Long CDD
	FSTD
	Short CDD
	Long CDD
	FSTD

	Perfect CSI
	3 km/h
	0.9
	0.4
	0.4
	1.2
	0.3
	0.3

	Real Channel Estimation
	3 km/h
	0.9
	0.4
	0.2
	1.3
	0.4
	0.3

	
	120 km/h
	0.9
	0.4
	0.4
	1.6
	0.4
	0.3

	
	350 km/h
	0.9
	0.4
	0.3
	1.9
	0.5
	0.3


Table 2 shows the relative gain of 4×2 SFBC/FSTD over all 2×2 and other 4×2 schemes to exhibit the advantage of transmitting control channel over four transmit antennas instead of two antennas.
Table 2. Relative gain of 4×2 SFBC/FSTD over all  2×2 and 4×2 schemes
	
	4×2 SFBC/FSTD Relative gain (dB)

	
	2×2
	4×2

	
	SFBC
	Short CDD
	Long CDD
	FSTD
	Short CDD
	Long CDD
	FSTD

	Perfect CSI
	3 km/h
	0.6
	1.5
	1
	1
	1.2
	0.3
	0.3

	Real Channel Estimation
	3 km/h
	0.7
	1.6
	1.1
	0.9
	1.3
	0.4
	0.3

	
	120 km/h
	0.8
	1.7
	1.2
	1.2
	1.6
	0.4
	0.3

	
	350 km/h
	0.9
	1.8
	1.3
	1.2
	1.9
	0.5
	0.3


5.2 Complexity
The equivalent channel for all these schemes is orthogonal and hence, a simple MMSE decoder performs like the maximum likelihood decoder (MLD). Note that in all these cases, the MMSE inversion is trivial and no extra complexity is added due to this channel inversion. However, pure CDD needs an extra step to calculate the equivalent channel due to the phase rotation caused by temporal shift. Tables 3 and 4 encapsulate the computational complexity overhead of all the schemes per control channel tone, when MMSE decoder is used. 
Table 3. Computational complexity overhead for all 2×2 schemes with MMSE decoder
	2×2 System
	Complex divisions 
	Complex multiplications 
	Equivalent Channel phase rotations 

	SFBC
	1
	15
	0

	CDD
	1
	4
	1

	FSTD
	1
	0
	0


Table 4. Computational complexity overhead for all 4×2 schemes with MMSE decoder
	4×2 System
	Complex divisions
	Complex multiplications 
	Equivalent Channel phase rotations 

	SFBC/FSTD
	1
	15
	0

	CDD
	1
	8
	3

	FSTD
	1
	2
	0


When the equivalent channel is orthogonal, a decoder can simply multiplies the transposed equivalent channel matrix to the received vector. Tables 5 and 6 show the complexity overhead of all these schemes per control channel tone when a simple conventional decoder is used. 

Table 5. Computational complexity overhead for all 2×2 schemes with simple decoder
	2×2 System
	Complex multiplications 
	Equivalent Channel phase rotations 

	SFBC
	4
	0

	CDD
	2
	1

	FSTD
	1
	0


Table 6. Computational complexity overhead for all 4×2 schemes with simple decoder
	4×2 System
	Complex multiplications 
	Equivalent Channel phase rotations 

	SFBC/FSTD
	4
	0

	CDD
	2
	3

	FSTD
	1
	0


6 Conclusion
In this contribution, we compared the performance of several downlink open loop schemes: SFBC, CDD, FSTD and combined SFBC/FSTD. Simulation results provided in this contribution show that:
· In 2×2 systems, SFBC outperforms FSTD and CDD by about 0.3 dB.
· In 2×2 systems, although long delay CDD performs similar to FSTD with perfect CSI, it is vulnerable to imperfect channel estimation and FSTD outperforms it by about 0.1-0.2 dB with real channel estimation.

· In a 4×2 system, SFBC/FSTD outperforms long delay CDD and FSTD by about 0.3 dB with perfect CSI. With channel estimation, this superiority extends to about 0.5 dB over long delay CDD.
· The SFBC and SFBC/FSTD are less sensitive to channel estimation error than other schemes such as CDD and SFBC/CDD. 

· The complexity of SFBC and SFBC/FSTD are minimal and comparable with other schemes. 

· Short delay CDD performs the poorest with the localized and multi-localized channel resource assignment. 
· Using four transmit antennas for the control channel instead of two antennas results in a 0.6 dB gain, which improves the coverage.

Therefore, we recommend SFBC and SFBC/FSTD schemes shown by (EQ-3) and (EQ-11) matrices being adopted as LTE downlink control channel open loop transmit diversity for 2 and 4-Tx. We also recommend that where possible, use a 4-Tx control channel.
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