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1 Introduction
The 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 this data before the rest of the TTI arrives. This means that node-B needs to exploit an open loop transmit scheme with low spectral efficiency. In addition, UE needs to decode this signal as soon as it arrives. 

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]. In this contribution, further numerical results are provided for 2×2 and 4×2 downlink control channel over spatial channel model (SCM-C). 

2 System Description
In the LTE system model, in each TTI, control channel precedes data channel. It includes some common data to be used by all users. It needs to be decoded prior to arrival of the data channel. This helps the UEs to access and store only their own data and conserve energy. As a result, control channel consist of open loop low-spectral efficiency channel coding and modulation with easy and fast decoding scheme. 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. UEs are assumed to exploit an optimal Viterbi decoder. 

We consider a downlink wireless communication channel that consists of two (2-branch) or four (4-branch) 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:
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· 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. Please note that the SFBC/FSTD achieves diversity order of 4 through channel coding while keeping a simple structure similar to 2x2 Alamouti codes. 
· SFBC/CDD (This is the combination of SFBC and CDD where antennas are separated into two groups, 1 and 3 in one group and 2 and 4 are in another group. Finally, these two groups are used to send STTD codes.)
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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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Assuming that channel coefficients do not change very fast over frequency, it is easy to see that unlike regular SFBC, the equivalent channel is not orthogonal and hence, MLD or MMSE decoder is required at the receiver side.
SFBC 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. 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 2 or 4, in the 2- and 4-branch systems, respectively. Note that different symbols experience different channel coefficients and some may suffer from poor channel. This inversely affects the error performance, especially in high coding rates. 

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-branch systems. For the 4×2 system, although the transmit diversity order for each individual symbol is 2, after the channel code, the overall coded transmit diversity is 4. It is 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. 

If we combine SFBC and CDD, the equivalent channel is not orthogonal and hence some of Alamouti code’s benefits vanish. 
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 used bandwidth = 600 sub-carriers
· TTI size = 2 sub-frames = 1 msec = 14 OFDM symbols

· FFT size = 1024

· Sampling frequency = 15.36 MHz
· Carrier frequency: 2 GHz
· Channel model: SCM-C
· Antenna spacing: 4 
[image: image17.wmf]l


· Cyclic Prefix: 72 samples
· Control Channel assignment, all the tones in the second OFDM symbol of each TTI.
· Scattered reference symbol density of 6 subcarriers

· Receiver: MMSE

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

· Cyclic shift in CDD
· 2×2: 128 samples

· 4×2: 128, 256 and 384 samples
· 4×2 combined SFBC/CDD: 128 and 256 samples
4 Link Level Simulation Results
4.1 Comparison of different open loop schemes with perfect CSI
Figure 1 shows numerical results of different transmit diversity schemes for the control channel. The channel model is SCM-C and the speed is 3 km/h. Note that for low and moderate mobile speeds, velocity and carrier frequency do not affect the performance if a perfect CSI is available at the receiver side. The number of transmit antennas is set to two. Simulation results show that with perfect channel knowledge, SFBC outperforms other schemes by about 0.3 dB.
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Figure 1. Performance comparison in a 2×2 system with perfect CSI.
Figure 2 shows the numerical results for a 4×2 system. As it can be seen, SFBC/FSTD outperforms FSTD, CDD and SFBC/CDD by about 0.5, 0.3 and 0.3 dB, respectively.
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Figure 2. Performance comparison in a 4×2 system with perfect CSI.
4.2 Effect of channel estimation on the performance
Here, we study the robustness of these schemes over channel estimation errors. As mentioned before, control channel is decoded before the rest of TTI arrives. As a result, the channel estimator should estimate the channel only based on preceding reference symbols. 

Figures 3 and 4 show the simulation results for the same systems as in Figures 1 and 2, except that a channel estimator is in the receiver. It uses the first reference OFDM symbol in the current TTI and all reference symbols from the preceding TTI. The channel estimator estimates the channel correlation and applies a Weiner filter to the reference symbols. Then, it interpolates the channel coefficients over frequency and extrapolates them over time. These Figures show that this channel estimator performs very well with only around 0.2 dB degradation with respect to a decoder with perfect CSI. Still, SFBC and SFBC/FSTD retain their superiority over other open-loop transmit diversity schemes.
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Figure 3. Performance comparison in a 2×2 system with channel estimation.
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Figure 4. Performance comparison in a 4×2 system with channel estimation.

Figures 5 and 6 show the effect of using a simple channel estimator which only relies on the reference symbols in the first OFDM symbol in the TTI. In this case, the channel estimation is relatively poor and all schemes show about 0.5 dB degradation in the performance. However, CDD is the most vulnerable scheme against channel estimation error and it performs even worse that the simple FSTD scheme in a 2×2 system.
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Figure 5. Performance comparison in a 2×2 system with simple channel estimation.
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Figure 6. Performance comparison in a 4×2 system with simple channel estimation.

4.3 Effect of mobile speed on the performance
As mentioned earlier, since all the control channel tones are in the same OFDM symbol, mobile speed is irrelevant to the performance with perfect CSI. However, with channel estimation, channel aging affects the performance of all schemes.

Figures 7 and 8 show the performance of the same system as in Figures 5 and 6 except for the speed of 120 km/h. The same simple channel estimator as in Figures 5 and 6 is exploited here. Because of channel aging, the performance degrades even further and the error performance shows more than 0.5 dB degradation. These curves show that SFBC and SFBC/FSTD still outperform other schemes in this scenario as well. CDD is the most vulnerable scheme against channel estimation errors and in 2×2 system it is even worse than FSTD scheme.
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Figure 7. Performance comparison in a 2×2 system with simple channel estimation, 120 km/h.
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Figure 8. Performance comparison in a 4×2 system with simple channel estimation, 120 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 as they exploit the maximum diversity and possess orthogonal equivalent channels. Although CDD performs better than FSTD in both scenarios, it is more vulnerable to channel estimation errors and in a 2×2 system, it performs the worst with simple channel estimation. 

In a 4×2 system, combining SFBC and CDD provides no gain compared to pure CDD and SFBC/FSTD outperforms both of them by about 0.3 dB. In a 4×2 system, FSTD is the worst scheme with perfect or imperfect CSI at the receiver. Table 1 shows the relative gain of SFBC and SFBC/FSTD over other schemes with the SCM-C channel model.
Table 1. Relative gain of SFBC  and SFBC/FSTD over other schemes

	System
	SFBC Relative gain (dB) in 2x2
	SFBC/FSTD Relative gain (dB) in 4x2

	Scenario
	CDD
	FSTD
	CDD
	FSTD
	SFBC/CDD

	3km/h, perfect CSI
	0.3
	0.4
	0.3
	0.5
	0.3

	3 km/h, Wiener Channel estimation
	0.4
	0.4
	0.3
	0.5
	0.3

	3 km/h, Simple Channel estimation
	0.4
	0.3
	0.4
	0.5
	0.3

	120 km/h, Simple Channel estimation
	0.5
	0.2
	0.3
	0.6
	0.3


5.2 Complexity
Except for combined SFBC/CDD, 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. For combined SFBC/CDD, the equivalent channel is not orthogonal and MMSE receiver needs to perform 2×2 channel inversions over every 2 adjacent subcarriers. Tables 2 and 3 encapsulate the computational complexity overhead of all the schemes per control channel tone, when MMSE decoder is used. 
Table 2. Computational complexity overhead for all 2x2 schemes with MMSE decoder
	2x2 System
	Complex divisions 
	Complex multiplications 
	Equivalent Channel phase rotations 

	SFBC
	1
	15
	0

	CDD
	1
	4
	1

	FSTD
	1
	0
	0


Table 3. Computational complexity overhead for all 4x2 schemes with MMSE decoder

	4x2 System
	Complex divisions
	Complex multiplications 
	Equivalent Channel phase rotations 

	SFBC/FSTD
	1
	15
	0

	CDD
	1
	8
	3

	FSTD
	1
	2
	0

	SFBC/CDD
	1
	15
	2


When the equivalent channel is orthogonal, a decoder can simply multiplies the transposed equivalent channel matrix to the received vector. Tables 4 and 5 show the complexity overhead of all these schemes per control channel tone when a simple conventional decoder is used. Note that for SFBC/CDD, the channel matrix is not orthogonal.

Table 4. Computational complexity overhead for all 2x2 schemes with simple decoder

	2x2 System
	Complex multiplications 
	Equivalent Channel phase rotations 

	SFBC
	4
	0

	CDD
	2
	1

	FSTD
	1
	0


Table 5. Computational complexity overhead for all 4x2 schemes with simple decoder

	4x2 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, combined SFBC/FSTD and combined SFBC/CDD. 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 CDD is slightly better than FSTD with perfect CSI, it is vulnerable to imperfect channel estimation and FSTD outperforms it by about 0.1 dB with real channel estimation.

· In a 4×2 system, SFBC/FSTD outperforms CDD, FSTD and combined SFBC/CDD by about 0.3 dB with perfect CSI. With channel estimation, this superiority extends to about 0.6 dB over FSTD and about 0.4 dB over 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. 
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-branches.
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