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1. Introduction

With UE-specific reference symbols being available to decode the data in the PDSCH, it is desirable to have minimal reference symbols needed to decode the PDCCH since these reference symbols are not useful in decoding the PDSCH.  However with many multiple transmit antenna techniques (like STBC, SFBC, or FSTD) reference symbols need to be sent from all transmit antennas.  The reference symbol overhead can thus quickly get very large as the number of transmit antennas increases and becomes prohibitive when the number of transmit antennas becomes larger than 4.  The simplest way around this problem and hence minimize the reference symbol overhead, are transparent multiple antenna methods such as low-delay cyclic-shift diversity CSD (aka cyclic-delay diversity or CDD) [1] or FIR-CSD [2] may be employed.  In low-delay CSD each antenna sends the same information but each antenna circularly shifts the OFDM symbols with a different cyclic shift value that is on the order of a few sample times.  In FIR-CSD each transmit antenna filters the same data with different FIR filters that have low bulk delay.  Because of the low delays in each technique, the received signal at the UE looks like a single transmit antenna transmission and hence only reference symbols for a single virtual transmit antenna need to be sent.
In this contribution we provide simulation results showing that while there is some performance loss for using a transparent antenna method (on the order of 1.25 to 1.75 dB depending on channel conditions), the loss is minimal and acceptable to save the increased overhead for using non-transparent antenna methods.
2. FIR CSD Overview
In FIR-CSD, instead of a single cyclic shift being employed per antenna, multiple cyclic shifts are used along with different complex scaling values for each cyclic shift.  The use of multiple cyclic shifts and complex scaling values causes the frequency response of the FIR-CSD transmission on each transmit antenna to be frequency selective.  The frequency-selective response of FIR-CSD on each transmit antenna is in contrast to CSD which has a flat frequency response on each transmit antenna (only the phase changes across frequency in CSD).  The frequency-selective property of FIR-CSD and filter-bank-like properties makes FIR-CSD perform significantly better than regular low-delay CSD in channels with moderate to high transmit antenna correlations.  For FIR-CSD, the transmitted signal from antenna m (before cyclic prefix insertion) is given by:
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where L is the number of filter taps behind each antenna, am,( is the (th scaling value for antenna m, dm,( is the delay for the (th tap on the mth antenna, (n)N means n modulus N, and x(n,b) is the nth sample of the bth OFDM symbol.  Like regular CSD, because the cyclic prefix is inserted after the FIR-CSD operation, the full cyclic prefix protection is still obtained.

The received frequency-domain signal for FIR-CSD can be shown to be (on a single UE antenna):
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where Hm(k,b) is the frequency-domain channel for transmit antenna m, and X(k,b) is the FFT of x(n,b), N(k,b) is additive noise plus interference.
Similar to CSD, the decoding of FIR-CSD is the same as single transmit antenna decoding since the effective channel looks like it comes from a single antenna.  By employing small delay values, dm,(, FIR-CSD can be made transparent to the UE.

Many choices for filters are possible and one such choice for four transmit antennas for bandwidths greater than or equal to 10 MHz is given in Table 1 (these values are used for generating the simulation results).

Table 1. Example Transparent FIR-CSD design for four transmit antennas

	
	Tap 1
	Tap 2
	Tap 3
	Tap 4

	Tx #
	Delay
	Scaling
	Delay
	Scaling
	Delay
	Scaling
	Delay
	Scaling

	1
	0
	1/4
	5
	1/4
	10
	1/4
	15
	1/4

	2
	2
	1/4
	7
	j/4
	12
	-1/4
	17
	-j/4

	3
	0
	1/4
	5
	-1/4
	10
	1/4
	15
	-1/4

	4
	2
	1/4
	7
	-j/4
	12
	-1/4
	17
	j/4


3. Simulation Results

In this section simulation results are presented showing the performance of the transparent multiple antenna methods compared to the non-transparent methods.  A 36 bit PDCCH was simulated with rate 1/2 coded QPSK modulation.  A four element ULA with all vertical polarization and a 0.5 ( spacing was employed at the eNodeB and the UE had two co-located antennas with orthogonal polarization.  All results are shown with channel estimation using a IFFT-based channel estimator followed with Bayesian smoothing in the time domain (see Section II of [3]).  The low delay CSD technique used a delay of 0 samples for antenna 1, a delay of 3 samples for antenna 2, a delay of 5 samples for antenna 3 and a delay of 7 samples for antenna 4.  The FIR-CSD method used the filters shown in Table 1.
Figure 1 shows FER results for the TU channel model with a 5( transmit angular spread and Figure 2 shows FER results for the PedB channel model with a 5( angular spread.  In both cases at a 1% FER there is only a 1.3 dB loss for the FIR-CSD method over both pair-wise Alamouti (LTE standard compliant) and the single antenna transmission
.  Figure 3 shows the FER results for the TU channel with a 15( transmit angular spread.  With the higher angular spread the pair-wise Alamouti method is able to take advantage of the higher transmit diversity better than the FIR-CSD method, but the FIR-CSD method in this case still only sees a small loss of 1.75 dB.  Hence the FIR-CSD transparent method which requires just a reference symbol for one virtual antenna (4.76% overhead) sees only a small loss relative to pair-wise Alamouti which requires four reference symbols (14.29% overhead).
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Figure 1: FER results for the TU channel with a 5( angular spread and a 4 element ULA at the eNodeB.
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Figure 2: FER results for the Ped-B channel with a 5( angular spread and a 4 element ULA at the eNodeB.
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Figure 3: FER results for the TU channel with a 15( angular spread and a 4 element ULA at the eNodeB.

4. Conclusion

In this contribution FER results for the PDCCH were shown for both transparent and non-transparent multiple transmit antenna methods.  In the four transmit antenna case, the results show that the FIR-CSD transparent method which only requires a reference symbol for one virtual antenna had only a 1.25-1.75 dB loss depending on channel environment over the pair-wise Alamouti method which required reference symbols for four antennas.  Thus only a single virtual antenna reference signal should be sufficient to decode the PDCCH.
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� These simulations are power-fair meaning the single transmit antenna transmits at four times the power of one of the antennas in the 4 antenna case.  In most deployments the single antenna results will be 6 dB worse because the power cannot be boosted by a factor of four since all four transmit antennas typically transmit at full power.
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