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1. Introduction

In closed-loop beamforming including single-stream precoding, closed-loop SU-MIMO, and MU-MIMO, the UE no longer sees a broadcast channel on the downlink but instead sees a beamformed channel that is likely unique to the UE.  Thus using channel estimates derived from broadcast pilots from each transmit antenna will not tell the UE what its beamformed channel is.  An exception is if the UE feeds back a codebook vector to the Node B without error and the Node B uses this known codebook vector along with the measured broadcast channel to determine the beamformed channel.  However, this idea assumes perfect feedback which is not always practical.  To avoid possible confusion about what transmit weight vector the Node B employs, the Node B can signal the vector used.  One method of signaling the vector is to use additional control information.  However, this approach can make the control channel less efficient.  Therefore this contribution compares signaling the weight vector to using dedicated pilots to signal the codebook weight vectors the Node B uses on each resource block (RB) to the UE.
One option for the transmission of dedicated pilots is to replace the second reference signal [1] with dedicated pilots as is shown in Figure 1 for the example case of four Node B antennas and two beamformed data streams.  Because the second reference signal is replaced with dedicated pilots the overhead is kept low.  Note that in this example that the dedicated pilots are in different locations on each RB (because the dedicated pilots are on every sixth subcarrier and the RB length (in frequency) is 25 subcarriers).  The UE can use both the broadcast pilots on the first reference signal along with its dedicated pilots on the second reference signal to determine which transmit weights the Node B used.  Once the transmit weight vectors are known, the UE can compute the beamformed channel on each subcarrier as the broadcast channel vector times the codebook weight.
A second option for the transmission of the dedicated pilots is to insert pilots in addition to the reference signal as is shown in Figure 2.  In this case the dedicated pilots are in the same locations on each RB which may make channel estimation easier and also ensures that each RB has the same number of dedicated pilot symbols.  Another desirable feature of this design for dedicated pilots is that there are dedicated pilots at each end of the RB which will reduce channel estimation errors at the edge of the RB.
Advantages of using dedicated pilots to identify the codebook vectors being used include are:

· Robustness to errors in the uplink feedback .

· No control channel overhead is needed to signal the codebook vector to the UE.
· The estimation of the weights leverage the broadcast pilots which need to be present anyway for the UEs to determine their codebook weight vectors and decode the broadcast control channel.

Besides dedicated pilots being very useful for identifying the codebook vectors, the use of dedicated pilots have value for the following:

· Dedicated pilots are useful for single-stream closed-loop transmission as well as SU-MIMO and MU-MIMO.

· The dedicated pilot overhead is very low (e.g., an additional 2.38% for each stream).

· The dedicated pilots could also be used for precoding in TDD where non-codebook based methods can be used.  In this case the UE estimates the beamformed channel directly from the dedicated pilots and does not use the broadcast pilots.
· Dedicated pilots allow full flexibility in Node B antenna array design without the UE needing to be aware of (or to adapt to) the antenna array configuration.
Besides just proposing a means for dedicated pilots, this contribution also explores closed-loop SU-MIMO using codebook feedback [4] in order to meet the downlink peak data rate targets of EUTRA [2].  While open-loop SU-MIMO can meet the peak data rates, closed-loop SU-MIMO can meet those data rate targets at lower downlink SNRs.  Thus results are shown for codebook-based SU-MIMO using dedicated pilots for the Node B to signal the codebook weight vectors to the UE.
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Figure 1. One option for both broadcast pilots (i.e., the reference signal at symbol time one) and dedicated pilots (i.e., replace the second reference signal at symbol time five with dedicated pilots).  Rm indicates reference signal for Node B antenna m (four Node B antennas are shown) and Pn indicates dedicated pilot for stream n.  Dedicated pilot overhead is 2.29% per stream; total pilot overhead is 14.29%.  The dark vertical line denotes the boundary between the first and second RB and hence the dedicated pilots on each RB may be for different UEs.  Note that the dedicated pilots are in different locations on the two RBs.
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Figure 2. A second option for both broadcast pilots (i.e., the reference signal at symbol times one and five) and dedicated pilots.  Rm indicates reference signal for Node B antenna m (four Node B antennas are shown) and Pn indicates dedicated pilot for stream n.  The dedicated pilot overhead is 2.86% per stream; total pilot overhead is 15.29%.  The dark vertical line denotes the boundary between the first and second RB and hence the dedicated pilots on each RB may be for different UEs.  Note that the dedicated pilots are in the same locations on every RB.

2. Signaling the Codebook Vectors in SU-MIMO Using Dedicated Pilots
In one form of closed-loop SU-MIMO, the UE will determine codebook weights for each stream on each resource block (RB).  These codebook weights will be fed back to the Node B using some type of feedback message (the exact nature of the feedback is outside the scope of this contribution).  However, there could be error in the feedback in which case the Node B will use incorrect weights.  To prevent the UE from using the wrong codebook weight vectors to determine the beamformed channels to each data stream, dedicated pilots may be used to signal the transmit weight vectors.  The signaling of the weight vectors is straightforward and simply involves beamforming the pilots on the second reference symbol (see Figure 1 or Figure 2) using the same vectors as is used to beamform the data streams on each RB.
In detail, the steps for codebook precoding a single data stream or SU-MIMO codebook feedback using dedicated pilots to signal the weight vectors are:

1. The UE measures the downlink broadcast channel using pilots in the reference signal.

2. The UE determines the best codebook weight vectors for each data stream on each RB that the Node B requests (i.e., the UE determines weights only on the RBs which will be used to transmit data in a future downlink).

3. The UE signals the codebook vectors for each stream on each RB to the Node B.

4. The Node B receives the codebook vectors from the UEs (possibly with errors).
5. The Node B uses the codebook vectors to separately beamform each RB.  Dedicated pilots are sent for each data stream along with broadcast pilots for each transmit antenna.  The dedicated pilots are beamformed along with the data on each RB.
6. The UE estimates the channel to each transmit antenna using the broadcast pilots.
7. The UE uses the received dedicated pilots and the estimated broadcast channel to determine which codebook weight vectors the Node B used on each resource block.

8. The UE uses the estimated broadcast channel and the estimated codebook weight vectors to determine the beamformed channel.

9. The UE decodes its data using the beamformed channel.

3. Simulation Results
Table 1.  Simulation parameters.

	Parameter
	Value

	Carrier Bandwidth
	5 MHz

	TTI Duration
	0.5 ms

	FFT size
	512

	Sampling rate
	7.68 MHz

	Propagation channels
	TU (3 km/h), independent fading

	Channel estimator
	Near-ML time of arrival estimator [3]

	Code type
	3GPP turbo code

	Modulation and coding rates
	½ QPSK, ½ 16-QAM,  ¾ 16-QAM, and ¾ 64-QAM

	# of TX antennas at Node B
	2 and 4

	# of RX antennas at UE
	2

	# of data streams
	1 and 2

	# of codebook vectors
	8 for 2 Tx antennas and 16 for 4 Tx antennas

	Receiver method
	Linear MMSE combining


SU-MIMO is tested using the simulation parameters shown in Table 1.  All results are for two separately-coded data streams with the same modulation and coding rate on each stream.  Separate codebook vectors are chosen for each data stream and the selection is done to give the lowest average MSE assuming linear MMSE combining.  The codebook size is 8 vectors for two transmit antennas and 16 vectors for four transmit antennas (the vectors do not have a constant modulus) and the vectors are designed to have a good Grassmannian distance [4] between every pair.  There are two or four transmit antennas at the Node B and two receive antennas at the UE.  The UE uses a near-ML time of arrival (TOA) channel estimator [3] to estimate the broadcast channels (using the pilot structure in Figure 1).  For these results the feedback is sent error free.  However, the UE still estimates which codebook vectors are used in a ML-sense assuming that all vectors were equally likely to be used by the Node B.  The verification performance shown here is therefore conservative, since the UE can use knowledge of the requested weights to further improve performance.
Figure 3 and Figure 4 show throughput results with 2 and 4 Node B antennas (respectively) for closed-loop codebook based feedback with and without weight estimation versus open-loop two stream SU-MIMO and single transmit antenna (single stream).  With two transmit antennas, the closed-loop single stream codebook method is best at low SNRs and the closed-loop dual stream method is better at higher SNRs.  With four transmit antennas, the closed loop method has over a 6.0 dB advantage over open loop (dual stream) at the higher SNRs (greater than about 15.0 dB) and yet still has a good gain even at lower SNRs.  The results clearly demonstrate that the use of dedicated pilots to signal the transmit weights is effective.  Note that only at low SNRs (less than about 5 dB) is weight estimation causing a noticeable performance loss of about 0.5 dB in the two transmit antenna case and 1.0 dB in the four antenna case over having ideal weight knowledge.
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Figure 3. Throughput results for 2 transmit antennas at the Node B, 2 data streams, and 2 receive antennas at the UE.  Linear MMSE combining is employed and the codebook feedback is error free.  In the legend, CB stands for codebook, wght. is and abbreviation for weight, and est. is an abbreviation for estimation.
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Figure 4. Throughput results for 4 transmit antennas at the Node B, 2 data streams, and 2 receive antennas at the UE.  Linear MMSE combining is employed and the codebook feedback is error free.  In the legend, CB stands for codebook, wght. is and abbreviation for weight, and est. is an abbreviation for estimation.

4. Signaling the Codebook Vectors in SU-MIMO on the DL-SCCH

We briefly provide some rough calculations of control channel overhead to signal the precoding weights on the downlink shared control channel (DL-SCCH), comparing it to the overhead of our example dedicated pilot schemes.  As the control channel structures are not yet decided, we use some quick approximations.  We consider the single stream (transmit diversity case), since the UEs in the most difficult channel conditions will not likely support multiple streams, and overhead is more of a concern for these UEs.  

We assume:

· Each resource block will have a different precoding weight vector applied, and there are 24 RBs (that is, a 10MHz downlink).

· Precoding weight indices (used to select the precoding antenna pattern) are 2, 3, or 4 bits long.  (While the exact codebook size is FFS, 2-3 bits seems reasonable for 2 antenna systems; 4 bits might be reasonable for 4 antenna systems).

· Rate 1/6 coding with QPSK is needed for each user.  This might be insufficient for UEs at the edge of coverage, but may be reasonable enough for illustration.

Therefore, the number of subcarriers needed on the DL-SCCH signaling is (2, 3, or 4)*24*6/2=144, 216, or 288 subcarriers per subframe.  This corresponds to 3.4%, 5.1%, or 6.9% of the downlink.  This may be compared to the example dedicated pilot scheme which requires on the order of 2.3% or 2.9% dedicated pilot overhead in the 1 stream case.

5. Conclusions

This contribution proposes using dedicated pilots for the Node B to signal the codebook weight vectors for each data stream on each RB to the UE.  Two examples of dedicated pilot placements were described with both examples having reasonable overhead.  These example designs indicate the potential to have significantly (1.2x-3.0x) less overhead by indicating the codebook weight vectors for one stream using dedicated pilots rather than signaling the codebook weight vectors directly on the downlink shared control channel.  
It also should be noted that dedicated pilots have usefulness beyond signaling codebook weight vectors.  An example is to enable the UE to measure the beamformed channel when non-codebook based precoding is used in TDD when uplink sounding is used to obtain the channel state information at the Node B.
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Dedicated Pilot Design
Dedicated pilots should be used on the downlink for the following reasons:

1. To signal the codebook vector or vectors used on each resource block on the downlink to the UE without requiring additional control overhead.
2. For the mobile to compute a precoded channel in TDD when the base uses uplink sounding to compute the precoding weights (i.e., the precoding weights are not selected from a codebook).
3. For the mobile to compute a precoded channel in TDD or FDD when the base uses direct channel feedback to compute the precoding weights (i.e., the precoding weights are not selected from a codebook).
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