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1. Introduction
At the RAN1 Ad Hoc on LTE in Sophia-Antipolis, a baseline downlink OFDM numerology [1] was agreed upon, making it possible to efficiently proceed with the detailed downlink (DL) design (including pilot designs, control channels, MIMO schemes, etc.).  In addition, a contribution was made in San Diego summarizing some promising MIMO schemes [3], including a method of obtaining full broadband channel state information at Node B called Direct Channel FeedBack (DCFB).  In this contribution, additional details of DCFB are given as well as block diagrams for the other promising feedback methods described in [3] (i.e.,  uplink sounding and codebook feedback).
2. Summary of Promising Feedback Methods

In this section, block diagrams are used to describe the feedback methods proposed in [3].  In all figures, S/P stands for Serial to Parallel conversion and P/S stands for Parallel to Serial conversion.  Also K subcarriers are used to transmit data and the FFT size is N.
2.1. Uplink Sounding

As noted in [3], uplink sounding is applicable to the TDD mode.  In Figure 1, the block diagram for the uplink sounding signal sent from the mth antenna at the UE is given.  The pilot sequences, xm(k) are chosen to be orthogonal between all of the UE’s antennas and also are designed to have a low Peak to Average Power Ratio (PAPR) in the time-domain.  As a result, the same block diagram is applicable to both OFDMA and DFT-SOFDM uplinks (i.e., with DFT-SOFDM the DFT spreading block can be bypassed when transmitting the uplink sounding signal).
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Figure 1.
Block diagram for uplink sounding from UE antenna m.

2.2. Codebook-Based Feedback

With codebook-based feedback, the UE determines the best entry in a predefined codebook of precoding vectors/matrices and transmits a feedback indication to the Node B conveying the index value.  Figure 2 shows a conceptual block diagram for the UE’s transmission when codebook feedback is used.  In codebook feedback, the UE uses downlink channel estimates to determine the best codebook weight or weights for Node B to use as a precoding vector/matrix.  The UE creates a feedback indication that includes the codebook index and then sends the feedback indication to Node B.  The figure illustrates the case of a DFT-SOFDM uplink, while for OFDMA the DFT spreading block would not be present.  Note that pilot symbols (not shown) must be sent along with the feedback to enable coherent reception of the feedback indication.
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Figure 2.
Block diagram for codebook feedback.

2.3. Direct Channel Feedback
Figure 3 shows a block diagram for DCFB as described in [2] and Figure 4 shows DCFB modified to have low PAPR in DFT-SOFDM.  In both cases, the DCFB waveform is determined from channel estimates as described in the next section.  In standard DCFB (see Figure 3), no DFT spreading is used to send the DCFB waveform and hence the PAPR is similar to regular OFDM.  Note that Figure 3 could also be used to send DCFB in a DFT-SOFDM uplink (i.e., bypassing the DFT spreader), but additional power backoff may be needed when the DCFB waveform is being transmitted.  If clipping and DFT spreading is employed as shown in Figure 4, the DCFB waveform transmitted from the UE can have low PAPR (e.g., by clipping the amplitude to 1.15, a PAPR similar to 16-QAM is achieved).  Note that pilot symbols (not shown) must be sent along with the feedback to enable coherent reception of the DCFB waveform.
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Figure 3.
Block diagram for standard DCFB.
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Figure 4.
Block diagram for DCFB with low PAPR.
3. Details of DCFB
This section provides the details of DCFB from [2] that pertain to EUTRA.  Assume that there are Mb transmit antennas at Node B, Mm antennas at the UE, and K subcarriers where the channel estimates are to be found.  Let the channel estimate on subcarrier k for the mth receive antenna at the UE and the (th Node B transmit antenna be given as 
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where ( is a scalar that makes Z(k) have an average power of one and Sm,((k) is given as:
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where q(k) is a scrambling sequence known to both the UE and Node B (e.g., QPSK symbols) and ( is a shift factor (e.g., (=MmMb).  It should be noted that it is critical to multiply the channel estimates with some random/scrambling sequence, q(k) to prevent large PAPRs in the transmitted uplink signal (i.e., the IFFT of Z(k)).  Note that Sm,((k) acts like a pilot sequence and enables Node B to separate the different channels (as described below).
Once the DCFB waveform, Z(k) is created, the UE can send it in place of the regular uplink symbols.  Note that the DCFB waveform can be sent out of a single transmit antenna at the UE or out of multiple antennas in a MIMO fashion.
Assuming that the UE transmits the DCFB waveform from a single antenna and that spread-OFDM is employed on the uplink, the signal transmitted from the UE (i.e., the input to the N-point IFFT block of Figure 4) is given as:
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where the clipping is performed to keep the PAPR of the time-domain signal low.  The clipping operation can be ignored by Node B when recovering the channel estimates from the estimates of the DCFB waveform.
The received Mb(1 signal on subcarrier k at Node B is then given as (assuming Node B has Mb receive antennas):
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where G(k) is the Mb(1 uplink channel vector and N(k) is additive noise.
Node B first computes an estimate of the uplink channel from pilot symbols which are sent along with the feedback.  Then Node B coherently combines the received signal to obtain an estimate of 
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Using the phase shift coding given above with (=MmMb and assuming the time-domain channels are limited to L samples, the time-domain channel from each Node B antenna to each UE receive antenna can be found from the P-point IFFT of 
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, which is denoted as h(n) (P is chosen as the smallest convenient FFT size greater than or equal to K).  Explicitly, the time-domain channel for Node B antenna ( and UE antenna m is given as samples (m-1+((-1)Mm)P/(≤n<L+(m-1+((-1)Mm)P/( of h(n).  The frequency-domain channels are found as the FFT of the time-domain channels.
4. Performance Results

Results are given for the low PAPR version of DCFB described in this contribution (Figure 4) using the 5 MHz bandwidth parameters (i.e., 300 subcarriers are used for data, the DC subcarrier is skipped in the data allocation, and the FFT size is 512).  The 6-ray TU channel model was used with independent fading on each antenna branch and the UE speed was 3 kph.  There were four antennas (both receive and transmit) at Node B, two receive antennas at the UE, and only one transmit antenna at the UE.  The 3GPP turbo code was used to encode the data.  The DCFB waveform was generated with (=8 and thus the channels from all four Node B antennas to both UE antennas were able to be sent in one symbol time.  The DCFB waveform was assumed to be sent in the last uplink symbol of a DFT-SOFDM uplink subframe (i.e., seventh symbol) and the pilots on the sixth symbol of the subframe were used to used to detect the DCFB waveform.  The amplitude of the DCFB waveform was clipped to 1.15 to give the time-domain DCFB waveform a PAPR similar to 16-QAM.
Figure 5 shows FER results for maximal ration transmission using transmit weights computed with ideal Channel State Information (CSI) and transmit weights computed with channels obtained with DCFB.  The uplink SNR for the feedback was 10 dB and rate ¾ turbo coded 64-QAM is transmitted.  As can be seen, DCFB can provide results close to ideal CSI and that beamforming with four antennas can provide a substantial gain over single antenna transmission.
Figure 6 shows FER results for transmit SDMA (Tx-SDMA) where simultaneous data streams are sent to two UEs (both with two receive antennas).  The UEs do not perform any interference suppression on crosstalk from the other UE.  The uplink SNR for the DCFB was10 dB and rate ½ turbo-coded QPSK was transmitted.  The results show that DCFB is effective in providing CSI that can be used for Tx-SDMA.
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Figure 5.
Downlink beamforming FER results for four antennas at Node B and a single UE (with two receive antennas) for an uplink SNR of 10 dB.
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Figure 6.
Downlink Tx-SDMA FER results for simultaneous transmission to two UEs on the same channel resources.  There are four antennas at Node B and two antennas at each UE.  The uplink SNR is 10 dB.
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