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1. Introduction

In this contribution, we consider training for transmit antenna selection on the uplink. While the benefits of transmit antenna selection in terms of reducing the hardware complexity of the handset are well understood, training for antenna selection and the detailed feedback mechanism for enabling it has received little attention so far [1,2].  In this contribution, we discuss and compare various techniques to enable antenna selection, and show that its overhead is inherently lower than that required for full-complexity multiple transmit antenna system. 
To enable transmit antenna selection in the uplink, the UE transmits pilot signals from the available antennas. The BS then chooses the optimal subset of transmit antennas and feeds its choice back to the UE, which then uses the selected antennas for future transmissions. 
Given that fewer RF chains are available, the FDM or CDM pilots from different subsets of antennas need to be sent out in a time division multiplexed manner.  In Sec. 2 and Sec. 3, we first consider a UE with 2 transmit antennas and 1 RF chain, and FDM pilots. These schemes can be easily extended for use with CDM pilots. Then, in Sec. 4, we consider transmit antenna selection with 4 transmit antennas with 2 RF chains, and both FDM and CDM pilots are considered. 
We consider two cases of antenna selection:

1. Antenna switching occurs within a TTI during an SB
2. Antenna switching occurs between TTIs 

For each of these cases, we discuss periodic and a periodic (on demand) reference signal design for antenna selection. We show that various options exist to select the best antenna, such as  

1. using the data modulation pilot for selection, or

2. using the broadband CQI pilot for selection, or

3. a hybrid scheme that can use either or both of the above pilots.
All of the above schemes ensure that the overhead associated with antenna selection training is lower than the overhead associated with a two transmit antenna MIMO system, in which double the number of reference subcarriers are needed (if the number of reference subcarriers allocated to an antenna remains unchanged). 
In the examples below, we assume that SB1 and SB2 are used to transmit data modulation (DM) pilots, i.e., pilots for coherent demodulation of data, and broadband CQI pilots. AS pilots, which are used to determine the channel state of the unused antenna(s), when transmitted are sent in SB2. The Node B makes the selection decision from the channel estimates of the two antennas. For the purpose of illustration, we assume that there is a 1 TTI delay in notifying the UE about the antenna selection. Note that, the illustrations assume that a TTI is 0.5 ms long and consists of 6 LB’s and 2 SB’s.
2. Training when antenna switching occurs within a TTI 
2.1. Using data demodulation pilots

Figure 1 and Figure 2 illustrate how antenna selection and its training can be done by using the data modulation pilot periodically. The UE commences transmission with its last used antenna (or by randomly selecting one of the two antennas). Let this antenna be Tx 1. A low overhead reference pilot is transmitted from the unused (second) antenna (Tx 2) in SB2. We shall refer to this as the antenna selection (AS) pilot.  The Node B can then determine using the data modulation pilot for Tx 1 and the AS pilot from Tx 2. In the next TTI, the Node B instructs the UE to switch its antennas. The UE, after a feedback delay of 1 TTI, switches its transmit antenna to Tx2. 
In Figure 1, the UE then uses the DM pilot (of Tx 2) to send out the AS pilot (for Tx 1) in the next TTI. Whereas, in Figure 2, the UE transmits using Tx 2 for a TTI and uses the DM pilot (for Tx 2) in the following TTI to send out the AS pilot (for Tx 1). 

[image: image1]
Figure 1: Antenna selection when a data pilot is used for antenna selection training as soon as data transmission from an antenna commences

[image: image2]
Figure 2: Antenna selection when data pilot is used for antenna selection training one TTI after data transmission from an antenna commences
Lower overhead AS reference signal: The above figures also show that reference signal overhead (in terms of repetition factor (RPF) for FDM pilots and power for CDM pilots) for the AS pilot can be made lower, as the estimation accuracy  required for antenna selection is lower than required for coherent demodulation. How much sparse to make the pilot involves trading-off between selection accuracy and reference signal overhead reduction.
2.2. Using broadband CQI pilots

In the uplink, antenna selection training can also be implemented using the broadband CQI pilots, which are transmitted to enable frequency domain scheduling at the Node B. We illustrate this in Figure 3 and Figure 4 assuming that SB1 is used for the DM pilots and SB2 is used for the CQI pilots. The CQI pilots are transmitted in every TTI or, in general, periodically every m TTIs. 

To enable the Node B to estimate the state of the channel from the second antenna, the CQI pilot is periodically sent from the unused antenna instead of the transmitting antenna. We shall refer to this as the AS pilot. In Figure 3, every other CQI pilot is used to send the AS pilot (from the unused antenna). The Node B determines the antenna to be used by the UE using the DM and CQI pilots sent out by Tx 1 and the AS pilot (broadband CQI pilot) sent out by the unused Tx 2.  This enables the Node B to estimate the broadband frequency response of both the antennas channels.    
Using the CQI pilot for selection training also has the additional advantage of enabling joint resource block reassignment and selection, which improves the efficiency of frequency domain scheduling. This is illustrated in Figure 3 and Figure 4, in which the UE not only changes its transmit antenna from Tx 1 to Tx 2, but also its resource block. 
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Figure 3: Joint antenna selection and resource block reassignment using the CQI pilot when it is transmitted in every TTI

[image: image4]
Figure 4: Joint antenna selection and resource block reassignment using the CQI pilot when it is transmitted every multiple TTIs
2.3. On-demand adaptive training

An attractive alternative to transmitting the AS pilots periodically, is to employ an adaptive approach in which antenna selection training is done only if the performance of the current antenna falls below a desired threshold. For example, information from SINR estimates, HARQ state, and MCS processes can be used to determine if the antenna needs to be switched. 
Once a decision has been made by either the UE or the Node B to switch the antenna, the UE sends out an AS pilot (by using the data modulation pilot or the CQI pilot). The Node B, can then estimate the channel of the unused antenna and feed its decision back to the UE.  In this case, an explicit 1 bit signaling is required to inform the Node B about that the data pilot or the CQI pilot has been used for selection purposes (i.e., used by the unused antenna). 
This on demand approach is illustrated in Figure 5, in which Tx 1 is used for data transmission initially. After the selection trigger, the UE sends out a (lower overhead) reference signal on SB2 from the unused Tx 2 antenna. The Node B then decides that the UE should switch to Tx 2, and indicates this to the UE with a delay of 1 TTI. 

[image: image5]
Figure 5: Antenna selection on demand
3. Training when antenna switching occurs between TTIs
We now consider the corresponding cases when antenna switching occurs between TTIs and not within a TTI.  Switching between TTIs further simplifies the implementation complexity at the UE at the expense of a greater delay in selecting the best antenna.

3.1. Using entire TTIs
Figure 6 and Figure 7 show how transmit antenna selection and its training can be implemented. As the UE can only switch antennas between TTIs, it transmits the data in the third TTI using the unselected antenna Tx 2. By using the channel estimates from the previous TTIs, the Node B can now select the best antenna of the UE, and feed its decision back to the UE. 
This mechanism ensures that the TTI is not wasted only for antenna selection training, but is also used for data transmission. However, the transmission with the unused antenna needs to be done with a conservative lower rate MCS as the channel from it is not known a priori at the Node B or the UE. 
In Figure 6, the TTI that is transmitted with the unused antenna consists of data and data modulation pilots. In Figure 7, the TTI that is transmitted with the unused antenna consists of data, broadband CQI pilots (and data modulation pilots, if present). As in Sec. 2.2, using the TTI with the CQI pilots also enables a joint resource block reassignment with antenna selection. 

[image: image6]
Figure 6: Antenna selection by making the unused antenna periodically transmit a TTI.  The example shows the case where this is done after 2 TTIs are transmitted by the currently selected antenna.

[image: image7]
Figure 7: Antenna selection by making the unused antenna periodically transmit a TTI with CQI pilot. The example shows the case where this is done after 2 TTIs are transmitted by the currently selected antenna.
Note: While the first transmission with the unused antenna requires a conservative choice of the MCS, channel statistics coupled with the latest channel estimate can be used to obtain a more reliable (and less conservative) MCS choice for subsequent transmissions from the unused antenna.
3.2. On-demand adaptive training

Similar to Sec. 2.3, Figure 8 shows a lower overhead mechanism for adaptively selecting the best antenna. The UE continues to transmit using Tx 1 until its performance (measured, for example, using the MCS assigned and HARQ state) falls below a pre-determined threshold. The UE then transmits the subsequent TTI with the unused antenna. One option is for the UE to revert back to Tx 1 thereafter, and await the Node B’s command to switch antennas. The Node B selects the best antenna using the TTIs received from the different antennas, and feeds this back to the UE. After receiving the Node B decision, the UE switches to Tx 2 and transmits subsequent TTIs using it. Another option is for the UE to not revert back to Tx 1 and just continue to transmit with Tx 2 unless the Node B directs it to switch. 

[image: image8]
Figure 8: Antenna selection on demand when UE switches between TTIs
4. Multiple antenna subset selection
In the examples below, we show how antenna selection can be implemented in a UE with 4 transmit antennas with 2 RF chains. With 2 RF chains, the reference signals of two antennas are sent simultaneously in a FDM or CDM manner. The reference signal subcarriers for the different antennas are shown using two different colors and patterns. 
4.1. With FDM pilots

As before, we illustrate how antenna selection can be implemented by using the data modulation pilots or the broadband CQI pilot. 

[image: image9]
Figure 9: Two antenna subset selection by using FDM data modulation pilots periodically when UE switches within a TTI


[image: image10]
Figure 10: Two antenna subset selection by using the FDM broadband CQI pilots periodically when UE switches within a TTI

4.2. With CDM pilots


[image: image11]
Figure 11: Two antenna subset selection by using the CDM data modulation pilots periodically when UE switches within a TTI

[image: image12]
Figure 12: Two antenna subset selection by using CDM broadband CQI pilots periodically when UE switches within a TTI

Similar schemes exist when the UE switches between TTIs, and for on demand antenna selection. 

5. Conclusions and summary
We considered transmit antenna selection on the uplink and discussed several schemes to enable antenna selection when there are more antenna elements than RF chains in a low complexity UE. These schemes result in a training overhead that is lower than that for full complexity multiple antenna systems with the same number of transmit antennas. Detailed simulation results evaluating the performance of the schemes are presented in a separate document.
Another method that can be used when the number of available antennas is larger than the RF chains is time switched transmit diversity (TSTD). TSTD is a kind of open-loop antenna selection scheme where the UE does not send any AS pilots and switches between the transmitter antennas without any feedback from the BS. This scheme is not expected to result in any additional diversity gain because the length of a codeword is equal to the TTI duration.
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