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1. Introduction

We proposed various training schemes for antenna selection (AS) in the uplink and compared their performances in [1-2]. One of the proposed methods, called the within TTI switching, uses the Short Block 2 (SB2) to transmit AS pilots from the unused antenna. In this contribution, we study the effect of switching from the used antenna to the unused antenna and vice versa on the frame error rate (FER) performance of a given user and analyze the inter-carrier interference (ICI) created on the subcarriers allocated to other users.
2. Within TTI Switching and Inter-carrier Interference
In this section, we first review the within TTI switching scheme for antenna selection in the uplink and then consider the effect of the switching operation. We assume that the UE has 1 RF chain and transmits pilot signals from the available 2 antennas. SB1 and SB2 are used to transmit data modulation (DM) pilots from the used antenna and SB2 is also used to transmit AS pilots from the unused antenna once every nth TTI. In the nth TTI, the eNodeB estimates the channels for both of the antennas by using the pilots transmitted in SB1 (from the currently used antenna) and SB2 (from the unused antenna), selects one of the antennas to be used by the UE and informs the UE of the selection decision. The index of the selected antenna arrives at the UE with a feedback delay. The selection criteria used in this contribution is the capacity that can be supported by the antennas.
Figure 1 illustrates the proposed antenna selection scheme. The UE starts 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, the antenna selection pilot, is transmitted from the unused antenna (Tx 2) in SB2 to enable the eNodeB to estimate the unused antenna’s channel. The eNodeB then selects the best antenna and, in the next TTI, instructs the UE to switch its antennas. The UE, after a feedback delay of 1 TTI, receives the feedback from the eNodeB and switches its transmit antenna to Tx 2. In this example, the antenna selection pilot is sent once every three TTIs (n = 3). 
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Figure 1: Antenna selection pilot transmitted (from unused antenna)
As illustrated in Figure 1, when it is required to transmit AS pilots from the unused antenna during SB2, the UE has to switch from the used antenna to the unused antenna. After the AS pilots are transmitted, the UE has to switch back so that it can continue transmitting the next long block (LB) with the current antenna. Figure 2 illustrates this operation in more detail. Tx 1 is the current antenna that is used to transmit the DM pilots in SB1 and information symbols in the LBs. Tx 2, on the other hand, is used to transmit only AS pilots in SB2. Switching from Tx 1 to Tx 2 and back from Tx 2 to Tx 1 is accomplished at designated time intervals at the beginning and end of SB2, respectively. The duration it takes for switching is denoted as SW. Note that the switching duration shown in Figure 2 is illustration purposes only.
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Figure 2: The switching operation within a TTI
Due to the time switching takes, not all time-domain samples of SB2 can be transmitted from the unused antenna. The first switching operation results in loss of samples in the CP of SB2, and the second switching operation results in loss of samples in the data part of SB2.  The number of lost samples can be computed by dividing SW by the sampling period. Due to the loss of the time-domain samples, the orthogonality of the subcarriers cannot be preserved after FFT at the receiver. This causes inter-carrier interference (ICI) on the subcarriers resulting in a performance degradation. The resultant ICI has two effects. Firstly, due to the loss of orthogonality, interference occurs on the subcarriers of the resource block(s) (RB) allocated to the user-of-interest (self-interference). Although this interference decreases the channel estimation accuracy, because the channel estimate from SB2 is used only for antenna selection but not data modulation, it is expected that the performance loss would not be significant. 

The second effect is the interference generated on the other subcarriers that are not allocated to the user-of-interest but to other users (multi-user interference). Because the investigated system is the uplink, OFDM symbols from all UEs arrive at the eNodeB and are summed together before being processed by the FFT module. Therefore, any ICI caused by one of the UEs on the other subcarriers affect the UEs to whom these subcarriers are allocated to. To help quantify this effect, we also study the magnitude of the ICI on the other subcarriers as a function of the switching duration.
3. Simulation Results
A list of link-level simulation parameters is shown in Table 1. We assume a 1 TTI delay in notifying the UE about the antenna selection decision. Note that the examples presented in this contribution assume that a TTI is 0.5 ms long and consists of 6 LBs and 2 SBs.
Table 1: Link-level simulation parameters
	Parameter
	Assumption

	Antenna selection criterion
	Capacity maximization

	Channel estimation
	Least squares (LS)

	Number of subcarriers per RB
	25

	Number of RBs assigned to a UE
	1

	Duration of TTI
	0.5 ms

	Number of long blocks (LB) per TTI
	6

	Number of short blocks (SB) per TTI (SB)
	2

	FFT block size (LB)
	1024

	FFT block size (SB)
	512

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	Channel model
	Typical Urban (TU) 

	UE speed
	30 km/h

	MCS 
	4/16 QAM with r = 1/2 

	Number of receive antennas (at the BS)
	2

	Number of transmit antennas
	2

	Number of transmit RF chains
	1

	Pilot Sequence
	Cazac


Figure 3 and Figure 4 illustrate the FER as a function of the switching duration in samples when 4 QAM and 16 QAM are used, respectively. In both figures, RPF = 1 is assumed for the DM and AS pilots. Switching duration of 0 samples is the ideal case where the switching operation does not take any time to perform. The figures show that, FER does not change even for SW = 40 samples and degrades just insignificantly with SW = 60 samples, which is nearly equal to the CP duration. This result stems from the fact that the channel estimate from SB2 is used just for antenna selection and does not need to be very accurate. This claim is also supported by the observation that the FER performance does not change much when AS pilots are transmitted with larger RPFs [2].
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Figure 3: Performance of switching within a TTI with different switching durations (RPF=1 for DM and AS pilots, AS pilots transmitted once every 2 TTIs, and 4QAM)
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Figure 4 : Performance of switching within a TTI with different switching durations (RPF=1 for DM and AS pilots, AS pilots transmitted once every 2 TTIs, and 16 QAM)
As explained above, the loss of orthogonality due to switching also causes ICI on the other subcarriers of the SB2 that might be allocated to other users. As an example for illustration purposes, Figure 5 shows the 1 RB allocated to the user-of-interest, and the remaining RBs including the neighbor RBs. The average power of the ICI generated on the other subcarriers has been computed and the result is illustrated in Figure 6. In this figure, it is assumed that the user-of-interest is allocated either 1 RB (25 subcarriers) or 3 RBs (75 subcarriers). For each of these allocations, we present the ICI power averaged over all the remaining RBs in SB2. Additionally, we also present the average ICI power experienced only by the neighboring RBs because the ICI power on these RBs would be the largest.
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Figure 5: The Resource Block assignment
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Figure 6: The ICI power generated on the subcarriers allocated to other users
As expected, the average ICI power on the other RBs increases with increasing switching duration. The ICI when SW = 0 is due to the Doppler of this user. The average ICI power is larger on the neighbor RBs because the interference decreases as the distance between a subcarrier and the RB of the user-of-interest increases.
The detrimental effect of the ICI depends on what kind of pilots (DM or AS) the other users are transmitting in their own RBs. From the results presented in Figure 3 and Figure 4, we expect that the AS performance of these users would not be affected much by the ICI because self-interference is larger than the multi-user interference. The effect of the ICI on data modulation, however, has to be further studied. But, we can see that with fast switches, the ICI power can be constrained to very small values and expect that the resulting ICI would not degrade the DM performance much.

Another important point is the effect of ICI when AS pilots are transmitted as CQI pilots in SB2 [1]. In this case, all UEs would transmit CQI pilots and the channel estimates would not be used for DM but for CQI measurement or AS. In this case, a rough channel estimate would be enough and even large values of ICI can be tolerated, similarly to Figure 3 and Figure 4. The precise analysis is for further investigation.
4. Conclusions and summary
In this contribution, we have analyzed the effect of switching time on the within TTI switching scheme for antenna selection in the uplink.

We make the following general observations:

1. Switching within a TTI yields significant gains but the loss of orthogonality due to the switching operation generates ICI on all subcarriers in SB2. 

2. The AS gain does not degrade even with large switching durations because a rough channel estimate is enough for accurate antenna selection.
3. The power of multi-user interference is small for short switching durations and the precise effect on data modulation performance of other users has to be studied.
4. The multi-user interference is not expected to degrade the performance of other users if they use SB2 for AS or all UEs transmit CQI pilots in SB2 for channel quality estimation.
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