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1 Introduction
At RAN1#68bis, the reference signal to be used for time- and frequency synchronization for the additional carrier type was decided to consist of the CRS with reductions in time and frequency according to below.
Agreement (at least for the case of a carrier of the new type being “unsynchronised” with the associated backward-compatible carrier):

· New carrier type can carry 1 RS port (consisting of the Rel-8 CRS Port 0 REs per PRB and Rel-8 sequence) within 1 subframe with 5ms periodicity

· This RS port is not used for demodulation

· FFS how RSRP measurements would then be handled for the NCT 

· Bandwidth of the RS port is FFS until RAN1#69 between one of:

· full system BW, and

· min(system BW, X) where X is selected from {6, 25}RBs

· configurable between full system BW and min(system BW, X)

Per the agreement, the reference signal sequence is as in Rel-8, i.e., the pseudo-random sequence generator initialization is a function of the slot number 
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 as defined in [1]. The frequency position within a RB would accordingly be determined by the subcarrier shift 
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. However, there are a number of open issues for the completion of this Reduced CRS (RCRS). In this contribution, we discuss the bandwidth and the subframe allocation for the RCRS. 
2 Bandwidth of the Reduced-CRS 
2.1 Overhead reduction
A main motivation in the working assumption is to introduce a new carrier type in Rel-11 with at least reduced or eliminated legacy control signalling and/or CRS [2]. If synchronization and measurements can be performed over an RCRS bandwidth being less than the full bandwidth, the RCRS bandwidth can be minimized, since this reference signal is not to be used for demodulation. Thereby the aforementioned overhead reductions are attainable. For FDD, the 5 ms periodicity corresponds to an overhead reduction of 80% compared to a CRS port (full bandwidth, normal subframes). However, a reduced periodicity alone does not necessarily lead to proportional overhead reductions for TDD. Table 1 shows the overhead reductions for different UL/DL configurations and it can be seen that the reductions are much smaller than for FDD.
Table 1. Overhead reduction from the RCRS for TDD compared to a normal CRS port where the range of the reduction depends on the special subframe configuration.
	
	Uplink-downlink configuration 

	
	0
	1
	2
	3
	4
	5
	6

	Reduction
	20-50%
	56-67%
	69-75%
	68-71%
	72-75%
	76-78%
	43-60%


→ The overhead reductions from the RCRS are lower for TDD than for FDD.
Additional overhead reductions would thus need to be achieved by reducing the bandwidth. An RCRS bandwidth being less than the full bandwidth would allow reductions of at least 80% also for TDD, i.e., overhead reductions being comparable to that of FDD. 
2.2 Throughput gains
Reducing the bandwidth improves the throughput due to less overhead and less interference. To decrease the impact on PDSCH performance from inter-cell interference, the number of RBs used for transmitting the RCRS should be minimized. This effect was evaluated by system simulations for a HetNet scenario in [3], where the RCRS was transmitted in only a central part of the carrier. It was shown that significant throughput gains could be achieved by limiting the RCRS bandwidth, e.g., gains of 16-26% for cell average and 20-65% at the cell edge were observed. 
→ Throughput gains can be achieved if the RCRS bandwidth is less than the full system bandwidth.
2.3 Synchronization performance
Since the smallest carrier bandwidth 1.4 MHz corresponds to 6 RBs, the synchronization performance that can be obtained from the RCRS under this assumption would be the reference case. Hence, for larger carrier bandwidths, the RCRS bandwidth may be chosen such that the performance is comparable to the reference case. That is, there may be no use of adopting a wider RCRS bandwidth to improve synchronization performance beyond that of the reference case. In Fig. 1, results for time- and frequency tracking from the RCRS with 5 ms period are shown assuming the setup of [4] and [5], for an EVA channel at 100 km/h and SNR=-8 dB. It should be noted that -8 dB SNR is basically a worst case situation and may not be the typical operation point of the system. The simulation cases are selected as:

Case 1: 1.4 MHz, 6 RB RCRS

Case 2: 10 MHz, 6 RB RCRS

Case 3: 10 MHz, 15 RB RCRS

Case 4: 10 MHz, 25 RB RCRS

Case 5: 10 MHz, 50 RB RCRS
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Figure 1. Frequency error (left) and timing error (right) for different bandwidths of the RCRS at -8 dB SNR for the EVA channel at 100 km/h.
The results show that for the frequency synchronization, the performance is the same for Case 1 and Case 2. For the time synchronization Case 2 is better than Case 1. Hence, in terms of maintaining time- and frequency synchronization, it is not required that the RCRS covers the whole system bandwidth and a 6 RB RCRS bandwidth is sufficient, i.e., the minimum carrier bandwidth configuration. The wider bandwidths of Case 3-5 generally improve performance beyond the reference case, which is not necessarily needed.
→ Time- and frequency synchronization performance is sufficient using an RCRS bandwidth of 6 RBs.  
2.4 Bandwidth configurability

The CRS bandwidth is fixed in Rel-10 but the measurement bandwidth for RSRP/RSRQ is configurable and could take any value in terms of resource blocks from the 6 existing transmission bandwidth configurations being not larger than the bandwidth configuration of the carrier. For an additional carrier type, the same principle of variable measurement bandwidth may apply if the RCRS is used. The difference is that there is no use in transmitting the RCRS outside the measurement bandwidth, since it is not used for demodulation and synchronization can be achieved over a bandwidth of 6 RBs. Hence, it should be possible to configure the RCRS bandwidth directly and not only configure the measurement bandwidth. It should be noted that an implementation may still opt for always performing synchronization from an RCRS bandwidth of 6 RBs.
→ The RCRS bandwidth should be configurable. 
For simplicity, the frequency position of the RCRS may be fixed. For example a location symmetric around the center of the carrier would be a straightforward solution. 

3 Subframe allocation for the Reduced-CRS

The RCRS should be transmitted in 2 subframes per radio frame, separated by 5 ms. Hence, it remains to determine which pairs of subframes that should be used; (0,5), (1,6), (2,7), (3,8) or (4,9).
3.1 RCRS subframes for FDD
One option is to consider inter-cell interference protection of the RCRS by utilizing different subframe pairs in different cells. In that way, RCRS collisions can be minimized even for frame synchronous systems. Another option is to position the RCRS in the vicinity of the PSS/SSS, e.g., in subframe pair (0,5).  When the UE is processing the PSS/SSS in subframe 0 and 5, it would be buffering the received signal and additional buffering may be avoided for using the RCRS. 
3.2 RCRS subframes for TDD
For TDD, there are further issues to consider. 

A first issue is that, with a bursty arrival process for the data packets, the data buffer in the eNodeB will accumulate packets that arrive during the UL subframes. The probability that there is a packet to transmit and that a DL transmission will be commenced is thus larger for a DL subframe following an UL subframe, than for a DL subframe following a DL subframe. For best performance, the RCRS should preferably be located in the subframes which have the highest expected utilization.   
A second issue is that the PLL used in the frequency up-conversion may be shut down during the UL subframes for some UE implementations, which may lead to a relatively large frequency drift across the UL-to-DL switching point. In other words, the frequency drift from an UL subframe to a DL subframe may be larger than that from a DL subframe to a DL subframe. The performance of the PLL may be dependent on the frequency tracking and therefore the location of the RCRS. From the perspective of the time and frequency tracking, it might be better to configure RCRS on the DL subframes right after the UL-to-DL switch point. Table 2 illustrates suitable subframe allocations (marked in green) for different UL-DL configurations, if the RCRS is located at UL-to-DL switch points. 
Table 2. Example of RCRS subframe allocation for TDD marked in green.
	Uplink-downlink 

configuration
	Downlink-to-Uplink 

Switch-point periodicity
	Subframe number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	2
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	6
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D


This issue needs further study, however, in Fig. 2, we provide some test data to show the potential problem. Here we use UL/DL configuration 5 and configure subframe #3, #4, #7, #8 and #9 as MBSFN subframes. We link the test equipment directly to the UE without passing the fading channel and plot the real part of the frequency channel responses, i.e., the LS estimates of the first column MBSFN RS assuming 10 MHz bandwidth, for three adjacent MBSFN subframes. As shown in Fig. 2, the curve is divided into three parts corresponding to the subframe D1, D2 and D3.  Because there is a remaining timing error or delay (τ), the channel response of the n-th subcarrier is denoted by
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where Δf =30 kHz is the carrier spacing between the reference signals. In Fig. 2 we plot real(Hn) and as we can see, the phase jump from D2 to D3 across one UL subframe is larger than the phase jump from D1 to D2. The bigger phase jump would be caused by the frequency drift (fd), which is due to oscillator inaccuracies and/or UE mobility, as follows
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Figure 2. Test data showing the real part of the frequency response as function of subcarrier index for subframe D1, D2 and D3, for TDD UL/DL configuration 5.

4 Conclusions
With regards to the bandwidth of the Reduced CRS, we observe that:

→ The overhead reductions from the RCRS are lower for TDD than for FDD.
→ Throughput gains can be achieved if the RCRS bandwidth is less than the full system bandwidth.
→ Time- and frequency synchronization performance is sufficient using an RCRS bandwidth of 6 RBs.
Our proposal is that:
→ The RCRS bandwidth should be configurable.
With regards to the subframe allocation of the Reduced CRS, for FDD the main options would be to support a set of subframe pairs in order to facilitate inter-cell interference protection or to always have it fixed in subframe 0 and 5. For TDD, there are particular concerns on the implementation that suggest putting the RCRS at UL-to-DL switch points, which needs further study. 
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