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1. Introduction

This paper discusses about uplink reference signal transmission for scheduled uplink. This is an updated version of [9].  The outline of this paper is as follows: Chapter 2 presents the comparison between proposed reference signal transmission structures. Chapter 3 introduces an extension to the current reference signal transmission scheme for scheduled transmission. Chapter 4 compares the system performance of scheduled transmission using two different pilot transmission methods and a brief summary is given in Chapter 5. 

2. Reference signal for channel dependent scheduling

The RAN1 #44bis meeting had an extensive discussion related to the UL reference signal structure. Three different options listed in Table 1 were considered in the standard discussions. In this chapter the focusing is the performance evaluation between Option 1 and Option 3 covering scheduled localized transmission with channel sounding.
Table 1. Different options for pilot transmission [image: image1.wmf] 
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The uplink reference signals are based on CAZAC sequences.[1]. We are considering the Zadoff-Chu (ZC) sequencies based on an open literature [10].
Channel dependent scheduling sets some requirements for the UL reference signal design. In order to support uplink channel-quality estimation reference signal may occupy at least partly different spectrum than data transmission [1]. 

Figure 1 and Figure 2 present the evaluated options for the transmission of out-band pilot in LTE uplink [2]. In the considered example the scheduling bandwidth (bandwidth of the out-band pilot) consists of four consecutive sub-bands, each 375 kHz. In Option #1 both SBs are utilized in the same way for demodulation/detection and channel sounding. In Option #3 (Figure 2), the two SBs are used for different purposes: SB#1 is used for both demodulation/detection and channel sounding whereas SB#2 is used only for the demodulation/detection. 

[image: image2.emf]sub-frame

sub-band 1 2 3 4

1

2

3

4

5

6

7

8

9

10

11

12


Figure 1. Option #1.
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Figure 2. Option #3.
Figure 3 shows the performance of option #1 and option #3 from the link performance point of view. The simulations have been done with 5 simultaneous pilot signals. In option #1 pilot signals are multiplexed by using scattered form of distributed FDM with repetition factor 5. In option #3 pilot signals is multiplexed by using CDM with 5 cyclic sifts.  The transmission bandwidth for pilot channel is 4-fold compared to the TX bandwidth of data channel 
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Figure 3. Comparison of Option#1 and Option #3

The results shows larger channel estimation losses for option #1 since a smaller part of the total pilot energy can be exploited by the channel estimation. Additionally, the channel estimation performance of Option #1 is reduced because of the reduced pilot density resulting from the increased pilot repetition factor. The effect of pilot repetition is shown in Figure 4. Results show that the RPF used in FDM multiplexing of pilot signals should smaller than 5. 
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Figure 4. Impact of pilot repetition factor for FDM pilot.
Figure 5 shows the performance of FDM pilot against the co-channel pilot interference. There are 3 interfering UEs, each having a different CAZAC sequence. As already shown in [2], FDM pilot suffers from low cross-correlation properties between the pilot codes. Reference [4] shows that the performance of the FDMA pilot can be improved by utilizing interference avoidance, but this can only be done only in a synchronized network. We emphasize that the possibility for this kind of avoidance is rather limited due to the limited resources of the orthogonal pilot codes.
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Figure 5.Impact of other cell interference for FDM pilot. 
The channel sounding (tracking) capability is a problem especially with Option # 3. As identified in [2], the number of simultaneous uplink pilot signals is very limited, e.g. only 6 simultaneous users can be supported with a delay spread of 4-6 (s. In principle Option #1 can support 12 simultaneous users with the same assumptions for the delay spread. However, Option #3 is recommended due to the better detection performance. 
3. Proposed extension for current scheme

As discussed in the previous chapters the channel sounding (tracking) capacity can be a limiting factor in some cases (esp. in Option #3, Figure 2). One approach to increasing the sounding capacity is to introduce a TDM component for the sounding pilot (e.g., for SB#1). The use of a TDM component will decrease the CQI-measurement rate to some extent. However, there are obviously some cases where a slight reduction in the CQI-measurement rate will not have negative impact to the system performance. Such cases may include e.g., longer TTI lengths and slow UE speeds. On the other hand, a slight reduction of the CQI-measurement rate will provide some advantages and possibilities for performance improvements in the practical system.

The low PAR property of the pilot transmission is maintained only when the scheduling bandwidth is continuous in frequency. However, in order to maximize the gains provided by the channel dependent scheduling it should be possible to allocate also the non-adjacent frequency sub-bands into a certain scheduling bandwidth [3]. This would be beneficial not only from the performance point of view, but also from the flexible spectrum usage point of view.

We propose a scheme for a reduced CQI-measurement rate which is based on the frequency hopping. Figure 6 and Figure 7 show the principle of the scheme. In the considered scheme SB#1 is used for both demodulation/detection and channel sounding whereas SB#2 is used only for the demodulation/detection (this is according to the option #1, Figure 1). A pre-determined frequency hopping pattern is utilized for SB#1. The CQI-measurement rate is defined by the length of the hopping pattern. The CQI-measurement rate is 1 kHz in Figure 6 and 500 Hz in Figure 7. The bandwidth of SB#2 is defined by the bandwidth of the data transmission whereas the bandwidth of SB#1 is based on the length of the hopping pattern and the size of the scheduling bandwidth. 
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Figure  6. Proposed extension, CQI-rate = 1 kHz

[image: image8.emf]sub-frame

sub-band 1 2 3 4

1

2

3

4

5

6

7

8

9

10

11

12


Figure 7. Proposed extension, CQI-rate = 500 Hz.

The proposed extension provides clear benefits over the current approaches presented in Section 2. As can be seen in Figure 6 and Figure 7 the low PAR property of the pilot transmission is maintained since only adjacent (or equally spaced) frequency bins are used for reference signal transmissions. The gain provided by the channel frequency/time domain dependent scheduling can be maximized with minimum overhead due to the out-band pilot (being able to allocate non-adjacent frequency sub-bands for scheduling). With respect to the data transmission, the low PAR properties are maintained as far as we limit the actual scheduled transmission to adjacent frequency sub-bands only. Considering the example shown in Figure 6 and Figure 7 we note that the possible data allocations maintaining low PAR properties are the sub-band combinations 3+4 and 9+10 (of course the individual sub-bands 3, 4, 9, 10 also)
· The channel sounding (tracking) capability has been increased. As identified in [2] the number of simultaneous uplink pilot signals is a limited resource, e.g., with delay spread of 4-6 s 6 simultaneous users can be supported (option #1). The example in Figure 6 supports 12 simultaneous users and Figure 7 as many as 24 simultaneous users.
· Reduction of the CQI-rate provides more freedom for code design (i.e. a potential reduction in the pilot interference originating from the other cells)
There has been discussion related to the multiplexing of different bandwidth pilots in LTE UL. From the scheduling point of view we do not foresee any need for such kind of arrangement. However, there might be some other cases where different bandwidth pilots are needed at the same time. These cases may be related e.g., to slow power control or synchronous RACH. We think that if the multiplexing of simultaneous different bandwidth pilots is required then the combination of FDM&CDM is the best way to do it. However,  we emphasize that in order to guarantee the performance of channel estimation the RPF of pilot signal must be smaller than 5.

4. System Performance 

As mentioned, in order to maximize the gains provided by the channel dependent scheduling it should be possible to allocate also the non-adjacent frequency sub-bands into a certain scheduling bandwidth [3]. This section presents the system level simulation results comparing the performance of two different pilot transmission schemes. 

· Continuous frequency band for pilot, adjacent sub-bands for scheduling 

· Out band pilot transmitted using frequency hopping pilot, non-adjacent sub-bands for scheduling 

The simulation assumptions have been aligned to [1]. Inter-site distance (ISD) of 1732 m with penetration loss of 20 dB was used (Case 3). Complete simulation assumptions are given in the Appendix of [3]. The system was assumed to be fully loaded with frequency reuse of 1/1.

Results are shown for full buffer and 16 UEs per sector/5 MHz. Slow power control was used in the performance simulations. Link adaptation including HARQ with Chase Combining was explicitly implemented in the simulator. Link-to-System mapping was done using AVI interface. AVI curves were simulated assuming practical FDE receiver and realistic channel estimation algorithms. In this simulation the interference control was switched OFF. The transmission power of UE was 24 dBm. 

Performance results are shown in Figure 8. Results show that the frequency hopping (FH) pilot that supports channel dependent scheduling over non-adjacent frequency sub-bands provides significant gain over the case where only adjacent sub-bands can be used for channel dependent scheduling (frequency continuous pilot). The gain in terms of the cell edge throughput is 40% - 60%  and in average sector throughput  20% - 35%. The gains are due to the fact that the degree of frequency diversity is much higher when the scheduling bandwidth consists of multiple non-continuous sub-bands. This is beneficial especially when the degree of multi-user diversity is low.
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Figure 8. System performance comparison of  frequency domain channel depend channel over adjacent and non-adjacent frequency blocks

5. Summary

This contribution studied the performance of proposed Options 1 and 3. We recommended Option #3 because of the superior detection performance.

We think that if the multiplexing of simultaneous different bandwidth pilots is required then the combination of FDM&CDM is the best way to do it. However,  we emphasize that in order to guarantee the performance of channel estimation the RPF of pilot signal must be smaller than 5.
Another topic of this paper was the reference signal transmission related to the channel sounding. The proposed TDM extension based on frequency hopping of the reference symbol blocks can be applied if the CQI-measurement rate is limited to some extent. We showed that the proposed extension provides some important benefits over the current scheme like higher potential gain from frequency domain channel dependent scheduling. It also provides more flexibility in spectrum usage. Finally we showed that a reduction in the CQI-rate increases the channel sounding capacity quite significantly.

With respect to the sequence design we support ZC sequences which can be found from the open literature [10].
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