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1. Introduction

Figure 1 illustrates the current assumptions regarding the LTE uplink time- and frequency-domain structure. 

Within the time span of a Transmission Time Interval (TTI), there are two sub-frames, each of length 0.5 ms. Each sub-frame is assumed to consist of six Long Blocks (LB) and two Short Blocks (SB). Assuming an uplink resource allocation consisting of N Resource Units, each long block can be seen as consisting of N(12 sub-carriers in the frequency domain and an additional time-domain cyclic prefix. Similarly, each short block can be seen as consisting of N(6 (twice as wide) sub-carriers and an additional cyclic prefix. 
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Figure 1
The short blocks are assumed to carry known signals that can be used as reference signals for uplink channel estimation for coherent demodulation of the uplink data transmissions as well as for uplink channel-quality estimation, a.k.a. “channel sounding”.  With the assumption of a 1 ms TTI, there are thus four such “reference-signal” blocks in each TTI. 

The assumption is that the uplink reference signals are based on sets of, possibly truncated, Zadoff-Chu sequences.

In this paper we discuss some aspects of the uplink reference-signal structure. We are, in the discussion, assuming localized data transmission. As stated in [1] we believe that uplink distributed transmission does not bring any further benefits and does not need to be supported for E-UTRA. This is especially the case if, in addition to “conventional” localized transmission, also localized transmission with frequency hopping is supported, as proposed in [2].
1.1. Uplink reference signals within a cell – Current assumptions 

The current assumption is that it should be possible to, within a cell, generate multiple mutually orthogonal uplink reference signals within the same frequency band. There are two approaches being considered for generating such mutually orthogonal reference signals from a single Zadoff-Chu sequence:

· Generating a single reference signal from a Zadoff-Chu sequence and then apply different cyclic shifts to generate multiple mutually orthogonal reference signals. This is sometimes referred to as the “CDM” approach. In order to retain the orthogonality also in a time-dispersive environment, the relative shifts between two reference signals should be larger than the duration of the time dispersion. Thus a limited number of orthogonal sequences can be generated with this approach, with fewer sequences in case of a more frequency-selective (time-dispersive) environment.

· Generating a single reference sequence from a shorter Zadoff-Chu sequence with repetitions and then apply different frequency offsets to generate multiple mutually orthogonal reference signals. This is sometimes referred to as the “FDM” approach. This creates a comb-shaped spectrum for each reference signal. The distance between the comb fingers should not be larger than the channel coherence bandwidth. Thus, once again, the number of orthogonal sequences that can be generated depends on the channel frequency selectivity with fewer sequences available in case of a more frequency-selective environment.

1.2. Uplink reference signals between cells – Current assumptions
The current assumption is that UEs in neighbor cells should use reference signals based on different Zadoff-Chu sequences in order to minimize the “cross-correlation”, and thus the inter-cell interference, between the reference-signal transmissions.

It should be noted that this “optimization” of the cross-correlation between reference signals transmitted by UEs in neighbor cells is only relevant if

· The uplink transmissions of the two UEs are time-aligned in the sense that their reference-signal transmissions occur at the same time
· The UEs have been scheduled the same uplink resource (the same resource bandwidth and the same resource location within the available cell spectrum).
One issue when assuming the use of different Zadoff-Chu sequences in neighbor cells is the number of sequences available. A smaller number of available sequences directly leads to a more complex planning process in terms of the assignment of sequences to cells. This is especially critical in case of small reference-signal bandwidths, e.g. bandwidths corresponding to only one or a few resource units, as the number of available Zadoff-Chu sequences increases with the sequence length and thus with the reference-signal bandwidth.

2. Discussion and proposals

2.1. Uplink reference signals between cells of the same Node B

In the current RAN1 discussions there does not seem to be any distinction, in terms of uplink reference-signal assignment, between UEs in different cells within the same Node B and UEs in cells of different Node B, i.e. it seems to be assumed that mutually non-orthogonal reference signals, based on different Zadoff-Chu sequences, are assigned to UEs in different cells of the same Node B. 

However, in terms of uplink transmission, it is in practice often meaningless to distinguish between the situations of two UEs within the same cell and two UEs in different cells within the same Node B. This was recognized already during the discussions on uplink macro diversity where it was in essence concluded that intra-Node-B macro diversity was a “non-issue”.

Thus, in terms of uplink reference-signal assignment, there should not be any strict distinction between the reference-signal assignment to UEs within the same cell and the reference-signal assignment to UEs in different cells within the same Node B. Or, in other words, similar to the assumption of possibility for mutually orthogonal uplink reference signals between UEs in the same cell, see Section ‎1.1, there should be a possibility for mutually orthogonal uplink reference signals between UEs in different cells within the same Node B. In principle, we do not think there should be any difference what-so-ever between these two cases.

Obviously there may, in some cases, not be sufficiently many orthogonal reference signals available to provide such reference signals to all UEs within a Node B. This may e.g. be the case in highly frequency-selective environments (where less orthogonal reference signals will be available) and/or in case of a large number of cells/beams within a Node B. In this case, mutually non-orthogonal reference signals must be used, as for the case of two UEs within cells of different Node B. However, there is then, once again, no reason to make a distinction between UEs within the same cell and UEs within different cells of the same Node B. There may, e.g. in case of beam-forming, not be sufficient many orthogonal reference signals available to cover all UEs even within one single cell.

Proposal: 


· In terms of reference-signal assignment, there should be no distinction between the assignment to UEs within one cell and the assignment to UEs within different cells of the same Node B. In both cases, there should be a possibility to assign mutually orthogonal reference signals to different UEs. There should also, in both cases, be a possibility to assign mutually non-orthogonal reference signals to different UEs.
2.2. Means to generate orthogonal reference signals

According to above, orthogonal reference signals can be generated according to the “FDM” and “CDM” approaches. 

The main drawback of the FDM approach is that the reference signals are then, in general, based on relatively shorter Zadoff-Chu sequences, implying a smaller number of Zadoff-Chu sequences available and thus to more complex reference-sequence assignment to cells. As mentioned above, this is especially critical for small reference-signal bandwidths. Thus, our view is that, at least in case of small reference-signal bandwidths, e.g. for reference signals for channel estimation in case of small resource assignments (only one or a few resource blocks) mutually orthogonal reference signals should be generated by the “CDM” approach. 

From a specification point-of-view this implies that the reference-signal assignment to a UE, in addition to the reference-signal length L and the Zadofff-Chu sequence (of length L) to use as basis for the reference signal, should also include the specific cyclic shift to use for the reference signal. 

In case of larger reference-signal bandwidths, e.g. in large resource assignments or when reference signals are being used for wideband channel sounding, the “FDM” approach could be considered as a complement to CDM.

In order to increase the “number” of available orthogonal reference signals further we believe that multiplication of the four reference-signal blocks of one TTI with different Walsh codes should be possible. The same orthogonal reference signal can then be assigned to four different UEs (actually four different antennas) within one Node B, while still retaining overall reference-signal orthogonality. Obviously the orthogonality will be destroyed at high mobility (high Doppler). However, in such a scenario, the network could simply ignore the possibility to assign the same reference signal with different Walsh codes to multiple UEs, i.e. the situation would be exactly the same as without the possibility for the Walsh coding. 

Proposals: 


· When assigning a reference signal to a UE, in addition to assigning a Zadoff-Chu sequence of a certain length, corresponding to a certain reference-signal bandwidth, also the specific cyclic shift to be used for the reference signal should be specified.

· There should be a possibility to encode the (four) reference-signal blocks of a TTI with orthogonal Walsh codes. When assigning a reference signal to a UE, also the specific Walsh code to be used should then be specified. 
2.3. Sufficiently many sequences between cells

According to above, different sequences from the same set of Zadoff​-Chu sequences should be assigned to UEs in cells of different Node B. As mentioned above, one issue is then the number of different Zadoff-Chu sequence available. This is especially critical in case of smaller reference-signal bandwidths as these correspond to shorter Zadoff-Chu sequences. A small number of sequences leads to more complex reference-sequence planning.

Possible means to relax this sequence-planning effort includes:

· Use of mutually orthogonal reference signals (by means of CDM) within cells of the same Node B (see Section ‎2.1). 

· Use of a reference-signal bandwidth larger than the size of the resource assignment, especially in case of small resource assignments (see Section ‎2.3.1)

· Use of sequence-hopping (see Section ‎2.3.2)

2.3.1 Reference-signal bandwidth larger than the size of the resource-assignment

When reference signals are used for channel estimation for coherent demodulation, the reference signal should, in principle, cover the same bandwidth as the resource assignment in order not to waste reference-signal power on estimating frequencies over which no data is transmitted. However, if the channel coherence bandwidth is substantially larger than the bandwidth of the resource assignment, something that will often be the case, especially in case of small resource assignments, the reference signal bandwidth could be expanded beyond the bandwidth of the resource assignment up to in order of the channel coherence bandwidth. As an example, two UEs with the minimum resource assignment of one resource unit each could both transmit overlapping reference signals with bandwidths corresponding to e.g. two resource units, see Figure 2.
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Figure 2
This can be a useful approach when there are, within the cell, a large number of UEs requiring resource assignment of similar (small) sizes and the channel-frequency selectivity is relatively limited. 

However, incase of resource assignments of very variable sizes, it can be expected that this approach will lead to very complicated scheduling.

In the general case, this could be supported by specifying that the reference-signal bandwidth is assigned independently of the resource assignment

2.3.2 Reference-signal hopping

In order to further randomize the interference between cells of different Node B, reference-sequence hopping can be applied. Reference-sequence hopping implies that a UE is not using the same reference signal within all short blocks of a TTI. Instead the UE is “hopping” between the different available reference signals (generated by means of “FDM” or “CDM”). The hopping should be coordinated between UEs of the same Node B in order to preserve any the reference-signal orthogonality within a Node B. However, the hopping will improve worst-case interference situation between UEs in different Node B using the same orthogonal reference signal
.

Assuming orthogonal reference signals are generated by applying different relative shifts to a basic reference signal, the sequence hopping can be implemented by simply changing the shift for each reference-signal block.

It should be noted that this kind of sequence-hopping is fully compatible with the Walsh-coding described above.
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Figure 3
Proposal: 
· The cyclic shift used for a reference signal should be the assigned cyclic shift plus a Node-B-specific offset that varies in time. 

3. Reference signals for channel sounding

We propose that, for channel sounding, it should be possible to transmit additional reference signals within a long block. We believe this to provide a more “clean” reference-signal structure where the reference signals used for channel estimation is not affected by the support for channel sounding. We also think there are no obvious arguments why channel estimation should require less reference-signal resources should just because channel sounding is to be used. 

Furthermore, as the required rate of channel-sounding very much depends on the environment in terms of Doppler spread etc. it is proposed that reference-signals for channel sounding should be possible to transmit with a variable rate, with a maximum rate of one reference-signal transmission per TTI and lower-rate reference-signal transmissions taking place once every second TTI, once every fourth TTI, etc.

Finally, it is proposed that, in case of reference signals for channel sounding, frequency hopping should be possible to apply in the sense that, each reference-signal transmission may only sound a limited bandwidth.

Proposals:

· It should be possible to transmit reference signals for channel sounding in long blocks

· Reference-signal transmission for channel sounding could take place at most once every TTI, with a possibility to configure lower reference-signal transmissions rates
· Frequency hopping should be possible to apply for reference signals for channel sounding

4. Summary

The following is proposed:

· In terms of reference-signal assignment, there should be no distinction between UEs within one cell and UEs within different cells of the same Node B. In both cases, there should be a possibility to assign mutually orthogonal reference signals to different UEs. There should also, in both cases, be a possibility to assign mutually non-orthogonal reference signals to different UEs.
· When assigning a reference signal to a UE, in addition to assigning a Zadoff-Chu sequence of a certain length, corresponding to a certain reference-signal bandwidth, also the specific cyclic shift to be used for the reference should be specified.

· There should be a possibility to encode the (four) reference-signal blocks of a TTI with orthogonal Walsh codes When assigning a reference signal to a UE, also the specific Walsh code to be used should be specified. The default case should be the all-ones sequence..

· The cyclic shift used for a reference signal should be the assigned cyclic shift plus a Node-B-specific offset that varies in time. 

· It should be possible to transmit reference signals for channel sounding in long blocks

· Reference-signal transmission for channel sounding could take place at most once every TTI, with a possibility to configure lower reference-signal transmissions rates
· Frequency hopping should be possible to apply for reference signals for channel sounding

Or in short
Reference signals in short blocks:
· Used for channel estimation

· No distinction between UEs in same cell and in different cells of same Node B

· Assign specific shift for assigned RS

· Possibility to apply Walsh coding to RS blocks within TTI

· Possibility to apply cell-specific orthogonal-sequence (shift) hopping 
Reference signals in long blocks (if needed):
· Possibility to use at most one long block per TTI for reference signal for channel sounding
· Adjustable RS transmission rate for  long-block RS
· Possibility for frequency hopping for  long-block RS
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� Note that this situation will always occur, it is just a question about the distance between the two UEs.
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