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1. Introduction
In the last RAN1#44bis meeting, the multiplexing method for uplink orthogonal pilot channels from different UEs was extensively discussed. However, the merits of the distributed FDM and orthogonal CDM by using cyclic-shift of a CAZAC sequence were not sufficiently elucidated at the meeting. We consider that the CDM has a very important merit such that CDM can generate a much larger number of pilot sequences than FDM. Accordingly, the strict pilot sequence-reuse planning among different Node Bs is significantly mitigated. This is very important and an attractive advantage to achieve flexible system deployment. Therefore, in this paper, we clarify the necessity of CDM based orthogonal pilot focusing on the achievable number of pilot sequences, to demonstrate the effectiveness of hybrid orthogonal pilot channel structure of FDM and CDM in the Evolved UTRA uplink.

2. Summary of Our Proposal on Orthogonal Pilot Channel: Hybrid of FDM and CDM

Before discussing the pros and cons of FDM and CDM, this section briefly summarizes our proposed multiplexing method for uplink orthogonal pilot channels: hybrid use of distributed FDM and orthogonal CDM [1]. The proposed method to multiplex orthogonal physical channels is as follows.

· Multiplexing UEs with Different Transmission Bandwidths Using Distributed FDMA

We use distributed FDMA in the frequency domain to multiplex UEs with different transmission bandwidths. This is because orthogonality among UEs with different transmission bandwidths is not possible using CDMA in general. However, FDMA can achieve orthogonality among UEs with different transmission bandwidths.

· Multiplexing UEs with Identical Transmission Bandwidth Using CDMA or Distributed FDMA

We use mainly CDMA transmission for multiplexing UEs with identical transmission bandwidths, i.e., sampling rates. The reason we prioritize CDMA is to increase the number of pilot sequences as described in Sec. 3. 

3. Comparison between FDM and CDM Pilot Structure

3.1. Number of CAZAC Sequences

In our recognition, most of the companies consider that the cell-specific CAZAC sequence is the most promising sequence for the uplink pilot channel irrespective of the multiplexing method, i.e., FDM or CDM. This is because a CAZAC-based pilot channel can achieve very accurate channel estimation due to its very good auto-correlation property, resulting in much better packet error rate performance than that with random pilot sequence [1]-[7].

However, there is a problem with the CAZAC sequence in that only a limited number of sequences can be employed. For instance, when a Zadoff-Chu (or GCL) sequence is applied to the uplink pilot sequence as a CAZAC sequence, the number of sequences is the number of integers relatively prime to the sequence length “N”. Thus, assuming N is a prime number, the number of sequences becomes (N  1) at maximum. Therefore, the number of CAZAC sequences is basically decided by the length of the CAZAC sequence (proportional to the sequence length). Since the length of a short block (SB) in an uplink sub-frame, NSB, is approximately 150 symbols in a 5-MHz transmission bandwidth, approximately 150 CAZAC sequences are reused among multiple cells as shown in Fig. 1. Accordingly, if the number of CAZAC sequences is small, the re-use planning of CAZAC sequences in cellular environments becomes very difficult and expensive for the operator.
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Figure 1 – Re-use planning of CAZAC sequences in cellular system
 (1) Distributed FDM

When distributed FDM is used for uplink pilot multiplexing, the number of CAZAC sequences decreases according to the increase in the number of orthogonal pilot channels. This is because as shown in Fig. 2, when L orthogonal pilot channels are multiplexed in the frequency domain by using distributed FDM, the length of the CAZAC sequence becomes NSB / L and this short CAZAC sequence is repeated L times in the time domain. An example of the number of CAZAC sequences as a function of the number of orthogonal pilot channels, L, is listed in Fig. 2 assuming a 5-MHz transmission bandwidth. When, eight orthogonal pilot channels are multiplexed using distributed FDM, the number of CAZAC sequences decreases from 150 to 18. Reusing 18 CAZAC sequences among cells is quite difficult compared to the current W-CDMA in which 512 cell-specific scrambling codes are re-used among cells.
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Figure 2 – The number of CAZAC sequence for distributed FDM
 (2) Orthogonal CDM with cyclic-shift of CAZAC sequence

When orthogonal CDM with cyclic-shift of a CAZAC sequence is used for uplink pilot multiplexing, the number of CAZAC sequences is not decreased according to the increase in the number of orthogonal pilot channels. This is because as shown in Fig. 3, the length of a CAZAC sequence is not changed in orthogonal CDM when L orthogonal pilot channels are multiplexed. Therefore, as shown in Fig. 3, irrespective of the number of orthogonal pilot channels, 150 CAZAC sequences can always be used. This brings about a significantly relaxed requirement for the CAZAC sequence-reuse planning among cells compared to the distributed FDM transmission.
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Figure 3 – The number of CAZAC sequence for orthogonal CDM

(3) Hybrid of FDM and CDM

In [1], we proposed orthogonal pilot channel generation using the combination of FDM and CDM. In the proposal, distributed FDM transmission is used for multiplexing UEs with different transmission bandwidths in the frequency domain, since orthogonality among UEs with different transmission bandwidths is not possible using CDM in general. On the other hand, we use mainly CDM for multiplexing UEs with identical transmission bandwidths to avoid unnecessary reduction in the number of CAZAC sequences. Figure 4 illustrates an example of the hybrid of FDM and CDM where two distributed FDM signals are generated and orthogonal multiplexing of multiple pilot channels is achieved within each distributed FDM signal by using orthogonal CDM. In this case, 72 CAZAC sequences are available irrespective of the number of orthogonal pilot channels within the distributed FDM signal.
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Figure 4 – The number of CAZAC sequence for hybrid of FDM and orthogonal CDM

Therefore, from the viewpoint of the achievable number of CAZAC sequences, orthogonal CDM is definitely necessary.

3.2. Number of Orthogonal Pilot Channels

Basically, from the viewpoint of the achievable number of orthogonal pilot channels distributed FDM is more advantageous than orthogonal CDM considering the delayed paths and received timing difference among simultaneously multiplexed other user pilot channels. Figures 5(a) and 5(b) illustrate the impact of delayed paths and received timing difference between two users employing distributed FDM and orthogonal CDM transmissions, respectively. When distributed FDM pilot is used as shown in Fig. 5(a), the delayed paths of the own channel and those of other UE channels keep orthogonality in frequency domain even when the delay times exceed CP length. Meanwhile, when orthogonal CDM is used as shown in Fig. 5(b), when delayed paths of the own channel and those of other UE channels exceed the cyclic-shift duration, NSB / L, the receiver cannot distinguish whether the received path has the delay within NSB / L or not and also cannot do whether the received signal is own signal or other user’s one. Thus, orthogonality in code domain is destructed. Therefore, as summarized in Table 1, for achieving full orthogonality, the number of orthogonal pilot channels with distributed FDM in larger than that with orthogonal CDM.
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(a) Distributed FDM pilot
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(b) Orthogonal CDM pilot

Figure 5 – The number of orthogonal pilot channels

Table 1 – Requirement for full orthogonality
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However, it should be noted that the full orthogonality does not directly lead to the possibility of correct channel estimation in distributed FDM. This means that when the pilot is used for CQI measurement, correct channel variation over the entire transmission bandwidth is not measured since the paths, whose delay times exceed NSB / L, can not be detected in time domain (in other words, separation of the frequency-comb is too wide). From the same reason, when the distributed FDM pilot is used for channel estimation and demodulation of the localized shared data channel, the channel equalization is not achieved correctly due to channel estimation error.


Therefore, in order to obtain an effective channel estimation accuracy level and CQI measurement for the localized shard data channel, such a large number of orthogonal pilot channels cannot be used actually in distributed FDM. Only when the shard data channel is also transmitted by distributed FDMA with the same comb as that of pilot channel,  a large number of distributed FDM pilot channels are available. However, note that in the current RAN1 discussions, most companies consider mainly localized FDMA transmission for shared data channel in the uplink. This is because an excessive wide transmission bandwidth for distributed FDMA transmission for data rate degrades channel estimation accuracy even considering the gain by frequency diversity effect (See Fig. 6). As a result, since we mainly consider localized FDMA transmission for the shared data channel, the merit of distributed FDM pilot such as larger number of orthogonal pilot sequences is not obtained due to the degradation of channel estimation accuracy and CQI measurement. 
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Figure 6 – Example of option in multiplexing
In conclusion, although the number of orthogonal pilot channels of distributed FDM is greater than that for the orthogonal CDM in principle, the difference is not large when the pilot channel is used for CQI measurement and channel estimation of localized shared data channel (Further study is necessary).

3.3. Influence of High Doppler Frequency

It was argued that when orthogonal modulation among two SBs, i.e. {+1, +1}, {+1, -1} modulation, is used for orthogonal CDM, which was proposed by TI in [8], in order to increase the number of orthogonal pilot channels, the orthogonality among multiple pilot channels is destroyed in high Doppler frequency [9]. We agree with this argument. However, even for distributed FDM, when staggered comb allocation between two SBs is used to increase the number of orthogonal pilot channels, severe channel estimation error occurs. In this case, the orthogonality among UEs is maintained but channel estimation accuracy of the UE in high mobility is severely degraded for distributed FDM. Meanwhile, for orthogonal CDM, orthogonality among UEs is destroyed to some extent and therefore the channel estimation accuracy of all UE is moderately degraded. We think that further study on this issue is necessary.

3.4. Influence of Inter-Cell Interference

From the viewpoint of the randomization effect of inter-cell interference, orthogonal CDM has an advantage compared to distributed FDM. This is because the pilot sequence length of orthogonal CDM is always longer than that of distributed FDM, and therefore a larger averaging effect is obtained via de-spreading.

4. Multiplexing Method for Orthogonal Pilot Channels and the Number of CAZAC Sequences

As was sufficiently discussed in the RAN1 meeting so far, the pilot channel is used for the following purposes: (1) channel estimation of the scheduled shared data channel, and (2) CQI measurements for multiplexed UEs in the same sub-frame. The measured CQI is for link adaptation, channel-dependent scheduling, handover etc. and (3) channel estimations of multiplexed L1/L2 channels in the same sub-frame. Figure 7(a) and 7(b) show the proposed basic multiplexing method for orthogonal pilot channels to achieve the above-mentioned purposes. Features are as follows.

· Both SB1 and SB2 are used for transmission of orthogonal pilot channels so that both SB1 and SB2 can achieve the above-mentioned three purposes. In other words, we do not recommend additional pilot blocks for the purpose of, for example, CQI measurement. This is because the additional pilot block to SB1 and SB2 consumes bandwidth resources, bringing about degradation in the achievable link performance such as the peak data rate. Therefore, we propose that only SB1 and SB2 should be used for the pilot channel to achieve all purposes.  

· Focusing on a UE that transmits a scheduled shared data channel, the UE first transmits the pilot channel, e.g., by SB1 (Fig. 7(a)) or SB1 and SB2 (Fig. 7(b)) with a wide transmission band for CQI measurement to decide the appropriate resource block (RB). Then, after assignment of the appropriate RB, the UE transmits a pilot channel by SB1 and SB2 within the assigned shared data channel with the same transmission bandwidth. In Fig. 7(a), only SB1 is transmitted by orthogonal pilot for CQI measurement. Meanwhile, in Fig. 7(b), both SB1 and SB2 are transmitted by orthogonal pilot for CQI measurement in order to increase the number of multiplexed pilot channels for CQI measurement within the sub-frame. The selection of these two options is FFS. This transmission is typical for a shared data channel with a short packet size. However, for a shared data channel with a long packet size, SB1 can be transmitted using a wider transmission bandwidth than that of the shared data channel, since SB1 in the same sub-frame of the shared data channel is used simultaneously for CQI measurement for the subsequent shared data channel.
· We assume that the L1/L2 control channels for the UEs without data are transmitted using pre-assigned time/frequency block (green part) in the figure (This corresponds to method (b) in [10]. The reason is explained in [11]). However, if the L1/L2 control channels for the UEs without data are time multiplexed within a sub-frame (method (a) in [10]), we can assume that yellow colored pilot positions are used for the transmission of the orthogonal pilot channels for demodulation of the L1/L2 control channels for the UEs without data. Therefore, the following analysis is valid even when we assume method (a) for multiplexing of the L1/L2 control channels.
· When two transmission bandwidths are defined for the uplink pilot channel for CQI measurement [12], at least three distributed FDM multiplexing is needed for SB1 in Fig. 7(a) for multiplexing the pilot channel with different transmission bandwidths (pilot for demodulation, wideband CQI measurement pilot, and narrowband CQI measurement pilot). For the configuration in Fig. 7(b), if the pilot channels for CQI measurement with different transmission bandwidth are multiplexed within different SBs, e.g., SB1 for 5-MHz pilot; SB2 for 1.25-MHz pilot, two distributed FDM multiplexing is sufficient for hybrid multiplexing with FDM and CDM. When only one transmission bandwidth is defined for the uplink pilot channel for CQI measurement, e.g. 5 MHz, two distributed FDM multiplexing is needed.
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(a) SB1 is used for transmission of CQI measurement pilots
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(b) SB1 and SB2 are used for transmission of CQI measurement pilots

Figure 7 – Example of transmissions method for pilot channel 

(Note that this figure is for illustrative purpose only)
Table 2(a) and 2(b) show the number of CAZAC sequences of the pilot channel for CQI measurement and demodulation. Table 2(a) assumes that two transmission bandwidths of 5 MHz and 1.25 MHz are defined for the uplink pilot channel for CQI measurement. Table 2(b) assumes that one transmission bandwidth of 5 MHz is defined for the uplink pilot channel for CQI measurement.

From these tables, the following results can be derived. 
· If only FDM is used, the number of CAZAC sequences becomes smaller than ten. This brings about very severe inter-cell code-reuse planning for the operator. Meanwhile, hybrid multiplexing using both FDM and CDM can increase the number of CAZAC sequences to more than ten (for 5 MHz bandwidth, 72 sequences can be utilized when one transmission bandwidth is defined for the CQI measurement pilot).
· The definition of two transmission bandwidths for CQI measurement pilot is not appropriate from the viewpoint of the number of CAZAC sequences, although this approach improves the throughput performance of a cell edge user by increasing the received signal density of the pilot channel and reducing the interference to the other cells [12].
Table 2 – Example of the number of CAZAC sequences

(a) Two transmission bandwidths are defined for CQI measurement pilot
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(b) One transmission bandwidth is defined for CQI measurement pilot
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5. Conclusion

In this paper, we compared distributed FDM and CDM from the viewpoint of performance and the number of pilot sequences. Below is a summary of the comparison.

· From the viewpoint of the number of pilot sequences (CAZAC sequences), CDM is much better than distributed FDM. CDM can alleviate the strict code-reuse planning of the pilot sequence between cells compared to distributed FDM. This is a very important requirement for the operator.
· From the viewpoint of the number of orthogonal pilot channels, distributed FDM is advantageous. However, the optimum number of orthogonal pilot channels along with the transmission bandwidth should be further investigated considering the tradeoff of frequency diversity and channel estimation accuracy. Therefore, the advantage for distributed FDM from this point of view is not large.
· From the viewpoint of the influence of a high Doppler frequency, FDM has a slight advantage, since high Doppler frequency only degrades the channel estimation of that UE. Meanwhile, in CDM, when there is UE with high mobility, the channel estimation accuracy of all UE is moderately degraded due to destruction of orthogonality.

· From the viewpoint of the randomization effect of inter-cell interference, CDM is advantageous compared to distributed FDM, since the pilot sequence length of orthogonal CDM is always longer than that of distributed FDM.

In conclusion, we recommend the use of hybrid multiplexing using distributed FDM and CDM, in which distributed FDM is used for multiplexing UEs with different transmission bandwidths, while orthogonal CDM is used for multiplexing UEs with identical transmission bandwidths.
6. Text Proposal (Section 9.1.1.2 in TR25.814)

---------------------------------  Start of Text Proposal  --------------------------------------------------

9.1.1.2.2
Uplink reference-signal structure

As indicated in Section 9.1.1, uplink reference signals are transmitted within the two short blocks, which are time-multiplexed with long blocks. Uplink reference signals are received and used at the Node B for the following two purposes:

· Uplink channel estimation for uplink coherent demodulation/detection

· Possible uplink channel-quality estimation for uplink frequency- and/or time-domain channel-dependent scheduling

Provided that uplink transmissions are received in a time-aligned fashion (within the cyclic-prefix tolerance), multiple mutually orthogonal reference signals can be created. Multiple such mutually orthogonal uplink reference signals can be allocated to 

· A single multi-transmit-antenna UE to support e.g. uplink multi-layer transmission (MIMO)

· Different UEs within the same Node B

As shown in Figure 9.1.1.2.2-1, the uplink reference-signal structure should allow for: 

· Localized reference signals occupying a continuous spectrum.

· Distributed reference signals occupying a comb-shaped spectrum.

Note that, due to the use of the short block for the transmission of reference-signals, the “sub-carrier bandwidth”, is twice the “sub-carrier bandwidth” for data transmission in long blocks.

[image: image13.wmf] 


Figure 9.1.1.2.2-1 Distributed (left) and localized (right) reference-signal structure

Orthogonality between uplink reference signals can be achieved using the following methods: 

· By transmitting each uplink reference signal across a distinct set of sub-carriers, as in “Figure 9.1.1.2.2-2 left.” This solution achieves “signal orthogonality in the frequency domain” and applies to both localized and distributed reference-signal structures. This approach is referred to as FDM below.

· By constructing reference signals that are orthogonal in the “code domain”, with the signals transmitted across a common set of sub-carriers (example with contiguous sub carriers in Figure 9.1.1.2.2-2 right). As an example, individual reference signals may be distinguished by a specific cyclic shift of a single CAZAC sequence. This approach is referred to as CDM below.

· Orthogonality in the time domain

· A combination of the methods above
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Figure 9.1.1.2.2-2  Reference-signal orthogonality in frequency domain (left) and “code” domain (right) respectively. 
 Note that orthogonality in the frequency domain is also possible for a localized reference-signal structure.

The applicability of different reference-signal structures to different transmission structures is as follows.

Reference-signal for demodulation/detection in case of localized data transmission:

· To multiplex reference-signals from different UEs occupying different data spectrum, FDM is used.
· Localized reference signal occupying the same spectrum as data transmission or
Distributed reference signal confined within the same bandwidth as the data transmission but occupying a fraction of the data spectrum can be used.  
· Multiplexing of reference signals for the case of a UE with multiple antennas or multiple UEs in MU-MIMO is to be studied further.
Reference-signal for demodulation/detection in case of distributed data transmission:

· Reference signal distributed to allow for channel estimation of the distributed data. As mentioned, for FDM, due to the use of short blocks (SB) for reference-signal transmission, each reference-signal “comb finger” is twice as large as the corresponding “comb-finger” for the distributed data transmissions in the long blocks (LB). Thus to provide better frequency sampling of the channel for the channel estimation, frequency-domain staggering of the reference signals of SB2, relative to SB1 may be applied when both the SB1 and SB2 are used for reference-signal for demodulation/detection of distributed data transmission as shown in Figure 9.1.1.2.2-3. Note that the staggering of distributed reference signals in SB1 and SB2 could also be used in case of localized data transmission.
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Figure 9.1.1.2.2-3 An example of Frequency-domain staggering of the reference signals of SB2, relative to SB1
· Reference signal that occupies a set of sub-carriers, which may overlap the sub-carriers which are used by the long block (data). An example is portrayed in Figure 9.1.1.2.2-4.  
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Figure 9.1.1.2.2-4 An example of overlap the sub-carriers which are used by the long block (data).

· For multiplexing reference-signals from different UEs within the same Node B, distributed FDM is used for multiplexing of the reference-signals with different transmission bandwidth, while CDM is used for multiplexing of the reference-signals with same transmission bandwidth. 
Reference-signal for uplink channel-quality estimation (channel sounding):
· Reference signal may occupy at least partly different spectrum than data transmission. This allows for channel-quality estimation also for other frequencies than that used for data transmission and, as a consequence, allows for uplink channel-dependent scheduling.
· For multiplexing reference-signals from different UEs within the same Node B, distributed FDM is used for multiplexing of the reference-signals with different transmission bandwidth, while CDM is used for multiplexing of the reference-signals with same transmission bandwidth.
· Multiplexing of reference signals for the case of a UE with multiple antennas or multiple UEs in MU-MIMO is to be studied further.
When reference-signal for uplink channel-quality estimation is transmitted with data symbols within the same sub-frame, a part of this reference-signal can also be used for channel estimation for demodulation/detection of the data symbols.
The two SBs can be used for transmission of reference-signals for different purposes listed above.
When the reference signals occupying the different size of the spectrum (FFS) are multiplexed into overlapped frequency band, different sub-carriers should be assigned for the reference signals within the overlapping frequency band in order to achieve orthogonal transmission.
The uplink reference signals are based on CAZAC sequences. Which exact type of CAZAC sequences is FFS.
--------------------------------- End of Text Proposal  ----------------------------------------------------
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