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1. Introduction
Uplink reference signal can have two categories according to their purposes; one is for channel quality measurement for uplink scheduling (CQ pilot) and the other is for channel estimation for data demodulation (DM pilot). In this paper, we discuss uplink pilot multiplexing schemes for Evolved UTRA assuming fast channel dependent scheduling in uplink.
2. Uplink pilot multiplexing
To perform fast channel dependent scheduling in uplink, we assume that each UE is assigned their ‘CQ pilot transmission band’ which is equal to or smaller than its transmission bandwidth capability, where scheduling for the UE is performed within that band. A UE is scheduled to transmit UL data over the bandwidth equal to or smaller than its CQ pilot transmission band.
CQ pilot of a UE should be transmitted over its whole CQ pilot transmission band possibly in a periodic manner. Multiple UEs should be able to transmit CQ pilot in the same CQ pilot transmission band and CQ pilots of different UEs should be multiplexed orthogonally to support fast scheduling. On the other hand, DM pilot is transmitted by the UEs which transmit uplink data. Accordingly, in case of data transmission with localized resource allocation, only one UE transmits DM pilot within a data transmission band. 
In the followings, we discuss some details of multiplexing CQ pilots between different UEs, and multiplexing CQ pilot and DM pilot of a UE. 
· Multiplexing Uplink CQ pilot within a short block
It seems generally agreed that maximum around 12 pilot channels can be multiplexed in a certain band in a sub-frame for both CDM and FDM without big loss in data demodulation performance. For example, 6 pilot channels can be multiplexed in one SB and it becomes twice using both SBs with FDM [1][2]. In case of CDM, maximum of 6 orthogonal CAZAC sequences from one code can be used for a channel with 5 µs excess delay spread (e.g., TU channel) [2] in a SB of 33.33 µs symbol length. In addition, employing modulation on CAZAC sequence across two SBs, the number of orthogonal pilot channel may increase as twice [4]. 

The same logics may be applicable to CQ pilot multiplexing. However, to get a sufficient uplink fast scheduling gain, Node B scheduler has to estimate the uplink channel qualities of all the fast-scheduled UEs in a cell, so, much more CQ pilot channels than 12 should be multiplexed in uplink. Therefore, it should be evaluated further if CQ pilot with sparser subcarrier distribution than with DM pilot is possible without big loss of scheduling gain in case of FDM.
· Uplink CQ pilot multiplexing by subframe level TDM
In order to support many fast-scheduled UEs, sub-frame level TDM [5] where UEs transmit CQ pilot every multiple sub-frames on top of UE multiplexing scheme within a sub-frame by FDM or CDM should be considered at this stage. It means every UE doesn’t necessarily transmit CQ pilot every sub-frame. 

In sub-frame level TDM, UEs transmit CQ pilot according to their time offset and period for CQ pilot transmission which can be configured for each UE. Then, if UEs transmit CQ pilot every other sub-frames with different time offset, for example, the number of supportable UEs for channel dependent scheduling is twice as large as the number of CQI pilots when they are transmitted every sub-frame. There may be some loss in per user throughput due to the rarer update of uplink channel quality information in case of TDM depending on the mobile velocity.  In order to evaluate the effect of rarer update of uplink CQ pilot, system level simulations were performed under the simulation cases listed in Table 1.

Table 1. Simulation test cases

	Simulation

Cases
	CF

(GHz)
	ISD

(meters)
	BW

(MHz)
	Penetration Loss (dB)
	Speed

(km/h)

	1
	2.0
	500
	10
	20
	3

	2
	2.0
	500
	10
	10
	30

	3
	2.0
	1732
	10
	20
	3

	4
	0.9
	1000
	1.25
	10
	3

	5
	2.0
	1732
	10
	10
	120


The details of simulation assumptions and configurations can be found in [6]. The simulation results are summarized in Table 2. As shown in Table 2 REF _Ref130303132 \h 
, there is no considerable performance degradation in case of low velocity and very high velocity (case 1, 3, 4 and 5). In case of 30km/hr velocity (case 2), the sector throughputs with CQ update periods of 4~8 sub-frames are degraded by about 6~12% compared to 1 sub-frame period. Such degradation may be overcome by larger multi-user diversity gain obtained by multiplexing CQ pilots from more UEs under the limited uplink resource allocable to the uplink CQ pilot transmission. This is especially true if there are a large number of low to medium speed UEs in the cell.

Table 2. Sector throughput depending on the update period of uplink CQ information
	Simulation case
	Update period (subframes)
	Sector throughput (Mbps)
	User throughput (Kbps) at 5% CDF

	1
	8
	11.03
	85.3

	
	4
	11.04
	85.3

	
	2
	11.03
	85.4

	
	1
	11.03
	85.5

	2
	8
	9.41
	70.5

	
	4
	10.10
	75.7

	
	2
	10.51
	77.7

	
	1
	10.71
	78.9

	3
	8
	8.27
	69.6

	
	4
	8.28
	69.5

	
	2
	8.28
	69.6

	
	1
	8.28
	69.6

	4
	8
	1.13
	8.25

	
	4
	1.13
	8.33

	
	2
	1.13
	8.38

	
	1
	1.13
	8.27

	5
	8
	8.15
	63.8

	
	4
	8.14
	63.0

	
	2
	8.15
	63.0

	
	1
	8.05
	62.6


In addition, when the transmission bandwidth is wide, it may be hard for some UEs to transmit CQ pilot over the configured CQ pilot transmission band (which may or may not be equal to the whole system bandwidth) in a sub-frame due to limited UE battery power. Thus, the whole cell reception bandwidth can be divided into several sub-bands where time offset and period of CQ-pilot transmission can be configured independently for each UE. 

Since offset and period of CQ pilot transmission can be configured for each UE according to coherence time, fast moving UEs can transmit CQ pilot more frequently than slow moving UEs. It can be easily seen in Figure 1, where some UEs transmit CQ pilot every two sub-frame and other UEs transmit CQ pilot every four sub-frame. Also, considering time offset and period of CQ pilot transmission are configured at every sub-band, more UEs can be supportable for fast frequency dependent scheduling.  Appropriate period of CQ pilot transmission and the impact of delayed channel quality information for channel dependent scheduling should be investigated and may be configured according to coherence time and UE speed if E-UTRA Node B can estimate those things.
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Figure 1. CQ pilot transmission with sub-frame level TDM when the whole transmission bandwidth is divided into 4 sub-bands

· Multiplexing Uplink DM pilot and CQ pilot
When a UE transmit uplink data and CQ pilot simultaneously, CQ pilot can be used in the channel estimation for the data demodulation. Anyhow, CQ pilot only may not be sufficient for data demodulation if we assume sparser subcarrier allocation for CQ pilot (in case of FDM) or lower transmit power per subcarrier for CQ pilot (in case of CDM). Moreover, if a UE doesn’t transmit CQ pilot every subframe, the UE may not transmit CQ pilot when it transmits data. One simple solution to this is to specify DM pilot transmission independent of CQ pilot transmission. 
When both CQ pilot and DM pilot are transmitted within the same sub-frame, CQ pilot may be used as well in demodulation in addition to DM pilot. Nevertheless, enough DM pilot resources should be reserved for the data transmitting UE within each uplink resource unit at every sub-frame.
For example, assume that a quarter of whole pilot resources need to be allocated for DM pilot in order to guarantee a certain level of BLER performance. Then, in FDM case, if we assume CQ pilot of a UE should be allocated every 12th subcarrier in each short block in a subframe, 9 CQ pilot resources remain in each subframe, which is depicted in Figure 2. In addition, if we assume all the UEs CQ pilot are transmitted once every 8th subframe, 72 (9x8) UE’s CQ pilots can be multiplexed in maximum. This number may be increased more if some UEs transmit CQ pilot only in a part of the total CQ pilot bands within whole bandwidth.
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Figure 2.  Example of multiplexing CQ pilot and DM pilot

In multiplexing CQ pilot and DM pilot, it is important how much resource should be reserved for DM pilot, so, how much resource can be used for CQ pilot resultantly. In Figure 3, we show simulation results of uplink data demodulation with various resource allocations for DM pilot especially in case of FDM. In the legends of the figure, x and y of ‘x+y’ mean the portion of the subcarriers used as DM pilot within 1st short block and 2nd short block respectively. In Figure (a), the transmit power of subcarriers carrying DM-pilot is set same with data subcarriers and remains constant regardless of the amount of resource used for DM pilot. In this case, it is shown that the loss due to the sparser subcarrier spacing for DM pilot reaches about 1dB if DM pilot utilize 1/4 of the subcarriers in two short blocks. The sparser is the subcarrier spacing, the loss becomes larger and it reaches up to 2.4 dB when 1/8 of the subcarriers are used as DM pilots in two short blocks. On the other hand, Figure (b) shows results when DM pilot transmit power is boosted to keep the same total energy for DM pilot transmission as the amount of subcarriers allocated to DM pilot decreases. In this case, almost no performance degradation appears until the subcarrier resource allocated to DM pilot decreases up to 1/8 of the total resources in two short blocks. Those results suggest that there is a possibility of more than half of the subcarrier resources in short blocks can be used for CQ pilot transmission.
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(a) The case of constant DM pilot transmit power per subcarrier
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(b) The case of constant total DM pilot transmission energy

Figure 3. Block error rate performance according to the amount of resource for DM pilot (Localized RB, 75 subcarriers, QPSK, R=1/3, Pedestrian B channel model, 3 km/h)

3. Conclusions

In this paper, we discussed pilot transmission methods in Evolved UTRA uplink, especially for CQ pilot. In order to support many active UEs, sub-frame level TDM should be considered on top of UE multiplexing scheme within a sub-frame by FDM or CDM. In addition, it is proposed that transmission of CQ pilot and DM pilot of a UE should be independent of each other. Also, it is suggested that CQ pilot should be multiplexed together with DM pilot within the same short block, rather than be transmitted on the separate short block, designed only for CQ pilot.
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