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1. Introduction
This contribution addresses structure of the uplink (UL) reference signal, transmitted in short blocks SB1 and SB2, and its multiplexing with the data signal, transmitted in long blocks LB. The current set of options for the UL reference signal is listed in Table 1 [1].
Table 1: Options for uplink reference signal structure and multiplexing with data [1].

	Purpose
	Option 1
	Option 2
	Option 3

	Channel estimation for demodulation/detection
	In case of localized uplink data transmission
	Localized FDMA
	Localized FDMA
	Localized FDMA for SB2

CDMA for SB1

	
	in case of distributed uplink data transmission
	Distributed FDMA
	Distributed FDMA and/or CDMA
	CDMA

	Channel sounding for uplink CQI estimation
	Distributed FDMA
	Distributed FDMA and/or CDMA
	CDMA for SB1


In case of localized data transmission, Options 1 and 2 provide the optimum channel estimation performance while requiring a sounding pilot in order to perform CQI estimation for UL frequency dependent scheduling. Option 3 experiences some degradation in the channel estimate due to the distributed nature of the reference signal in SB1 but does not need any sounding pilot overhead. It will be shown that the sub-optimum placing of reference signal sub-carriers in SB1 for Option 3 results to only a minimal BLER performance loss relative to Options 1 and 2 and therefore has negligible impact on throughput. Option 3 is thus preferable in this case as it provides substantial frequency dependent scheduling gains while avoiding the overhead of a sounding reference signal.

In case of distributed data transmission, it will be shown through system level analysis that a distributed FDMA reference signal (Option 1) suffers substantial SINR losses for UEs near the cell borders. These losses have a catastrophic effect on the UL communication [2], and unlike claims made in [3], interference management techniques relying on soft frequency re-use cannot alleviate this problem since the reference signal is distributed. On the other hand, a CDMA reference signal provides larger processing gain that can effectively suppress strong interferers [2]. Moreover, the number of reference signal sequences is much larger for a CDMA reference signal allowing easier deployment in actual multi-cell networks [4]. 

Several additional related aspects of reference signal design and multiplexing with data are considered. It is shown that the optimum trade-off between gains from frequency diversity (and frequency scheduling) and losses due to channel estimation, is achieved when a maximum of six UEs are simultaneously multiplexed in a given frequency band. For example, when multiplexing low – data rate UEs (using minimum resource block), it is recommended that the operating bandwidth, if larger than 2.5 MHz, is divided into multiple portions of 2.5 MHz sub-bands for UL scheduling. 
2. Approach and Outline
E-UTRA must support an aggregate maximum system bandwidth of 20MHz, with a large number of UE transmissions multiplexed therein. Several previous contributions have shown that estimating the channel response for the entire system bandwidth may severely limit the number of supportable UEs. In fact, channel estimates for only 6 – 12 UEs are simultaneously possible, if the reference signal sub-carriers from each UE occupy the entire bandwidth. In order to circumvent this limitation, we assume that large system bandwidths [such as for example, 10MHz] are partitioned into reference signal multiplexing blocks [RSMB], as shown in Figure 1.  
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Figure 1: Partitioning of Reference Signal Multiplexing Blocks.

Each RSMB serves for multiplexing the reference signal transmission from a number of different UEs and is wide enough to allow for both frequency diversity and frequency dependent scheduling. Note that UEs with different capabilities may be supported with the RSMB concept, as shown in Figure 1. 
The following design aspects are now introduced and will be further justified through detailed simulations in the remainder of this contribution:
1. No more than 6 UEs should be supported within the RSMB [using the wideband reference signal which estimates the channel within RSMB]. This is shown through link level simulations (Section 3). 

2. Localized LB for data, localized SB2 [localized FDM multiplexing for SB2], and distributed SB1 [CDM multiplexed] is the best choice for the reference signal and data multiplexing. This option best satisfies the E-UTRA requirements in TR 25.913. In this data / reference signal multiplexing option, SB1 serves a dual purpose: 
a. Channel estimation
b. CQI estimation. 
This design choice avoids the overhead and the corresponding throughput losses from a separate sounding reference signal. Since E-UTRA throughput is UL limited, any additional overhead is particularly detrimental and should therefore be avoided. 
3. System level comparison of CDM and FDM multiplexing [for SB1] shows that CDM multiplexing achieves 3dB superior cell–edge reference signal SNR (5% CDF). UEs at cell and sector edges often experience dominant interferers, where using distributed FDM multiplexing for the reference signal results to catastrophic communication failures [2, 5]. Thus, SB1 should be CDM multiplexed.
3. Link Level Simulations
3.1. Size of Reference Signal Multiplexing Block - Optimum Reference Signal and Data Multiplexing Option
	
	

	Numerology
	2.5MHz @ 2.6GHz

	
	5MHz @ 2.6GHz

	MCS
	QPSK, 16QAM, Rate = ½ 

	Number Of Used Resource Blocks
	One [= 25 Sub – Carriers = 375kHz]

	Reference Signal
	Localized: 375kHz [same as data]

	
	Distributed: 2.5MHz [6x wider than data]

	
	Distributed: 5MHz [12x wider than data]

	UE Velocity
	3kmh

	Channel Model Power – Delay Profile
	SCM – C found in [R1-060334]

	Number of Receiver Antennas
	2 – Uncorrelated

	Reference Signal Modulation
	CAZAC

	Time Interpolation Coefficients for Channel Estimation
	Averaging for localized SB1 and localized SB2. Weighted averaging for distributed SB1 and localized SB2. 

	Frequency Interpolation
	Contiguous or Distributed Reference Signal
	Least Squares Filter

	
	Localized Reference Signal
	Least Squares Filter


Table 1: Link Level Simulation Assumptions
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Figure 2: One UE [16QAM] uses 1 out of 6 resource blocks [N = 6] from the 2.5MHz RSMB. 
[image: image3.emf]6 8 10 12 14 16 18 20

10

-4

10

-3

10

-2

10

-1

10

0

SNR [dB]

BLER

 

 

Loc LB; Dist SB1; Dist SB2

Loc LB; Dist SB1; Loc SB2

Loc LB; Loc SB1; Loc SB2

Loc LB; Perfect CE

Dist LB; Dist SB1; DistSB2

Dist LB; Perfect CE

Freq. Sch. Loc LB; Dist SB1; Dist SB2


Figure 3: One UE [16QAM] uses 1 out of 12 resource blocks [N = 12] from the 5MHz RSMB. 
From the results in Figures 2 and 3, the following conclusions can be made:
1. Frequency scheduled localized data transmission is always superior to distributed data transmission as the latter allows a UE to transmit within a resource block (RB) having good SINR. In contrast, for distributed data transmission, all RBs of a particular UE have similar SINR. 
a. Link gains of scheduled localized data transmission are about 4dB (SCM–C channel model). Actual CQI estimation was incorporated as obtained from the distributed SB1.
b. Distributed SB1 provides accurate CQI estimation, which in turn enables the 4dB gain from frequency scheduling at the link level. In Section 3.2, it is shown that distributed SB1 can also provide accurate channel estimation at high UE speeds.  
For low UE speeds, LB should be localized.
2. Assuming localized data transmission, localized SB1 and localized SB2 optimizes channel estimation. However, such reference signal design cannot provide frequency dependent scheduling. Distributed SB1 and localized SB2 allows for wideband CQI estimation and frequency dependent scheduling while resulting in only 0.3 dB loss in BLER performance relative to localized SB1 and localized SB2. Such a small loss has negligible effect on the achievable throughput while the link level gains from frequency dependent scheduling are about 4 dB (SCM-C). The extra overhead of a sounding pilot is thus avoided for practically no loss in achievable throughput. Distributed SB1 also enables channel estimation for high UE speeds.
Distributed SB1 and localized SB2 provide the best tradeoff for channel and CQI estimation.
3. For distributed data transmission, the channel estimation penalty grows with the size of RSMB. For example, when N=6, the channel estimation penalty is 2.5dB while for N=12, the channel estimation penalty is 4dB. 
N=6 is preferable to N=12 for distributed data transmission.
4. The optimum RSMB size is N=6. This achieves the best tradeoff between frequency [or scheduling] diversity, and channel estimation quality.
a. For distributed data transmission [distributed LB] with perfect channel estimation, N=12 naturally achieves better results, because of additional frequency diversity. However, with actual channel estimation, performance degradation is so severe that it offsets the diversity gains. Hence, with realistic channel estimation, N=6 [green curve in Figure 2] outperforms N=12 [green curve in Figure 3] at 10% BLER. 

b. For non – scheduled localized data transmission, N=6 and N=12 perform the same, provided that channel estimation is localized. This is because neither option exploits frequency diversity (red color curves in Figures 2 and 3). 

c. For scheduled localized data transmission, N=6 again achieves optimum performance. Naturally, N=12 gives more scheduling diversity, but N=6 provides better CQI estimates for each RB, because a 2.5MHz channel is estimated, as opposed to a 5MHz channel. Consequently, with N=6, scheduled localized data [purple curve in Figure 2] outperforms scheduled localized data with N=12 [purple curve in Figure 3], by about 1dB at 10% BLER. Although corresponding results are not shown for brevity, the same tradeoff between 2.5 MHz and 1.25 MHz is in favor of 2.5 MHz.
With realistic CQI estimation, it is preferable to perform frequency scheduling of N=6 UEs at 2.5 MHz rather than of N=12 UEs at 5 MHz.
Scheduled localized LB, enabled with distributed SB1 and localized SB2, achieves the best link level performance.  
Based on the above observations, it can be concluded that each RSMB should not support more than N=6 UEs. Further results with QPSK modulation are given in Figures 4 and 5.
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Figure 4: One UE [QPSK] uses 1 out of 6 resource blocks [N = 6] from the 2.5MHz RSMB. 
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Figure 5: One UE uses 1 out of 12 resource blocks [N = 12] from the 5MHz RSMB. 
Similar conclusions apply for QPSK as for 16QAM. Frequency dependent scheduling gives less gain for QPSK [the gain is 3 dB as opposed to 4 dB for 16QAM], because it operates at smaller SINRs and is more prone to CQI estimation errors. Furthermore, the loss by migrating from both localized SBs to localized SB2 and distributed SB1 is more pronounced for QPSK (loss in now about 0.5dB). Nevertheless, the gains of frequency scheduling are still substantial and are only enabled by localized LB, distributed SB1 and localized SB2. This is also confirmed by system level simulations [6-8].  Finally, by comparing green and purple curves from Figures 4 and 5, it is still concluded that N=6 is the optimum choice for the RSMB. All simulation results assumed that the UL reference signal is available only from the current sub-frame.     

The results and conclusions of this section can be summarized as follows: No more than N=6 UEs should be supported within a RSMB. Frequency dependent scheduling provides substantial gains for both 16QAM and QPSK. The option of localized LB, along with distributed SB1 and localized SB2, is optimum for the system performance at low UE speeds, thereby being the optimum one with respect to the TR 25.913 requirements. 
The proposed reference signal design is next evaluated for high UE speeds. 
3.2. Support for High UE Speeds and CDM vs. FDM Reference Signal Multiplexing
	
	

	Numerology
	2.5MHz @ 2.6GHz

	MCS
	16QAM, Rate = ½ 

	
	QPSK, Rate = ½ 

	Number Of UEs
	6

	Number Of Used Resource Blocks
	One [= 25 Sub – Carriers = 375kHz]

	Reference Signal
	SB2: localized with 375kHz [same as data]

	
	SB1: Distributed across 2.5MHz BW
	FDM

	
	
	CDM

	UE Velocity
	360kmh

	Channel Model Power – Delay Profile
	SCM – C found in [R1-060334]

	Number of Receive Antennas
	2 – Uncorrelated

	Reference Signal Modulation [Distributed]
	CAZAC

	Reference Signal Modulation [Localized]
	CAZAC

	Time Interpolation Coefficients
	Wiener filter with  coarse Doppler estimate. 

	Frequency Interpolation
	Contiguous or Distributed Reference Signal
	Demodulation in Frequency Domain, followed by IFFT, truncation of taps beyond the 5μsec and finally FFT

	
	Localized Reference Signal 
	Least Squares Filter


Table 2: Link Level Simulation Assumptions
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Figure 6: Six concurrent high speed UEs (360 km/h). CDM and FDM SB1: 16QAM.  
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Figure 7: Six concurrent high – speed UEs (360 km/h). CDM and FDM SB1: QPSK.
The results in Figures 6 and 7 suggest the following:
1. Localized LB, distributed SB1 and localized SB2 reference signal / data multiplexing combination, which was optimum for low UE speeds, is not optimum for high UE speeds. This is because frequency scheduling is not possible at high UE speeds, and localized SB1 provides better channel estimates. Nevertheless, there is only 1 dB loss by migrating from localized SB1 to distributed SB1. Moreover, this loss may be further reduced to 0.5 dB by an optional reference signal power boost, as described in [9]. Therefore, localized LB, distributed SB1 and localized SB2 supports high UE speeds with 0.5 – 1 dB loss. This loss is further offset by the additional time diversity provided at high UE speeds, so that link level performances at 3kmh and 360kmh are equivalent at 10% BLER. 
2. There is no need to support distributed LB for data transmission.

a. For low UE speeds, localized LB outperforms distributed LB, because of frequency scheduling (based on results from the previous section).

b. For high UE speeds [360kmh], localized LB maintains link level performance equal to that of distributed LB at low UE speeds [comparing Figures 7 and 4 and Figures 2 and 6] at 10% BLER.     
3. Assuming localized LB, distributed SB1 and localized SB2, Figures 6 and 7 show that the CDM and FDM reference signals [for SB1] perform equally at the link level, and both support high UE velocities [360kmh].  
4. CDM vs. FDM Reference Signal: System Level Considerations

While the CDM and FDM reference signals perform similarly in single sector simulations with Gaussian noise, CDM reference signal achieves better interference averaging because of its larger processing gain. This was earlier shown using the “Dominant Interferer” set of simulations in [2, 5] and is depicted in Figure 8. In this contribution, CDM and FDM reference signals are further compared, at the system level, for the simulation setup described in Table 3.
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Figure 8: CDM and FDM Reference Signal Performance in Presence of Dominant Interferer.
Table 3: System Level Simulation Assumptions
	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance
	500m (Case 1)

	Distance-dependent path loss
	L=I + 37.6log10(.R), R in kilometers

I=128.1 – 2GHz

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.4.1.4

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m  (See D,4 in UMTS 30.03)

	Shadowing correlation
	Between cells
	0.5

	
	Between sectors
	1.0

	Penetration Loss  
	20dB

	Antenna pattern [4] (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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	Carrier Frequency / Bandwidth
	See Table A.2.1.1-1

	Channel model
	Log – normal large scale fading 

	UE power class
	21dBm 

	Inter-cell Interference Modelling
	All sectors and cells occupied by UEs 

	Antenna Bore-sight points toward flat side of cell (for 3-sector sites with fixed antenna patterns)
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In system level simulations, the total received reference signal power is divided by the total (received) interference power. This metric is effectively the reference signal SINR. Results were taken from the center cell in the 19 cell model. It is further assumed that the FDM reference signal has a processing gain of 1 while the CDM reference signal has a processing gain of 6. Note that only the relative ratio of processing gains is important. Moreover, CDM reference signal experienced all interferers from the surrounding sectors (and cells), while FDM reference signal experienced only 1/6 of these interferers. Figure 9 shows the system level comparison of the SINR for the CDM and FDM reference signals.
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Figure 9: System - Level Comparison of CDM and FDM Reference Signals. 
At the cell edge, (e.g. 5% point of CDF), the CDM reference signal SNR is 3dB better than the FDM reference signal SNR. This is due to the poor inter-cell interference averaging of the FDM reference signal which leads to performance failures for cell edge UE as shown in [2, 5]. Notice that, contrary to the suggestion made in [3] to address the dominant interferer issue, interference management techniques cannot alleviate this problem for the FDM reference signal due to its distributed nature.   
5. Conclusions
Based on the analysis and simulation results of this contribution, the following conclusions apply:

a) Localized LB, distributed SB1 and localized SB2 provide optimum system performance for low UE speeds, while maintaining good performance at high UE speeds, thereby satisfying the E-UTRA requirements in TR 25.913. 
b) To achieve satisfactory channel estimation, no more than N = 6 UEs should be multiplexed within one RSMB. 
c) Given that SB1 is distributed and SB2 localized, both CDM and distributed FDM reference signal [SB1] have similar link level performance in terms of BLER and number of supportable UEs per RSMB. However, at the system level, CDM reference signal achieves 3dB superior SNR for cell edge UEs and avoids the communication failures experienced with distributed FDM reference signal. Furthermore, the number of distinct pilot sequences with CDM pilot is much larger than the number of sequences with FDM pilot [10]. Thus, the sequence cell (or sector) re – use is much easier with CDM pilot [10].   
It is therefore recommended that the transmission of SB1 be in CDM form within a single RSMB.
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--------------- Start of Text Proposal for Uplink Reference Signal Structure -----------------------
9.1.1.2.2

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

Orthogonality between distributed uplink reference signals can be achieved 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.
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Figure 9.1.1.2.2-2  Reference-signal orthogonality in “code” domain. 
 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. 
· 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 9.1.1.2.2-3.  


Figure 9.1.1.2.2-3 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, CDM is used. 
The uplink reference signals are based on CAZAC sequences. Which exact type of CAZAC sequences is FFS.
For localized data transmission, the second short block (SB2) is also localized having the same bandwidth occupancy as the LB. The first short block (SB1) is CDM multiplexed within the reference signal multiplexing block (RSMB). The RSMB is a contiguous set of sub–carriers used to multiplex uplink reference signal transmissions from at most 6 UEs, with cyclic shifts of a single CAZAC sequence. The size of RSMB can be 1.25MHz, 2.5MHz, 5MHz, 10MHz, 15MHz or 20 MHz. The RSMB partitioning is given in Figure 9.1.1.2.2.1   
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Figure 9.1.1.2.2.4: Partitioning of reference signal multiplexing blocks (RSMB).

Within RSMB, the SB1 is multiplexed as in Figure 9.1.1.2.2.5 [transmission of 2 UEs illustrated]
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Figure 9.1.1.2.2.5: CDM multiplexing within reference signal multiplexing blocks (RSMB).

--------------- End of Text Proposal for Uplink Reference Signal Structure -----------------------







































































































































































































































































































































































































































































































































































































































































































































































































































































































































_1179921060.unknown

_1190617096.doc















_1207991770.doc
[image: image1.bmp][image: image2.bmp]









Reference signal #1







Reference signal #3







Reference signal #2












_1177244166.unknown

