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1. Introduction
This contribution reviews aspects for the multiplexing of orthogonal reference signals (RS) in EUTRA uplink (UL). In particular, the focus is on the performance of the CDM and FDM options for CAZAC sequences. Other aspects, such as the number of such sequences, have been previously studied in other contributions, such as in [1] where CDM was shown to provide substantially more sequences enabling much easier cell planning for frequency re-use and flexible deployment. 
At the link level, when the channel delay spreads of all UL transmitting UEs are less than 5 sec, both CDM and FDM wide-band RS offer practically the same performance and the same number of 6 orthogonal RS per SB [2, 5, 11, 13-19]. When the channel delay spread of a UE exceeds 5 sec, such as for the TU channel, we show that the CDM distributed RS can simply use a longer cyclic shift and avoid any performance loss at the expense of a small reduction from 6 to 5 in the number of supportable orthogonal RS per SB. Typically, in practice, it is expected that a mixture of UEs with low and high delay spreads will be simultaneously scheduled or multiplexed. In such cases, we show that CDM can offer additional flexibility and support additional orthogonal RS because the value of the cyclic shift can be adjusted in accordance with the need of each UL transmitting UE. Such flexibility is more difficult to achieve with FDM. The time uncertainty in the UL can be regarded as part of the channel delay spread for the purposes of multiplexing orthogonal RS in a SB.
At the system level, CDM RS offers a number of advantages over FDM. As previously mentioned, CDM results in a larger number of RS sequences, which is crucial for sequence re-use and cell planning. Also, CDM offers a larger processing gain (at least 5x) over FDM which provides immunity to co-channel interference and robust cell-edge performance. In contrast, FDM may suffer substantial failures at the cell edge, due to its larger susceptibility to co-channel interference. System level simulations show that CDM offers approximately 2 dB advantage in terms of RS SINR at the cell edge. This also assumes that the RS is transmitted over the whole scheduling bandwidth. The FDM loss when a shorter RS (transmitted over a few RBs) is much worse than that 2 dB loss. The larger CDM RS processing gain will also enable more reliable CQI estimation and easier and more effective interference cancellation at the Node B. Both the larger number of available sequences and the larger processing gain are inherent advantages of CDM over FDM. 
2. Link Comparison of “CDM” and “FDM” RS
It has been extensively shown that when the channel delay spread is within 5 sec, CDM and FDM performance is practically the same [2, 5, 11, 13-19]. For larger channel delay spreads, such as for the TU channel, we now show that CDM of RS can use a larger cyclic shift and provide 5 orthogonal RS per SB without incurring any performance loss. For larger-than-TU delay spreads, FDM must also fall back to 5 (or less) orthogonal RS per SB in order to avoid channel estimation and CQI performance losses by missing paths. The following link evaluations provide the performance for CDM and FDM wide–band RS, in the presence of high delay spread (SCM–C, TU) and in presence of low and high Doppler spreads, for both QPSK and 16QAM. To further stress the performance at the highest Doppler spread of interest (360 Kmph), a 2.6 GHz carrier frequency was assumed.
2.1. Equivalence of CDM and FDM Link Performance  
The simulation results in this section demonstrate the equivalence in link level BLER performance of Wide-Band CDM and Wide-Band FDM RS. FDM was assumed for the localized RS. Figure 1 shows that, at both low and very high UE speeds, the BLER performance of CDM and FDM RS is practically the same in the SCM-C channel and 6 multiplexed UEs. Figure 2 shows the same for the TU6 channel and 5 multiplexed UEs. The simulation assumptions are given in Table 1.     
Table 1: Link Level Simulation Assumptions
	
	

	Numerology
	2.5MHz @ 2.6GHz

	MCS
	16QAM, Rate = ½

	Number Of UEs
	6 in SCM-C; 5 in TU

	Number Of Used Resource Blocks
	Two (24 sub – carriers)

	TTI
	1ms

	Reference Signal
	SB2/3/4: localized with 375kHz [same as data]

	
	SB1: Distributed across 2.5MHz BW
	FDM

	
	
	CDM

	UE Velocity
	3 km/h, 360 km/h

	Channel Model Power – Delay Profile
	SCM–C, TU 

	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
	Freq. Domain de-mod., followed by IFFT, truncation of taps beyond delay spread and FFT

	
	Localized Reference Signal 
	Least Squares Filter



[image: image1.emf]6 8 10 12 14 16 18

10

-3

10

-2

10

-1

10

0

 

 

Loc LB; Perfect CE

Loc LB; FDM SB1; Loc SB2

Loc LB; CDM SB1; Loc SB2

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

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

[image: image2.emf]6 8 10 12 14 16

10

-3

10

-2

10

-1

10

0

 

 

Loc LB; Perfect CE

Loc LB; FDM SB1; Loc SB2

Loc LB; CDM SB1; Loc SB2


Figure 1: Six UL UEs with 16QAM R = ½. Channel is SCM-C. 
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Figure 2: Five UL UEs with 16QAM R=1/2. Channel is TU.
2.2. Flexibility of CDM Multiplexing in the Mixture of Low and High Delay Spread Users
In typical deployment instances, UEs having large delay spreads will be multiplexed with UEs having low delay spreads. In such scenarios, CDM of the wide—band RS offers additional flexibility, which can be exploited to either increase the number of supported UEs with orthogonal RS, or alternatively, increase system robustness. For example, CDM cyclic shifts can be allocated in accordance to the delay spreads of UEs. Figure 3 describes an example of the cyclic shift allocation, where 8 CDM UEs are supported even though the worst – case delay spread is 5μsec.  
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Figure 3: CDM of UEs with High and Low Delay Spreads (SB1 = 33μsec = CAZAC length).

It is important to note that FDM exhibits far less flexibility in adaptation to users delay spreads (though some adaptation is possible). For instance, in the above example, FDM would only support 6 UEs (e.g., UEs 3 – 8 with RPF = 6).This reduction in flexibility occurs because FDM can’t multiplex two different repetition factors (RPF), unless one RPF is a multiple of another RPF (for example, it is not possible to multiplex RPF = 2 and RPF = 3 in the same bandwidth).  
In general, if a total of M UEs are to be multiplexed with CDM, the cyclic shift allocated to the m-th UE is equal to the sum of the largest (estimated) timing uncertainties and delay spreads of previous m–1 UEs. Thus, UE#1 is allocated the original sequence, with no cyclic shifts. UE#2 is allocated the cyclic shift which equals to the timing uncertainty + delay spread of the first UE. UE#3 is allocated the cyclic shift which equals to the timing uncertainty + delay spread of the first and second UE, etc. Note that the original sequence length equals the RS duration. For example, if the sequence length is 151 and the RS duration is 33.3μsec, then the cyclic shift of 1μsec roughly corresponds to the cyclic shift of ceil(151/33.3) = 5 samples. In general, if the sequence length is L and the RS duration is τ μsec, then a cyclic shift of τ0 μsec means a cyclic shift of the sequence by ceil(L * τ0 / τ) samples. Thus, given a mixture of UL transmitting UEs experiencing high and low delay spreads, the number of orthogonal CDM RS for UE multiplexing can noticeably increase over the case that the maximum cyclic shift is always allocated to all UEs and CDM can actually provide multiplexing of more orthogonal RS than FDM. 
Some additional DL control signaling will be required to specify the cyclic shift for each UE in case it is selected based on the actual UE need (delay spread and timing uncertainty) and not always set at a maximum value to support a worst case scenario. Regardless of the DL control signaling method (joint or separate coding) for UL UE scheduling, this number of bits will be very small assuming some quantization of the smallest possible cyclic shift corresponding to a lowest delay spread channel and timing uncertainty and larger cyclic shifts being defined relative to the lowest one. However, even without exploring this additional flexibility, CDM can provide an adequately large number of RS as described in [12].
2.3. Complexity of Channel Estimation for FDM and CDM
Reduced complexity channel estimators, for both CDM and FDM RS are given in Figures 4 and 5 (BW=2.5 MHz]. Channel estimation for both CDM and FDM RS involves similar operations and complexity of both receivers is comparable. Power-of-two transform operations (FFT / IFFT) suffice for both CDM and FDM channel estimation. However, FDM could use a linear interpolator instead of an FFT but this would result in performance degradation. This FFT complexity per UE is trivial when compared to the overall complexity of a Node B receiver. Finally, given the channel estimates, the CQI estimation process proceeds in the same fashion for both CDM and FDM. 

[image: image6]
Figure 4: Reduced Complexity Channel Estimation for CDM Reference Signal
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Figure 5: Reduced Complexity Channel Estimation for FDM Reference Signal
3. System Comparison of CDM and FDM for Wide-band Reference Signal
3.1. Processing Gain
Processing gain for the distributed CDM RS is at least 5x larger than the processing gain for the distributed FDM RS. This can be seen from the following simple example of 5MHz bandwidth having 150 (or alternatively, 151) sub-carriers. 

[image: image8]
Figure 6: FDM RS in Frequency Domain Using CAZAC C1 and RPF = 6.

[image: image9]
Figure 7: Adjacent Cell Interferer: FDM RS in Freq. Domain Using CAZAC C2 and RPF = 6.
Figures 6 and 7 show that with FDM RS, the processing gain is 25 (xcorr^2 = CAZAC sequence length), provided that the channel for both UEs is a single tap channel. In contrast, when the RS is CDM, the processing gain increases 6x. This is illustrated in Figures 8 and 9.  

[image: image10]
Figure 8: CDM RS in Frequency Domain Occupancy Using CAZAC C1 of length 151.

[image: image11]
Figure 9: Adjacent Cell Interferer: CDM RS in Freq. Domain Using CAZAC C2 of length 151.

With CDM RS, the processing gain increases 6x to become 150 (or 151) (assuming a single tap channel), which is again equal to the length of the (now CDM) CAZAC sequence. Such processing gain increase results in a substantial system—level advantage for the CDM RS as shown in Figures 8 and 9. 
For multi–path channels the processing gain reduces proportionally to the delay spread for both CDM and FDM RS. This occurs because the other cell interference, which is collected during frequency interpolation, increases by the factor of “delay spread” x “bandwidth”. For 5 sec delay spread and 5 MHz bandwidth, this interference increase factor equals 25 (5μsec x 5MHz). Thus, with large delay profiles and some timing uncertainties, FDM processing gain reduces to 1 (non-existent), whereas CDM processing gain becomes at least 5-6. With smaller delay profiles, both processing gains scale in proportion. Thus, irrespective of the system bandwidth, and irrespective of UEs delay profiles, the processing gain of CDM is at least 5 or 6 times larger than the processing gain of FDM. Such impact of reduced processing gain is reflected through “dominant interferer” link level simulations in Figure 10.       
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Figure 10: CDM and FDM RS BLER in Presence of Dominant Interferer.
3.2. System Evaluation
While, with the correct design, CDM and FDM RS perform similarly in single cell simulations with Gaussian noise, CDM RS achieves better interference averaging because of its larger processing gain. CDM and FDM RS are now further compared, at the system level, for the simulation setup described in Table 2.
Table 2: 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. Short – term fading is not modelled

	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)
	


	Users dropped uniformly in entire cell
	


	Power Control
	Outer Loop With Target SNR = 13dB [for each Sub – Channel]. Basically, total RSMB pilot power is 13dB greater than AWGN within 375kHz.

	Bandwidth
	2.5MHz


A distributed FDM RS may be regarded as a “short CAZAC” sequence in the time domain. This is because distributed FDM in frequency domain corresponds to block repetition in time domain. By the same interpretation, the CDM RS may be regarded as a “long CAZAC” sequence in the time domain. In this regard, the CDM RS has a substantial advantage in interference averaging because the “long CAZAC” sequence has much higher processing gain. For example, if distributed FDM with RPF = 6 is used for FDM RS, then the CDM RS has 5x-6x greater processing gain. Thus, the CDM and FDM RS differ fundamentally at the system level. This is now verified via system level simulations in Figure 10.
The total received RS power is divided by the total (received) interference power. This metric is effectively the RS SINR. It is further assumed that the FDM RS has a processing gain of 1 while the CDM RS has a processing gain of 6. Note that only the relative ratio of processing gains is important. The processing gain of FDM RS is assumed to be 1 because the channel delay spread is allowed to be 5μsec, which corresponds to duration of one “block” from the 6x block repetition which constitutes distributed FDM RS (“single–path processing gain” is divided by “worst-case delay spread”). Moreover, CDM RS experienced all interferers from the surrounding cells, while FDM RS experienced only 1/6 of these interferers. Figure 10 shows the SINR comparison for the CDM and FDM RS.
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Figure 11: System - Level Comparison of CDM and FDM Reference Signals. 
At the cell edge (e.g. 5% point of CDF), the CDM RS SNR is almost 2dB better than the FDM RS SNR. This is due to the poor inter-cell interference averaging of the FDM RS which leads to performance failures for cell edge UE as shown in Figure 10. Furthermore, due to the larger processing gain of CDM RS, interference cancellation at the Node B to diminish the impact of the cell – edge interferers is much easier and effective with CDM. For the same reason, CQI estimation for UL scheduling of cell edge UEs (most challenging) is more reliable with CDM. 
4. Conclusions
This contribution showed that at the link level, considering a single cell and AWGN interference, the BLER performance for CDM and FDM RS is equivalent for all channel delays spreads and UE speeds. The receiver implementation complexity for channel estimation is small and similar for both options. Moreover, CDM offers the additional flexibility of providing more orthogonal RS in a given bandwidth if the RS cyclic shift is allocated to each UE according to its delay spread and timing uncertainty needs.   
At the system level, CDM offers a series of major advantages over FDM, including
a) a much larger number of available root sequences resulting to much easier cell planning and flexible deployment
b) a larger processing gain offering
a. increased immunity to strong interferers avoiding the catastrophic performance failures of FDM at the cell edge
b. better channel estimation allowing for much easier application of interference cancellation techniques at the Node B 
c. better CQI estimation at the cell edge providing benefits for the difficult task of scheduling cell edge UEs

Based on the above attributes of CDM and FDM RS it is recommended that wideband RS are CDM.
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Link Simulations for 360kmh
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Link Simulations [Distributed] for 16QAM R=1/2 in TU 3kmh
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