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1
Introduction
During RAN4#64, discussions continued on non-quasi-colocated antenna deployments and their impact on UE demodulation/CSI requirements. A framework for further link level evaluations was agreed in [1]. 
In this contribution we first address timing estimation and provide requested simulation results. More specifically, we analyse the UE demodulation performance in situations where CSI-RS/DM-RS experience a timing offset wrt. CRS timing or in general when there is uncertainty about the timing reference as well as delay spread assumption for demodulation. Then, we investigate the impact of residual frequency errors to UE demodulation over DM-RS. In both cases we also address the design of associated requirement scenarios.
2
Timing and delay spread estimation for DM-RS demodulation
We first investigate the performance of timing and delay spread estimation for DM-RS demodulation in scenarios defined in the agreed simulation framework [1]. Detailed simulation parameters are provided in Annex A. Simulation results for timing and delay spread estimation are reported in Annex B, where the following parameters were swept through: 
· Propagation conditions: EPA5, EVA5, ETU5;

· MCS: QPSK-1/3, 16QAM-1/2, 64QAM-3/4;
· Timing offset of DM-RS/CSI-RS vs. CRS: {-2.0, -1.0, 0.0, +1.0, +2.0} s;

· PRB allocation: {3, 25} PRBs.
Based on the results provided in Figures 1-90, it is observed that:
· For positive timing offsets, timing estimation for demodulation in TM9 is seen to work well in general, regardless of whether CSI-RS or DM-RS is used as support for estimation. Assuming wide estimation bandwidth (25 PRB), the gap to ideal timing estimation is within up to ~0.25dB around the 70% relative throughput region under EPA5 propagation conditions, up to ~0.6dB for EVA5 and up to ~1dB for ETU5 where inter-symbol interference (ISI) becomes the main limiting factor, which confirms the findings in [4]. Also, the higher the MCS, the slightly larger the gap.
· At low SNR (small MCS), the reduced noise suppression capability of DM-RS estimation for small PRB allocations (3PRB) is seen to dominate the performance in the case of positive delays. We see as important to cover both small and larger PDSCH allocations in requirement scenarios to guarantee good UE performance in both cases.
· Overall, ETU channel is less tolerant to propagation delays than EVA as expected which leads to a trade-off between the choice of PDP and the timing offset between transmission points (e.g. up to 1.0s for ETU and up to 2.0s for EVA), when it comes to the design of requirement scenarios. EVA channel is likely more relevant for practical scenarios and allows larger deployment flexibility in terms of maximum timing offset (e.g. +1.5 to 2.0s).
· For negative timing offsets, ISI occurs regardless of the considered propagation profile and is thus the key limiting factor. The larger the magnitude of the delay, the larger the loss in performance. The higher the MCS, the larger the performance impact: up to 1dB loss is observed for QPSK, up to 2dB loss for 16QAM while 64QAM is not tolerant to negative delays (error floors observed for -1s delay).
· Demodulation timing obtained from CSI-RS timing estimation and DCI signalling [3] provides overall the best throughput performance. This is especially true for small data allocations and low SNRs where CoMP provides gains in system coverage. The reason is that CSI-RS features larger amount of samples for (wideband) timing estimation wrt. DM-RS timing estimation and thus offers better noise suppression. Timing estimation over CSI-RS offers up to 0.7dB gain over DM-RS estimation at low SNR and in other cases (higher MCS and/or allocation) the performance is comparable which demonstrates that timing estimation may be performed equally well over CSI-RS or DM-RS.
3
Impact of residual frequency error

We investigate here the impact of residual frequency errors to UE demodulation over DM-RS. Typically the UE deals with frequency shifts by pre-rotating the received signal before FFT with a phase modulation corresponding to the frequency shift. If this is not done before FFT, the frequency shifts will cause inter-subcarrier interference (ICI) which will be extremely complex to remove after the FFT processing. Obviously, doing such pre-FFT compensation with multiple different frequency shifts within one OFDM symbol is not possible. In case different frequency shifts cannot be assumed to be sufficiently close to each other, the UE would need to resort to very complex post-FFT inter-subcarrier interference suppression algorithms which would not be feasible in practice. Thus it is our view that in any case the network should take care that frequency shifts are sufficiently small between the transmitting points such that the UE may assume only a single frequency shift. Transmission points are assumed to be connected together with optical fiber in CoMP scenario 4 and in this respect improved synchronization in frequency (wrt. existing eNodeB requirements) between the transmission points may be achievable. It is noted that in the latter scenario CRS are transmitted in a SFN fashion over all the transmission points assuming a single cell ID. From that perspective, UE needs to be able to demodulate CRS and system information with a single frequency correction, and hence the frequency shifts between transmission points cannot be too large.
In practice, a Rel-11 UE will likely lock its frequency onto CRS. In case DM-RS experience a frequency offset wrt. CRS, this translates to both ICI as well as an OFDM symbol-wise phase modulation. UE cannot get rid of such ICI in practice but could still compensate to some extent the symbol wise phase modulation after the FFT, prior to channel estimation and data demodulation.

We evaluated the impact of a residual frequency error in simulation. No attempt to compensate for the frequency shift was made here and the UE channel estimator is under-estimating the Doppler shift. Simulation results are reported in Annex C for EVA5 propagation conditions. For all the frequency error simulations, zero timing offset was assumed. The following parameters were swept through:

· MCS: QPSK-1/3, 16QAM-1/2, 64QAM-3/4;

· Value of the residual frequency error: {0, 30, 80, 100, 150, 300} Hz.
In the first batch of frequency error results, the algorithms for tracking timing were benchmarked in the presence of residual frequency error. The results for this comparison are given in Figure 91 for QPSK and in Figure 92 for 64QAM. Based on the results, it is observed that a residual frequency error has no noticeable effect on the relative performance of timing estimation algorithms compared to the ideal timing reference. Naturally, the frequency error degrades the throughput performance, but the degradation translates to an equal shift on all the curves.
In the second batch of frequency error results, a range of residual frequency error was simulated. Although there is no timing offset applied, the CSI-RS based timing estimation is enabled. Basically any of the algorithms could have been used, as a frequency error had no visible impact on the relative performance between the timing estimation algorithms as observed previously. The effect of frequency errors is shown in a set of figures ranging from Figure 93 to Figure 98. Based on the results, it is observed that: 
· FRC QPSK-1/3 can tolerate residual frequency errors up to 150 Hz without significant loss in performance.
· FRC 16QAM‑1/2 can tolerate residual frequency errors up to 100 Hz without significant loss in performance.
· FRC 64QAM-3/4 can tolerate residual frequency errors up to a maximum of only 30 Hz. 
· With the above values of frequency error, the required SNR at 70%-throughput will not increase by more than 1.5dB.

4
Conclusion
In this contribution we first analysed the UE demodulation performance in situations where CSI-RS/DM-RS experience a timing offset wrt. CRS timing or in general when there is uncertainty about the timing reference for demodulation. The following key observations were made: 
· Overall, ETU channel is less tolerant to propagation delays than EVA as expected which leads to a trade-off between the choice of PDP and the timing offset between transmission points (e.g. up to 1.0s for ETU and up to 2.0s for EVA), when it comes to the design of requirement scenarios. 

· CSI-RS and DM-RS timing estimation for DM-RS demodulation were shown to perform equally well, with a clear gain of CSI-RS estimation at low SNR and for small data allocations. It is important that upcoming requirement scenarios leave implementation freedom wrt. the choice of CSI-RS/DM-RS as support for timing estimation. 
· We see as important to cover both small and larger PDSCH allocations in requirement scenarios to guarantee good UE performance in both cases.
Then, we investigated the impact of residual frequency errors to UE demodulation over DM-RS. It was observed in simulation that:
· FRC QPSK-1/3 can tolerate residual frequency errors up to 150 Hz without significant loss in performance.

· FRC 16QAM‑1/2 can tolerate residual frequency errors up to 100 Hz without significant loss in performance.

· FRC 64QAM-3/4 can tolerate residual frequency errors up to a maximum of only 30 Hz. 

· With these values of frequency error, the required SNR at 70%-throughput will not increase by more than 1.5dB.
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Annex A

Simulation assumptions

Table 1: Link level simulation assumptions
	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	Antenna configurations, spatial correlation
	4x2, low correlation

	Channel model / Doppler spread (Hz)
	EPA5, EVA5, ETU5

	Resource allocation
	{3, 25} PRB

	Transmission scheme
	TM9, closed-loop rank-1 transmission

	HARQ
	Enabled, up to 4 transmissions

	Codebook for CL-MIMO
	Rel-10 codebook for 4-Tx

	PMI granularity
	Wideband

	PMI reporting delay
	8 ms

	PMI reporting periodicity
	5 ms

	Modulation and coding
	Fixed reference channels (FRC)
· QPSK-1/3

· 16QAM-1/2
· 64QAM-3/4

	CSI-RS configuration
	4-Tx CSI-RS, 5 ms periodicity

	CRS configuration
	2 CRS ports

	DM-RS configuration
	Rel-10 DM-RS pattern for rank-1 (AP7)

	Channel estimation for feedback
	CSI-RS: Realistic channel estimation

	Channel estimation for demodulation
	DM-RS: Realistic channel estimation over 1 PRG, channel delay spread estimate from either CSI-RS or DMRS

	FFT timing
	Tied to CRS timing

	Considered time delays and frequency offsets
	1. For studies on timing estimation: 

PDSCH is delayed {-2.0, -1.0, 0.0, +1.0, +2.0} s wrt. CRS timing, 0Hz frequency error
2. For studies on the impact of frequency errors:

PDSCH delay is 0s and a residual frequency error of {0, 30, 80, 100, 150, 300} Hz is considered

	Timing estimation for feedback
	Realistic timing estimation over CSI-RS for PMI feedback

	Timing estimation for demodulation
	1. Reference: no delay applied to PDSCH transmission, no timing estimation
2. Delay is applied: demodulation timing is obtained from realistic CSI-RS timing estimation and DCI signalling 
3. Delay is applied: realistic DM-RS timing estimation over allocated DM-RS resources 

	Simulation length
	40000 subframes


Annex B

Timing and delay spread estimation results
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EPA5 – QPSK-1/3
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Figure 1: FRC (QPSK-1/3) – EPA5, -2s, 3 PRB
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Figure 2: FRC (QPSK-1/3) – EPA5, -2s, 25 PRB
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Figure 3: FRC (QPSK-1/3) – EPA5, -1s, 3 PRB
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Figure 4: FRC (QPSK-1/3) – EPA5, -1s, 25 PRB
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Figure 5: FRC (QPSK-1/3) – EPA5, 0s, 3 PRB
	[image: image6.emf]-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

x 10

6

SNR [dB]

Throughput [bit/s]

TM9 4x2 EPA5, 25PRB QPSK 1/3, offset 0µs

 

 

Ideal delay spr. and timing

CSI-RS estim.

DMRS estim.


Figure 6: FRC (QPSK-1/3) – EPA5, 0s, 25 PRB
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Figure 7: FRC (QPSK-1/3) – EPA5, +1s, 3 PRB
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Figure 8: FRC (QPSK-1/3) – EPA5, +1s, 25 PRB
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Figure 9: FRC (QPSK-1/3) – EPA5, +2s, 3 PRB
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Figure 10: FRC (QPSK-1/3) – EPA5, +2s, 25 PRB


B.1.2


EPA5 – 16QAM-1/2
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Figure 11: FRC (16QAM-1/2) – EPA5, -2s, 3 PRB
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Figure 12: FRC (16QAM-1/2) – EPA5, -2s, 25 PRB
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Figure 13: FRC (16QAM-1/2) – EPA5, -1s, 3 PRB
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Figure 14: FRC (16QAM-1/2) – EPA5, -1s, 25 PRB
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Figure 15: FRC (16QAM-1/2) – EPA5, 0s, 3 PRB
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Figure 16: FRC (16QAM-1/2) – EPA5, 0s, 25 PRB
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Figure 17: FRC (16QAM-1/2) – EPA5, +1s, 3 PRB
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Figure 18: FRC (16QAM-1/2) – EPA5, +1s, 25 PRB


	[image: image19.emf]-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

x 10

5

SNR [dB]

Throughput [bit/s]

TM9 4x2 EPA5, 3PRB 16QAM 1/2, offset +2.0µs

 

 

Ideal delay spr. and timing

CSI-RS estim.

DMRS estim.


Figure 19: FRC (16QAM-1/2) – EPA5, +2s, 3 PRB
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Figure 20: FRC (16QAM-1/2) – EPA5, +2s, 25 PRB


B.1.3

EPA5 – 64QAM-3/4
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Figure 21: FRC (64QAM-3/4) – EPA5, -2s, 3 PRB
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Figure 22: FRC (64QAM-3/4) – EPA5, -2s, 25 PRB
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Figure 23: FRC (64QAM-3/4) – EPA5, -1s, 3 PRB
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Figure 24: FRC (64QAM-3/4) – EPA5, -1s, 25 PRB
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Figure 25: FRC (64QAM-3/4) – EPA5, 0s, 3 PRB
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Figure 26: FRC (64QAM-3/4) – EPA5, 0s, 25 PRB
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Figure 27: FRC (64QAM-3/4) – EPA5, +1s, 3 PRB
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Figure 28: FRC (64QAM-3/4) – EPA5, +1s, 25 PRB
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Figure 29: FRC (64QAM-3/4) – EPA5, +2s, 3 PRB
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Figure 30: FRC (64QAM-3/4) – EPA5, +2s, 25 PRB
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Figure 31: FRC (QPSK-1/3) – EVA5, -2s, 3 PRB
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Figure 32: FRC (QPSK-1/3) – EVA5, -2s, 25 PRB
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Figure 33: FRC (QPSK-1/3) – EVA5, -1s, 3 PRB
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Figure 34: FRC (QPSK-1/3) – EVA5, -1s, 25 PRB
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Figure 35: FRC (QPSK-1/3) – EVA5, 0s, 3 PRB
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Figure 36: FRC (QPSK-1/3) – EVA5, 0s, 25 PRB
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Figure 37: FRC (QPSK-1/3) – EVA5, +1s, 3 PRB
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Figure 38: FRC (QPSK-1/3) – EVA5, +1s, 25 PRB
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Figure 39: FRC (QPSK-1/3) – EVA5, +2s, 3 PRB
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Figure 40: FRC (QPSK-1/3) – EVA5, +2s, 25 PRB
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Figure 41: FRC (16QAM-1/2) – EVA5, -2s, 3 PRB
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Figure 42: FRC (16QAM-1/2) – EVA5, -2s, 25 PRB
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Figure 43: FRC (16QAM-1/2) – EVA5, -1s, 3 PRB
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Figure 44: FRC (16QAM-1/2) – EVA5, -1s, 25 PRB
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Figure 45: FRC (16QAM-1/2) – EVA5, 0s, 3 PRB
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Figure 46: FRC (16QAM-1/2) – EVA5, 0s, 25 PRB
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Figure 47: FRC (16QAM-1/2) – EVA5, +1s, 3 PRB
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Figure 48: FRC (16QAM-1/2) – EVA5, +1s, 25 PRB


	[image: image49.emf]-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

x 10

5

SNR [dB]

Throughput [bit/s]

TM9 4x2 EVA5, 3PRB 16QAM 1/2, offset +2.0µs

 

 

Ideal delay spr. and timing

CSI-RS estim.

DMRS estim.


Figure 49: FRC (16QAM-1/2) – EVA5, +2s, 3 PRB
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Figure 50: FRC (16QAM-1/2) – EVA5, +2s, 25 PRB


B.2.3
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Figure 51: FRC (64QAM-3/4) – EVA5, -2s, 3 PRB
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Figure 52: FRC (64QAM-3/4) – EVA5, -2s, 25 PRB
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Figure 53: FRC (64QAM-3/4) – EVA5, -1s, 3 PRB
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Figure 54: FRC (64QAM-3/4) – EVA5, -1s, 25 PRB
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Figure 55: FRC (64QAM-3/4) – EVA5, 0s, 3 PRB
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Figure 56: FRC (64QAM-3/4) – EVA5, 0s, 25 PRB
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Figure 57: FRC (64QAM-3/4) – EVA5, +1s, 3 PRB
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Figure 58: FRC (64QAM-3/4) – EVA5, +1s, 25 PRB
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Figure 59: FRC (64QAM-3/4) – EVA5, +2s, 3 PRB
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Figure 60: FRC (64QAM-3/4) – EVA5, +2s, 25 PRB


B.3



ETU5

B.3.1


ETU5 – QPSK-1/3




	[image: image61.emf]-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3

0

0.5

1

1.5

2

2.5

x 10

5

SNR [dB]

Throughput [bit/s]

TM9 4x2 ETU5, 3PRB QPSK 1/3, offset -2.0µs

 

 

Ideal delay spr. and timing

CSI-RS estim.

DMRS estim.


Figure 61: FRC (QPSK-1/3) – ETU5, -2s, 3 PRB
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Figure 62: FRC (QPSK-1/3) – ETU5, -2s, 25 PRB
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Figure 63: FRC (QPSK-1/3) – ETU5, -1s, 3 PRB
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Figure 64: FRC (QPSK-1/3) – ETU5, -1s, 25 PRB
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Figure 65: FRC (QPSK-1/3) – ETU5, 0s, 3 PRB
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Figure 66: FRC (QPSK-1/3) – ETU5, 0s, 25 PRB
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Figure 67: FRC (QPSK-1/3) – ETU5, +1s, 3 PRB
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Figure 68: FRC (QPSK-1/3) – ETU5, +1s, 25 PRB
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Figure 69: FRC (QPSK-1/3) – ETU5, +2s, 3 PRB
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Figure 70: FRC (QPSK-1/3) – ETU5, +2s, 25 PRB
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ETU5 – 16QAM-1/2
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Figure 71: FRC (16QAM-1/2) – ETU5, -2s, 3 PRB
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Figure 72: FRC (16QAM-1/2) – ETU5, -2s, 25 PRB
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Figure 73: FRC (16QAM-1/2) – ETU5, -1s, 3 PRB
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Figure 74: FRC (16QAM-1/2) – ETU5, -1s, 25 PRB
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Figure 75: FRC (16QAM-1/2) – ETU5, 0s, 3 PRB
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Figure 76: FRC (16QAM-1/2) – ETU5, 0s, 25 PRB
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Figure 77: FRC (16QAM-1/2) – ETU5, +1s, 3 PRB
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Figure 78: FRC (16QAM-1/2) – ETU5, +1s, 25 PRB
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Figure 79: FRC (16QAM-1/2) – ETU5, +2s, 3 PRB
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Figure 80: FRC (16QAM-1/2) – ETU5, +2s, 25 PRB
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Figure 81: FRC (64QAM-3/4) – ETU5, -2s, 3 PRB
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Figure 82: FRC (64QAM-3/4) – ETU5, -2s, 25 PRB
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Figure 83: FRC (64QAM-3/4) – ETU5, -1s, 3 PRB
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Figure 84: FRC (64QAM-3/4) – ETU5, -1s, 25 PRB
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Figure 85: FRC (64QAM-3/4) – ETU5, 0s, 3 PRB
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Figure 86: FRC (64QAM-3/4) – ETU5, 0s, 25 PRB
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Figure 87: FRC (64QAM-3/4) – ETU5, +1s, 3 PRB
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Figure 88: FRC (64QAM-3/4) – ETU5, +1s, 25 PRB
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Figure 89: FRC (64QAM-3/4) – ETU5, +2s, 3 PRB
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Figure 90: FRC (64QAM-3/4) – ETU5, +2s, 25 PRB


Annex C

Impact of residual frequency error

C.1


Timing estimation in the presence of frequency error – QPSK-1/3
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Figure 91: FRC (QPSK-1/3) – EVA5, +0µs timing offset, 3 PRB



C.2


Timing estimation in the presence of frequency error – 64QAM-3/4
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Figure 92: FRC (64QAM-3/4) – EVA5, +0µs timing offset, 25 PRB



C.3


Frequency error, CSI-RS based timing – QPSK-1/3
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Figure 93: FRC (QPSK-1/3) – EVA5, +0µs timing offset, 3 PRB
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Figure 94: FRC (QPSK-1/3) – EVA5, +0µs timing offset, 25 PRB


C.4



Frequency error, CSI-RS based timing – 16QAM-1/2
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Figure 95: FRC (16QAM-1/2) – EVA5, +0µs timing offset, 3 PRB
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Figure 96: FRC (16QAM-1/2) – EVA5, +0µs timing offset, 25 PRB


C.5



Frequency error, CSI-RS based timing – 64QAM-3/4
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Figure 97: FRC (64QAM-3/4) – EVA5, +0µs timing offset, 3 PRB

	[image: image98.emf]6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0

2

4

6

8

10

12

14

x 10

6

SNR [dB]

Throughput [bit/s]

TM9 4x2 EVA5, 25PRB 64QAM 3/4, CSI-RS estim.

 

 

0 Hz freq. offset

30 Hz freq. offset

80 Hz freq. offset

100 Hz freq. offset

150 Hz freq. offset

300 Hz freq. offset


Figure 98: FRC (64QAM-3/4) – EVA5, +0µs timing offset, 25 PRB



