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1
Introduction
During RAN4#64bis, 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 assess the performance impacts of residual carrier frequency offsets in network deployments, where all the antenna ports within one cell are non-quasi-colocated. In other words, we concentrate on the Case 2 of the framework in [1]. In the evaluation, single-point transmission and joint multi-point transmission are considered. Based on the observations, we also address the design of associated requirement scenarios.
The simulation Case 3 in the framework document focuses on the performance for a UE that wrongly assumes behaviour A. We have studied this scenario as a part of our RAN1 companion contribution [2].
2
Impact of timing and delay spread estimation for DM‑RS demodulation

Regarding the impacts of timing offset and delay spread estimation, our observations were already noted in RAN4#64bis in [3]. Timing offset study was listed as Case 1 in the latest framework document [1]. Our earlier study was rather extensive, and the findings are still valid.
As a brief summary, we observed that the timing estimation in ETU channel is less tolerant to propagation delays than EVA, which leads to a trade-off between the choice of PDP and the timing offset between transmission points (e.g. up to 1.0 µs for ETU and up to 2.0 µs for EVA), when it comes to the design of requirement scenarios. 
Timing offsets result from the combined effect of propagation delays and time synchronization errors between network nodes. Based on typical deployments with inter-site distance (ISD) of 500 meters, simple geometrical considerations show that 1st propagation path differences will not exceed 250 meters between two serving nodes: macro-to-macro or macro-to-low-power-node, where the low-power-node (LPN) could be e.g. a pico cell or a remote radio-head. This translates to 0.83s additional propagation delay at most. System level investigations on CoMP in reference [4] show that in 3GPP Case 1, the 90%-tile of received timing differences cdf is at 1.2s. Hence ~1s extra delay leaves ~1s margin for the eNodeB time synchronization uncertainty, both adding up to ~2.0 µs that the UE could handle jointly in the worst case. This also provides to our view a proper balance between UE/eNodeB in terms of delay/synchronization processing.
Based on the previous observations, we make the following proposal:

Proposal 1:

-
Timing offset between two transmission points should not exceed 2.0 µs, in the requirement scenarios. If channel models with very high frequency-selectivity are considered in the requirements, the maximum timing offset should be lowered accordingly.
3
Impact of residual frequency error

Typically in normal single-cell operation, the UE deals with residual frequency errors 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. However, with multiple non-quasi-colocated signal sources, doing such pre-FFT compensation with multiple different frequency shifts within one OFDM symbol is not possible. 
Another effect, caused by residual frequency errors, is the time-varying phase rotation of the frequency domain OFDM symbols. It is possible to alleviate this effect in post-FFT processing, therefore making the compensation possible also for multiple independent non-colocated signal sources (e.g. in DPS transmission), as long as the amount of frequency offset can be estimated. Even though the phase of the FD-signal can be corrected, the ICI remains and its magnitude is proportional to the amount of frequency offset between the signal sources. 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 ICI does not become too large. This case of single-point transmissions is addressed in Section 4. 
In the case, when the UE needs to combine a transmission from multiple non-quasi-colocated signal sources (i.e. JT transmission), the residual frequency error compensation becomes very problematic. The received signal is a mixture of multiple sources with slightly different center frequencies. There is no distinct frequency offset, and neither pre-FFT nor post-FFT processing can remove the distortions effectively: UE receiver locks to a single frequency which may correspond to neither one of the individual signal sources thus introducing residual frequency errors. The only way to ensure robust transmission is to mandate the network to take care that frequency shifts are sufficiently small between the transmitting points. This type of multi-point transmissions is addressed in Section 5.
Transmission points are assumed to be connected together with optical fiber in CoMP scenarios 3 and 4 and in this respect improved synchronization in frequency (wrt. existing eNodeB requirements) between the transmission points should be achievable. It is noted that in the latter scenario, the 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. This type of CRS transmission is addressed in Section 6, by analysing the PDCCH performance.
We evaluated the impact of a residual frequency error in extended link simulation, i.e. by explicitly modelling the transmission points and associated signal propagation to the UE. The UE has two different behaviours, regarding the timing, frequency offset and DM-RS filter parameter estimation: 
Behaviour A:

· CRS and DM-RS are assumed quasi-colocated.

· Timing, frequency offset and DM-RS filter parameters (in DM-RS-based modes) are acquired from realistic CRS-based estimates.

Behaviour B:

· A reference CSI-RS resource and DM-RS are assumed quasi-colocated. No assumption on CRS colocation.

· Timing, DM-RS filter parameters are acquired from realistic CSI-RS-based estimates. Frequency offset is estimated from DM-RS.

The applied UE behaviour is stated for each simulated case.
4
Single-point transmission of PDSCH
DM-RS-based PDSCH transmission from a single transmission point was studied in EPA5 and EVA5 channels with 2x2 and 4x2 antenna configurations. The following MCS were used: QPSK-1/3, 16QAM-1/2 and 64QAM-3/4 and are plotted in same figure for each channel option.

The objective is to see the effectiveness of post-FFT frequency offset compensation, when frequency error has values 30 Hz, 100 Hz and 300 Hz. The UE behaviour B is applied with the functionalities described in the previous section. As an ideal reference, we have also plotted curves with no delay and no frequency offset applied and without any timing or frequency estimation/compensation.
The performance in EPA5 channel is shown in Figure 1-Figure 6. The related performance figures for EVA5 can be found in Annex D. Detailed simulation assumptions are provided in Annex A.
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Figure 1: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EPA5, 2x2, 30 Hz freq. offset
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Figure 2: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EPA5, 4x2, 30 Hz freq. offset
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Figure 3: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EPA5, 2x2, 100 Hz freq. offset
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Figure 4: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EPA5, 4x2, 100 Hz freq. offset
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Figure 5: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EPA5, 2x2, 300 Hz freq. offset
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Figure 6: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EPA5, 4x2, 300 Hz freq. offset


It is observed that in case of single-point transmission the frequency offset can be compensated relatively well from DM-RS (UE behaviour B), despite the narrow PDSCH data allocation of 3 PRBs. The post-FFT compensation is able to remove the phase distortions between OFDM symbols, however ICI remains.
With 100 Hz offset and EPA5 channel, a degradation of up to 0.4 dB is observed with 64QAM-3/4 at 70% relative throughput point compared to the ideal reference. With 100 Hz offset and EVA5 channel (as shown in Appendix D), the degradation is up to 1.0 dB.
Observation:

-
In single-point transmission of PDSCH, the effects of residual frequency error can be compensated effectively.
5
Multi-point transmission of PDSCH

DM-RS-based multi-point joint transmission of PDSCH was studied in EVA5 channel with 4x2 antenna configuration. The following MCS were used: 16QAM-1/2 and 64QAM-3/4. 

The objective is to see the effectiveness of post-FFT frequency offset compensation, in case of multi-point transmission. The UE behaviour B is applied with the functionalities described in Section 3. There is a timing offset of 1µs between the transmission points and the frequency offset between the points is varied: 0 Hz, 100 Hz, 200 Hz, 300 Hz. Path-losses to transmission points are equal, fast-fading is independent between the points and the SNR is defined as (S1+S2)/N, where S1 and S2 are the transmit signal power of the 1st and 2nd transmission point, respectively, and N is the AWGN power.

The timing offset was set such that no ISI is caused by the timing estimation in behaviour B. In addition, it is expected that the frequency error compensation is far less effective in the case joint transmission compared to the single-point case.
The 16QAM-1/2 performance is shown in Figure 7 and the 64QAM-3/4 in Figure 8. Detailed simulation assumptions for this scenario are given in Annex B.
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Figure 7: FRC (16QAM-1/2), joint PDSCH transmission from two transmission points.
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Figure 8: FRC (64QAM-3/4), joint PDSCH transmission from two transmission points


It is observed that in joint transmission the frequency offset between the transmission points has quite substantial effect on the throughput performance. With a 100 Hz offset, the 64QAM transmission degrades by 1.5 – 2.0 dB. 16QAM is less sensitive to the frequency offset; however, offsets of over 100 Hz will cause even in 16QAM a considerable loss in the throughput performance. 

The problem with frequency compensation is that there is no clear frequency offset. The received signal is a mixture of two signal components at slightly different carrier frequencies, so the offset cannot be compensated well. With 64QAM transmission, the throughput suffers significantly, if the frequency offset is larger than 100Hz.
Observation:

-
In multi-point joint transmission of PDSCH, frequency offsets of over 100 Hz between the transmission points cause a significant throughput loss, despite the compensation efforts of the UE.
6


Multi-point transmission of PDCCH

Multi-point transmission of PDCCH was studied in EVA5 channel with 2x2 antenna configuration. Aggregation levels 1 and 2 have been simulated. The SFN-type CRS are transmitted from two points. The UE behaviour A is applied with the functionalities described in Section 3.

The objective is to see the effect of frequency offset, in case of multi-point transmission of CRS-based channels. It is envisioned that multi-point CRS transmission will be used in CoMP scenario 4.

There is a timing offset of 1µs between the transmission points and the frequency offset between the points is varied: 0 Hz, 100 Hz, 200 Hz, 300 Hz. Path-losses to transmission points are equal, fast-fading is independent between the points and the SNR is defined as (S1+S2)/N as previously.
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Figure 9: PDCCH DCI 1A agg.1, SFN-type CRS
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Figure 10: PDCCH DCI 1A agg.2, SFN-type CRS


It is observed that with a frequency offset of 100Hz, the degradation is in control channel performance is 0.1 dB at 1%-BLER point. However, a frequency offset of 300Hz causes a loss of up to 1.0 dB. 
It should be noted that in Release-11, there is no common search space for EPDCCH. The common DCI messages need to be transmitted via CRS-based PDCCH. In addition, other CRS-based common channels are affected by the frequency offsets too. Therefore, the observations here apply also to the Rel-11 UEs, not only the legacy terminals.

Observation:

-
In multi-point joint transmission of PDCCH, frequency offsets of over 100 Hz between the transmission points cause a significant loss in control channel performance.
7
Conclusion

Regarding the timing offsets in non-quasi-colocated antenna deployments, we make the following proposal:

Proposal 1:

-
Timing offset between two transmission points should not exceed 2.0 µs in the requirement scenarios. If channel models with very high frequency-selectivity are considered in the requirements, the maximum timing offset should be lowered accordingly.
On the impact of residual frequency errors to UE demodulation, it was observed by simulations that:
-
In single-point transmission of PDSCH, the effects of residual frequency error can be compensated effectively.
-
In multi-point joint transmission of PDSCH, frequency offsets of over 100 Hz between the transmission points cause a significant throughput loss, despite the compensation efforts of the UE.
-
In multi-point joint transmission of PDCCH, frequency offsets of over 100 Hz between the transmission points cause a significant loss in control channel performance.
Based on the above observations, we make the following proposal:
Proposal 2:

-
Frequency offset between two transmission points should not exceed 100 Hz in the requirement scenarios.
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Annex A

Simulation assumptions (single-point PDSCH)
Table 1: Link level simulation assumptions for single-point transmission of PDSCH
	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	Antenna configurations, spatial correlation
	· 2x2, low correlation
· 4x2, low correlation

	Channel model / Doppler spread (Hz)
	EPA5, EVA5 (independent fading between the Tx-points)

	Number of Tx-points 
	2

	Path-loss to Tx-points
	Path-loss identical to both Tx-points

	PDSCH resource allocation
	3 PRBs

	Transmission scheme
	Closed-loop rank-1 transmission from a single Tx-point

	HARQ
	Enabled, up to 4 transmissions

	Codebook for CL-MIMO
	· Rel-10 codebook for 2-Tx (2x2)

· Rel-10 codebook for 4-Tx (4x2)

	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
	· 2-Tx CSI-RS, 5 ms periodicity (2x2)

· 4-Tx CSI-RS, 5 ms periodicity (4x4)

	CRS configuration
	2 CRS ports

	CRS co-location
	CRS are transmitted from the non-serving point

	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 is estimated from CSI-RS (Behaviour B)

	FFT timing
	FFT window aligned according to CRS transmission

	Considered time delays and frequency offsets
	Both Tx-points are fully synchronized from UE perspective (0µs offset).  
Serving Tx-point has a frequency offset  of {0 Hz, 30 Hz, 100 Hz, 300 Hz} compared to the second Tx-point

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

	Timing and frequency estimation for demodulation
	1. Ideal reference: no delay of frequency offset applied to PDSCH transmission, no estimation
2. Behaviour B: demodulation timing is obtained from realistic CSI-RS timing estimation and DCI signalling, frequency offset is estimated from DM-RS

	Simulation length
	50000 subframes


Annex B

Simulation assumptions (multi-point PDSCH)
Table 2: Link level simulation assumptions for multi-point transmission of PDSCH
	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	Antenna configurations, spatial correlation
	4x2, low correlation

	Channel model / Doppler spread (Hz)
	EVA5 (independent fading between the Tx-points)

	Number of Tx-points 
	2

	Path-loss to Tx-points
	Path-loss identical to both Tx-points

	PDSCH resource allocation
	3 PRBs

	Transmission scheme
	Open-loop rank-1 transmission from two Tx-points, random PMI

	HARQ
	Enabled, up to 4 transmissions

	Codebook for MIMO
	Rel-10 codebook for 4-Tx

	PMI granularity
	Wideband

	Modulation and coding
	Fixed reference channels (FRC)

· 16QAM-1/2

· 64QAM-3/4

	CSI-RS configuration
	4-Tx CSI-RS, 5 ms periodicity (4x4)

	CRS configuration
	2 CRS ports

	CRS co-location
	CRS are transmitted from the first tx-point

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

	Channel estimation for demodulation
	DM-RS: Realistic channel estimation over 1 PRG, channel delay spread is estimated  CSI-RS (Behaviour B)

	FFT timing
	FFT window aligned according to CRS transmission

	Considered time delays and frequency offsets
	Second Tx-point is delayed by 1µs wrt. the first Tx-point. Tx-points have a frequency offset  of {0 Hz, 100 Hz,  200 Hz, 300 Hz}

	Timing and frequency estimation for demodulation
	Behaviour B: demodulation timing is obtained from realistic CSI-RS timing estimation, frequency offset is estimated from DM-RS

	Simulation length
	50000 subframes


Annex C

Simulation assumptions (multi-point PDCCH)

Table 3: Link level simulation assumptions for multi-point transmission of PDCCH
	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	Antenna configurations, spatial correlation
	2x2, low correlation

	Channel model / Doppler spread (Hz)
	EVA5 (independent fading between the Tx-points)

	Number of Tx-points 
	2

	Path-loss to Tx-points
	Path-loss identical to both Tx-points

	PDCCH resource allocation
	· Aggregation level 1

· Aggregation level 2

	Transmission scheme
	2Tx SFBC transmit diversity over SFN-type CRS

	Modulation and coding
	Rel-8/10 PDCCH channel coding

	CRS configuration
	2 CRS ports, transmitted from both Tx-points

	CRS co-location
	SFN-type CRS transmission (not co-located with any tx-point)

	Channel estimation for demodulation
	Realistic CRS based estimation

	FFT timing
	FFT window aligned to the beginning of the useful OFDM symbol part of the first Tx-point

	Considered time delays and frequency offsets
	Second Tx-point is delayed by 1µs wrt. the first Tx-point. Tx-points have a frequency offset  of {0 Hz, 100 Hz,  200 Hz, 300 Hz}

	Timing and frequency estimation for demodulation
	Behaviour A: demodulation timing is obtained from realistic CRS timing estimation, frequency offset is estimated from CRS

	Simulation length
	50000 subframes


Annex D

Single-point simulation results for EVA5 channel
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Figure 11: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EVA5, 2x2, 30 Hz freq. offset
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Figure 12: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EVA5, 4x2, 30 Hz freq. offset
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Figure 13: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EVA5, 2x2, 100 Hz freq. offset
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Figure 14: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EVA5, 4x2, 100 Hz freq. offset
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Figure 15: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EVA5, 2x2, 300 Hz freq. offset
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Figure 16: FRCs {(QPSK-1/3), (16QAM-1/2), (64QAM-3/4)} EVA5, 4x2, 300 Hz freq. offset



