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1 Introduction

Discussions about a suitable channel model for HST SFN networks have been going on for some time and so far one model has been accepted for evaluation ([1], bidirectional RRHs). During previous meetings (RAN4#74bis, RAN4#75) we have proposed that also an alternative RRH arrangement (unidirectional RRHs), which reduces the alternating Doppler shifts and the Doppler-induced inter-carrier interference, shall be evaluated ([2]). Some concern that was expressed at earlier meetings yielded that our proposal in [2] would require a smaller inter-site distance (ISD) compared to the bidirectional model in [1] for the same total DL TX power as each RRH in a unidirectional arrangement would have to provide coverage for twice the distance. 

In this contribution we analyze the inter-carrier interference (ICI) and fading arising in the two RRH arrangements. Particularly, we show that:

· Unidirectional RRH arrangement can use the same inter-site distance as in the bidirectional RRH arrangement and with the same total DL TX power,
· Unidirectional RRH arrangement consistently allows a higher MCS to be used since the SIR resulting from ICI is higher and the impact of fading smaller than for the bidirectional arrangement.
Additionally, UE and BS problems such as limitation of capture range in frequency offset estimator and PRACH detection when UEs display different frequency offsets, respectively, are avoided when using a unidirectional RRH arrangement, thereby further facilitating efficient usage of the system capacity. 

We are proposing the following:
· The unidirectional RRH arrangement in [2] shall be added to [1] and shall be evaluated for both Objectives 1 and 2 (speed up to and beyond 350km/h).
A TP for inclusion of unidirectional RRH arrangement to the TR [1] is provided in [3].
2 Analysis of ICI and Fading for RRH Arrangements
2.1 Methodology

The signal properties at the UE antenna connector have been evaluated using principal component analysis on received OFDM symbols over the set of paths, recognizing that the UE algorithms is to follow the dominating signal component, i.e. the one associated with the largest singular value under noise-free conditions. SIR is estimated as the ratio of power captured by the subspace associated with the largest singular value to the power captured by the orthogonal complement, where the analyzed signal comprises the combination of paths and the subspaces are formed by the left-singular vectors. Fading is estimated by studying the right-singular vector  associated with the largest singular value, and whose elements specify relative amplitude and phase for the contributions by the different paths. The signal used for the analysis is based on QPSK randomization, and has been passed through each respective propagation model for bidirectional and unidirectional RRH deployments, with randomized phase for each path.

2.2 SFN model (Bidirectional model)
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Figure 1: RRH arrangement for bidirectional RRH arrangement.
The bidirectional RRH arrangement in [1] section 6.2.3.1, illustrated in Figure 1, is characterized by that the UE receives from two RRHs from different directions simultaneously. Since the UE is moving away from one and towards the other RRH, the Doppler shifts of the paths will have opposite signs. 

In this section we analyze 

· Inter-carrier interference (ICI),

· Fading,

· Automatic frequency control (AFC) and

· Uplink 

aspects of the bidirectional RRH arrangement. 
Inter-carrier interference

A UE travelling at high speed from one RRH towards another RRH will experience a Doppler shift with negative sign for the propagation path associated with the RRH it is travelling away from, and a Doppler shift with positive sign for the propagation path associated with the RRH it is travelling towards. Midway between the RRHs the UE will receive both paths at similar power levels, by which inter-carrier interference due to the frequency offset between the two paths will result. The inter-carrier interference is increasing with increasing relative frequency offset between the two paths. Figure 2 shows the SIR resulting from inter-carrier interference midway between RRHs as function of frequency offset between paths, and Figure 3 shows the SIR resulting from inter-carrier interference for three UE speeds as function of position between the RRHs.
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Figure 2: SIR resulting from inter-carrier interference at midpoint between RRHs where both paths are received at equal power.
Observation 1: The two paths are received with Doppler shifts of opposite signs hence the frequency offset between the paths is twice the Doppler shift. This causes inter-carrier interference that in results in median SIR values of 18, 16, and 14dB for speeds 350, 500 and 600km/h, respectively, midway between RRHs.

Observation 2: The inter-carrier interference is a consequence of the network deployment and cannot be mitigated e.g. by increasing the DL TX power. It results in an upper bound of what system throughput can be achieved.  
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Figure 3: SIR resulting from inter-carrier interference as function of UE position between RRHs for 350, 500 and 600km/h (Dmin = 10, Ds = 1000m)  
Observation 3: Degradation of the received signal quality is not limited only to the midpoint between RRHs: for 350, 500 and 600km/h the median SIR values are below 20dB for more than 25%, 50% and 55% of the time, respectively.
Observation 4: The relatively large fraction of time the UE experiences low SIR significantly degrades the achievable system throughput.
Fading
The UE receives two paths that are equally strong midway between the RRHs. Depending on the phase of each path the combination may be constructive or destructive. This gives rise to fading, as illustrated in Figure 4 for UE speed of 350km/h.
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Figure 4: Average fading over DL bandwidth as function of UE position between RRHs.
Observation 5: The two-path SFN arrangement results in significant fading caused by the phase difference between the paths. The 5th percentile of the received signal is below -3dB and -6dB for 40% and 15% of the time, respectively.
Observation 6: The UE experiences the combined effect of SIR degradation and fading, both of which are inherent to the network arrangement. Fading can be combatted by increasing the DL TX power to provide a margin to the noise floor and having fewer UEs experiencing packet-loss due to a fading dip.
Automatic frequency control

When the UE is closer to the RRH that it is leaving than to the one it is approaching, the path associated with the former will be stronger and hence dominate the frequency tracking. Therefore the UE will tune its demodulation frequency to an offset corresponding to a negative Doppler shift. When the UE is closer to the RRH that it approaches it is vice versa, and the UE will tune its demodulation frequency to an offset corresponding to a positive Doppler shift. Midway between the RRHs the received paths are equally strong, and it is unclear how the UE will tune its demodulation frequency. Typical AFC algorithms employ filtering of instantaneous frequency offset estimates to provide a stable frequency reference for the UE, hence the actual corrections may lag tens or hundreds of subframes.
Typical UE implementations of AFC are based on CRSs, and therefore have a capture range of ±2.3kHz, which is set by the Nyquist frequency (at least 0.21ms between OFDM symbols carrying CRS). If the actual offset between the demodulation frequency and the frequency of the dominating path is larger than the capture range, the AFC might tune to demodulation frequency even further away from the optimum, an ambiguity caused by aliasing.

Observation 7: When carrying out AFC the UE tunes towards the frequency of the dominating signal component. Midway between RRHs which one is the dominating path changes, and the UE has to tune towards a frequency offset that is twice the Doppler shift. 
Observation 8: CRS-based frequency offset estimators have a capture range of ±2.3kHz, meaning that in noise-free conditions the frequency offset can be unambiguously estimated as long as it is within this range. Outside this range, and/or in low SINR, the frequency offset estimation may fail, and the UE might tune towards an incorrect target (aliasing).
Observation 9: The frequency offset between paths is 1750, 2500 and 3000Hz for 350, 500 and 600km/h, respectively. Particularly for 500 and 600km/h it is highly probable that UEs will tune towards an incorrect target when passing midways between RRHs or when passing an RRH. For 350km/h the likelihood of a successful tuning depends on the SINR at the midpoint between RRHs.
Uplink

A UE that is travelling away from (or towards) an RRH at high speed will tune its demodulation frequency towards the nominal downlink carrier frequency plus (or minus) the Doppler shift. This results in that the UE has an incorrect idea of the nominal carrier frequency, and when transmitting on the uplink, the modulation frequency will be offset by the Doppler shift. Since it is travelling away from (or towards) the UL RX antenna of the RRH, the transmitted signal will be subjected to a Doppler shift. The net effect is that the base station will receive signals that are shifted by twice the Doppler shift relative to the nominal uplink carrier frequency, and where the sign of the Doppler shift depends on whether the UE is approaching or moving away from the RRH.

Random access is particularly sensitive to frequency shifts since a denser subcarrier distance is used for PRACH. In FDD systems the PRACH subcarrier distance is 1250Hz.   

Observation 10: The signals received on the uplink are subjected to twice the Doppler shift relative the nominal uplink carrier frequency, and the sign is alternating depending on relative UE position. For 350, 500 and 600km/h the received signal is shifted by ±1750Hz, ±2500 and ±3000Hz, respectively.
Observation 11: When a train is passing RRHs there may be a relative frequency offset between different UEs carrying out random access of 3500, 5000 and 6000Hz for 350, 500 and 600km/h, respectively. This means that the preambles sent by those UEs may be shifted several subcarriers relative to each other, which complicates the PRACH detection on the base station side.

2.3 New RRH arrangement (unidirectional model)
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Figure 5: RRH arrangement for unidirectional RRH arrangement.
The unidirectional RRH arrangement in [2] and illustrated in Figure 5, is characterized by that the UE receives from RRHs in only one direction. Since the UE always is moving away from (or towards) the RRH, the Doppler shift of the received path will have a constant negative (or positive) sign. Thus there are no sign alternations to which the UE would have to adapt. An exemplary beam shape is shown in Figure 6 and used in the analysis below. 
In this section we analyze 

· Inter-carrier interference (ICI),

· Fading,

· Inter-site distance , 
· Automatic frequency control (AFC),

· Automatic gain control (AGC), and

· Uplink 

aspects of the unidirectional RRH arrangement, and compare with the bidirectional model. 
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Figure 6: Exemplary beam shape
Inter-carrier interference
Significant inter-carrier interference arises when the UE is about to pass a RRH and comes into the coverage of a sidelobe which will leak a replica of the DL signal that will be received from wrong direction. The UE stays in this zone only a short time, and improved sidelobe suppression for that particular direction can reduce or completely eliminate this artifact. Figure 7 shows the SIR resulting from inter-carrier interference for three UE speeds as function of position between the RRHs.
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Figure 7: SIR resulting from inter-carrier interference as function of UE position between RRHs for 350, 500 and 600km/h (Dmin = 30, Ds = 1000m)  
Observation 12: For the unidirectional RRH arrangement the source of inter-carrier interference is due to sidelobes of the DL TX antenna. With a sidelobe suppression of about 30dB the SIR can be kept high (above 20dB) consistently except immediately before passing the next RRH.
Automatic frequency control

The UE receives the signal from the same direction regardless of position between the RRHs, and hence experiences a constant Doppler shift. There are no sign alternations when passing a RRH or midways between RRHs, so capture range of the frequency offset estimator is of no concern.

Observation 13: For the unidirectional RRH arrangement the Doppler shift is constant and does not change sign. Hence the UE performance is not limited by the capture range of the frequency offset estimator.
Fading

The UE receives several paths from the same direction (closest RRH, the RRH beyond that one, and so on), and with approximately the same inter-site distance between the RRHs, the second path will be received at 6dB lower power level than the dominating path. This means that the combination of the received paths can never result in fully destructive combination; there is always a substantial part of the dominating path left. Figure 8 shows the resulting fading at UE speed of 350km/h.
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Figure 8: Average fading over bandwidth at 350 km/h as function of UE position between RRHs
Observation 14: For the unidirectional RRH arrangement the 5th percentile of the fading is above -3dB in 80% of the time, and is above -6dB in 99% of the time. 
Inter-site distance

During RAN4#74bis leading operators raised concern that the unidirectional RRH arrangement would require denser sites, i.e., shorter inter-site distance. Our analysis has shown that the characteristics of inter-carrier interference and fading are significantly different between bidirectional and unidirectional RRH arrangements, where the latter provides a clearly more favorable radio environment. Particularly the differences in fading implies that to achieve an acceptable throughput in a bidirectional RRH arrangement one would have to use higher DL TX power to reduce the probability for UEs being blacked-out by the thermal noise floor and other noise and interference sources (compare 5th percentile in Figure 4 and Figure 8). This transfers to a DL TX power margin between bidirectional and unidirectional RRH arrangements, where the latter can accept DL TX power being closer to the noise floor.
Observation 15: With a design goal of keeping the 5th percentile of the fading above -6dB, the unidirectional RRH arrangement has 4dB margin compared to the bidirectional RRH arrangement.

Observation 16: The unidirectional arrangement can use the same site distance as for the bidirectional arrangement, even though the beams have to cover twice the distance with the same total DL TX power. Doubling of distance requires a transmit power increase of 6dB (free space), and using all DL TX power on a single instead of two antennas gives 3dB. The remaining 3dB do not have to be compensated for since there is a 4dB margin to the bidirectional model (see Observation 15).
Automatic gain control

Concern on a UEs ability to follow an increasing received signal power as arises when the UE leaves one beam and goes into another was raised during RAN4#75. As illustrated in Figure 9 the received power increases by 20dB when the UE comes into coverage of the new beam. This does however not mean that it is an instantaneous increase by 20dB – it is a gradual increase. At 500km/h the maximum power change from one subframe to another is less than ±0.3dB.  
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Figure 9: Relative RSSI as function of UE position between RRHs (Dmin = 30, Ds = 1000m).
It shall be noted that in regular legacy scenarios the difference in received power from one subframe to another may differ by 12.5dB depending on whether a subframe is fully allocated or empty, and the AGC needs to handle such fluctuations by having appropriate margins in the gain setting. The ±0.3dB caused by entering a new beam are insignificant.

The setpoint deviation for AGC when tracking the received power in Figure 9 is shown in Figure 10, and confirms that AGC is not an issue for the unidirectional RRH arrangement.  
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Figure 10: AGC loop operating on the received power trajectory above. UE speed is 500km/h by which one ISD takes 7.2s to travel.
Observation 17: The change in received power when the UE enters a new beam is about ±0.3dB per subframe and does not pose a problem for AGC.
Uplink

The UE receives the signal from the same direction the whole time, meaning that it experiences a constant Doppler shift with only a minor ripple of some 100Hz when passing a sidelobe of an RRH (see [2] for details). Hence the uplink transmit frequency will have a constant frequency offset, amounting to the Doppler shift. All UEs onboard the same train will experience and display the same signal characteristics, and for instance RACH preambles will be sent by all UEs at the same subcarrier offset, which reduces misdetection in the PRACH detection.

There are two possibilities when it comes to RRH arrangement for UL RX:
· UL RX and DL TX oriented in the same direction, and

· UL RX and DL TX are oriented in opposite directions

as illustrated in Figure 11 and Figure 12, respectively. 
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Figure 11: Rel-8 compatible unidirectional RRH SFN arrangement. The DL Doppler shift is kept constant (no sign alternation), hence the transmissions on UL are received with a constant frequency offset. 
With UL RX and DL TX in the same direction the base station will experience twice the Doppler on UL RX, but the Doppler will be constant i.e. no sign alternations. This configuration is backwards compatible with unmodified Rel-8 terminals.
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Figure 12: Potential unidirectional RRH SFN arrangement. The DL Doppler shift is kept constant (no sign alternation), and due to the having DL TX and UL RX at different sites the transmissions on the UL are received at the nominal UL carrier frequency, i.e., without frequency offset.
With UL RX and DL TX in the opposite directions the base station will experience the nominal carrier frequency on UL RX. This since the Doppler shift experienced by the UE, and which results in that the UE transmits at an offset to the nominal UL carrier frequency, is annihilated by the Doppler shift the signal transmitted by the UE undergoes. This configuration requires more active power control of the UE, or modified UE behavior, since a high path loss would mean that a low TX power should be used, i.e. the opposite compared to how legacy terminals operate.

Observation 18: Uplink performance can be improved by the unidirectional RRH arrangement since all UEs travelling on the same train displays the same characteristics when it comes to Doppler shifts.

3 Summary and Discussion
In the analysis the following was observed regarding the bidirectional RRH arrangement ([1]):
Observation 1: The two paths are received with Doppler shifts of opposite signs hence the frequency offset between the paths is twice the Doppler shift. This causes inter-carrier interference that results in median SIR values of 18, 16, and 14dB for speeds 350, 500 and 600km/h, respectively, midway between RRHs.

Observation 2: The inter-carrier interference is a consequence of the network deployment and cannot be mitigated e.g. by increasing the transmit power. It results in an upper bound of what system throughput can be achieved when not suffering from fading.  

Observation 3: Degradation of the received signal quality is not limited only to the midpoint between RRHs: for 350, 500 and 600km/h the median SIR values are below 20dB for more than 25%, 50% and 55% of the time, respectively.

Observation 4: The relatively large fraction of time the UE experiences low SIR significantly degrades the achievable system throughput.

Observation 5: The two-path SFN arrangement results in significant fading caused by the phase difference between the paths. The 5th percentile of the received signal is below -3dB and -6dB for 40% and 15% of the time, respectively.

Observation 6: The UE experiences the combined effect of SIR degradation and fading, both of which are inherent to the network arrangement. Fading can be combatted by increasing the DL TX power to provide a margin to the noise floor and having fewer UEs experiencing packet-loss due to a fading dip.
Observation 7: When carrying out AFC the UE tunes towards the frequency of the dominating signal component. Midway between RRHs which one is the dominating path changes, and the UE has to tune towards a frequency offset that is twice the Doppler shift. 
Observation 8: CRS-based frequency offset estimators have a capture range of ±2.3kHz, meaning that in noise-free conditions the frequency offset can be unambiguously estimated as long as it is within this range. Outside this range, and/or in low SINR, the frequency offset estimation may fail, and the UE might tune towards an incorrect target (aliasing).

Observation 9: The frequency offset between paths is 1750, 2500 and 3000Hz for 350, 500 and 600km/h, respectively. Particularly for 500 and 600km/h it is highly probable that UEs will tune towards an incorrect target when passing midways between RRHs or when passing an RRH. For 350km/h the likelihood of a successful tuning depends on the SINR at the midpoint between RRHs.

Observation 10: The signals received on the uplink are subjected to twice the Doppler shift relative the nominal uplink carrier frequency, and the sign is alternating depending on relative UE position. For 350, 500 and 600km/h the received signal is shifted by ±1750Hz, ±2500 and ±3000Hz, respectively.

Observation 11: When a train is passing RRHs there may be a relative frequency offset between different UEs carrying out random access of 3500, 5000 and 6000Hz for 350, 500 and 600km/h, respectively. This means that the preambles sent by those UEs may be shifted several subcarriers relative to each other, which complicates the PRACH detection on the base station side.
The observations result in that a bidirectional RRH arrangement is not feasible for high UE speeds as the achievable system throughput is limited by inherent ICI and fading. While the effects of fading can be reduced by increasing the margin of UL TX power to the noise floor, nothing can be done about the ICI, which additionally increases with increasing UE speed.

Moreover, the following was observed regarding the unidirectional model ([2]):

Observation 12: For the unidirectional RRH arrangement the source of inter-carrier interference is due to sidelobes of the DL TX antenna. With a sidelobe suppression of about 30dB the SIR can be kept high (above 20dB) consistently except immediately before passing the next RRH.
Observation 13: For the unidirectional RRH arrangement the Doppler shift is constant and does not change sign. Hence the UE performance is not limited by the capture range of the frequency offset estimator.

Observation 14: For the unidirectional RRH arrangement the 5th percentile of the fading is above -3dB in more than 80% of the time, and above -6dB in 99% of the time. 
Observation 15: With a design goal of keeping the 5th percentile of the fading above -6dB, the unidirectional RRH arrangement has 4dB margin compared to the bidirectional RRH arrangement.
Observation 16: The unidirectional arrangement can use the same site distance as for the bidirectional arrangement, even though the beams have to cover twice the distance with the same total DL TX power. Doubling of distance requires a transmit power increase of 6dB (free space), and using all DL TX power on a single instead of two antennas gives 3dB. The remaining 3dB do not have to be compensated for since there is a 4dB margin to the bidirectional model (see Observation 15).
Observation 17: The change in received power when the UE enters a new beam is about ±0.3dB per subframe and does not pose a problem for AGC.

Observation 18: Uplink performance can be improved by the unidirectional RRH arrangement since all UEs travelling on the same train displays the same characteristics when it comes to Doppler shifts.

The observations clearly support that the unidirectional RRH arrangement is appropriate for high UE speeds; both ICI and fading have considerably lower impact on the signals received by the UE. Moreover the risk of that the UE will tune its AFC towards an incorrect target is eliminated; all significant paths are received with the same Doppler shift, hence there is no issue with the frequency offset estimator’s capture range. Also the UL performance is increased since all UEs onboard the train will display the same frequency offset characteristics, which improves e.g. the PRACH detection performance.

Furthermore, the analysis shows that doubts and concerns on site distance and AGC are not valid:

· For the same total DL TX power, the unidirectional RRH arrangement can have a slightly increased inter-site distance compared to the bidirectional RRH arrangement.

· The UE has no problem of following the power level change when a UE is entering the coverage of another beam. 
Based on the observations we make the following proposals:

Proposal 1: The unidirectional RRH SFN model shall be included in the 3GPP TR 36.878 as one of the models to evaluate. 
Proposal 2: The unidirectional RRH SFN model shall be evaluated for both Objectives 1 and 2 (up to and beyond 350km/h) as it caters for a higher achievable system throughput.

4 Conclusion
We have shown that the unidirectional RRH arrangement proposed in [2] has properties that make it feasible for high-speed train scenarios, and that it facilitates a higher system throughput than achievable by the bidirectional RRH deployment.
Moreover we have cleared the doubts and concerns regarding inter-site distance and AGC; the same inter-site distance can be used, and a UE has no problem following the received power trajectory.

We make the following proposals:

Proposal 1: The unidirectional RRH SFN model shall be included in the 3GPP TR 36.878 as one of the models to evaluate. 
Proposal 2: The unidirectional RRH SFN model is evaluated for both Objectives 1 and 2 (up to and beyond 350km/h) as it caters for a higher achievable system throughput.

Link simulations that are supporting this analysis are provided in [4]. 

A TP for inclusion of Unidirectional RRH arrangement in 3GPP TR 36.878 is provided in [3].
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