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1 Introduction

At RAN4#76 in Beijing it was agreed that the Unidirectional RRH deployment is to be studied and evaluated as one configuration of the HST SFN scenario [1]. At that meeting we submitted several contributions on Unidirectional RRH deployment, [2]-[5], and at earlier meetings we have submitted [6] (RAN4#75) and [7] (RAN4#74bis). 
In this contribution we are presenting the key features of Unidirectional RRH arrangement as reported earlier, and verify previous findings by means of link simulations. Moreover we are describing how the antenna characteristics have to be taken into account for a proper deployment with a good performance.
2 Background
2.1 Deployment aspects of Unidirectional RRH Arrangement

The objectives with the Unidirectional RRH arrangement are mainly to:

· Provide a nearly stable frequency offset on downlink and uplink

· Prevent significant small-scale fading
In this arrangement the DLTX and ULRX beams, respectively, are aligned in the same direction along the high-speed track. The beams may be rotated to maximize the coverage of the track, see Figure 1. Moreover, in the present document we are focusing on the scenario where DLTX and ULRX are pointing in the same direction of the track, i.e. a monostatic deployment.  
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Figure 1: Coverage by exemplary antenna with FBR and FSR 30dB. Blue: Antenna radiation pattern (dB), Red: Coverage (m).
The key to achieving the objectives is to avoid that the UE travels through sidelobes of significant magnitude in the back direction of the RRH DLTX beam as this signal has a Doppler shift that is opposite to the one the UE is experiencing, Figure 2. Hence either of the Front-to-Backlobe Ratio (FBR) and Front-to-Sidelobe Ratio (FSR) dictates which geometry can be supported with respect to inter-site distance (Ds) and track-to-RRH distance (Dmin). An FSR of 30dB as used for the exemplary antenna allows an inter-site distance Ds of about 25∙Dmin since every doubling of distance corresponds to 6dB pathloss.
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Figure 2: Sidelobes in the back direction are to be avoided. The UE shall remain in stronger coverage by the main lobe than by sidelobes to an adjacent RRH that it has not yet passed.
In order to avoid that a UE loses sync when leaving one beam and entering the next beam it is important that the cell timing difference as perceived in each respective beam is within about half a cyclic prefix. If larger it may be challenging for the UE to track the cell timing when switching beams. Hence, to support distances between RRHs that exceeds about 700m, the RRHs have their timing skewed such that a UE travelling along the high-speed track experiences a maximum timing discontinuity of 2.35us. Concretely, for the setup in Figure 1, if the leftmost RRH has timing offset 0, the middle RRH may have timing offset 2.35us, and so on, to compensate for the propagation delay. This gives the UE the impression that it is continuously travelling from the cell centre and outwards. 
Observation 1: The FBR or FSR limits the geometry with respect to ratio between inter-site distance Ds and track-to-RRH distance Dmin.

Observation 2: UEs may lose synchronization to the serving cell if the discontinuity in frame timing when switching beams exceeds half a cyclic prefix. This can be mitigated by introducing successive time skewing that compensates for the propagation delay from one RRH to another.

Proposal 1: RAN4 shall assume that Unidirectional SFN applies time skewing for inter-site distances exceeding 500m.
The Unidirectional RRH arrangement may be used in SFN and Combined Cell deployments, or in a combination of the two.
2.2 UE aspects of Unidirectional RRH Arrangement
Frequency stability
In a proper deployment of the Unidirectional RRH arrangement the UE always receives the strongest signal components from the same direction. Since signals from different directions (front, back) display Doppler shifts with different signs, this means that the UE will track a nearly constant Doppler shift. The UE demodulation frequency that has been tuned for the current beam will be suitable also when entering the next beam, although there may be a small ripple caused by the UE entering the new beam at a different angle to the RRH than for the previous beam.
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Figure 3: RRH arrangement for unidirectional RRH arrangement.
The UE bases its conception of time and frequency on the downlink signals from the serving cell. Hence when tuning the PLL towards a consistently Doppler-shifted downlink carrier, as provided in the unidirectional approach, also the UL modulation frequency used by the UE will be stable with a nearly constant frequency offset with the same Doppler shift as received on the downlink. Moreover, all UEs travelling on the same train will display the same characteristics, and this can be exploited on the network side e.g. to improve PRACH detection performance; see BS aspects further below. The sign of the Doppler shift depends on whether the UE is travelling towards or away from the beams. In the link simulation results below the UE has been travelling away from the beams, as illustrated in Figure 3.
Observation 3: The UE bases its conception of time and frequency on the serving cell by tuning its demodulation frequency towards the downlink carrier. The UE UL modulation frequency depends on the DL demodulation frequency hence a Doppler shift on the downlink will transfer to a frequency offset on the uplink. A stable DL demodulation frequency will lead to a stable UL modulation frequency.
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Figure 4: Frequency residual as experienced by UE travelling at 500km/h in direction RRH#1 to RRH#2, with Ds 1000m, Dmin 30m and FSR 30dB. From link simulations.
The effect on the residual demodulation frequency (UE demodulation frequency – received DL carrier frequency) when passing RRHs is shown in Figure 4. The results are based on link simulations using a simulator that mimics a realistic Rel.8-12 receiver. It is evident from looking e.g. at RRH#1 that immediately before the UE passes the radio head, it starts to pick up interference from sidelobes, which causes a ripple of less than 100Hz for a short duration. When having passed the RRH, the UE enters the new beam. Since the UE initially receives this beam from a different angle than it received the previous beam, there is a transient when the UE adapts its demodulation frequency. This transient has a maximum of less than 100Hz and hence does not pose any problem for the demodulation.

Observation 4: When the UE passes an RRH there may be some ripple in the demodulation frequency due to interference from sidelobes. Moreover, there may be a transient when the UE enters the new beam. Provided a proper network deployment the ripple experienced by the UE is small and does not significantly impact the demodulation. 

Doppler spread
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Figure 5: Doppler spread estimated by UE travelling at 500km/h in direction RRH#1 to RRH#2 with Ds 1000m, Dmin 30m and FSR 30dB. From link simulations.
The Doppler spread experienced by the UE when passing RRHs is shown in Figure 5. Before having passed the RRH and entered the new beam, the UE essentially sees one path (Doppler spread 0 Hz). When entering the new beam, initially it will see two paths: the previous beam and the new beam. As mentioned above the angles to the respective RRHs differ initially, hence the signal components have different Doppler shifts which in turn leads to that the UE experiences a Doppler spread. As shown in Figure 5 this Doppler spread is small - about 200Hz.

Observation 5: The UE experiences a modest Doppler spread when passing an RRH due to that previous and present beams are received at different angles.
Link quality
Detailed studies of inter-carrier interference and small-scale fading in the Unidirectional RRH arrangement were presented at RAN4#76 [2]. Resulting SIR due to ICI (a.k.a. CIR), and small scale fading, are shown in Figure 6 and Figure 7, respectively. The figures indicate that SIR decreases and the variability of the small-scale fading increases monotonically as the UE moves further away from the beam. Immediately before and after passing an RRH there is a ripple in both SIR and small-scale fading due to sidelobes, but once the UE has entered the new beam, SIR increase, and the small scale fading variability reduces, significantly. In order to assess the impact on the downlink performance, the wideband CQI (WB-CQI) as reported by the UE has been studied.
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Figure 6: SIR resulting from inter-carrier interference as function of UE position between RRHs for 350, 500 and 600km/h (Dmin = 30, Ds = 1000m). From [2].  
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Figure 7: Small-scale fading as function of UE position between RRHs for 350, 500 and 600km/h for Ds 1000m, Dmin 30m, and FSR 30dB. From [2]. 
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Figure 8: Reported WB-CQI by UE travelling at 500km/h in direction RRH#1 to RRH#2 with Ds 1000m, Dmin 30m and FSR 30dB. From link simulations.
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Figure 9: Percentages of reported WB-CQI levels by UE travelling at 500km/h with Ds 1000m, Dmin 30m and FSR 30dB. From link simulations.
The WB-CQI reported by the UE when passing RRHs is shown in Figure 8. It can be observed that when approaching an RRH but before entering coverage of the new beam, the reported WB-CQI takes lower values. Immediately when entering the new beam, the WB-CQI recovers to high values again. One observation to make is that the WB-CQI never reaches 0, hence the UE remains synchronized to the serving cell. 
A histogram of the WB-CQI reports is provided in Figure 9. The histogram indicates that the number of subframes the UE experience unfavorable conditions due to passing an RRH is negligible.

Observation 6: The UE remains synchronized when passing an RRH. The experienced link quality drops when entering sidelobes but recovers immediately when entering the next beam.

Observation 7: The fraction of time during which the UE is in unfavorable conditions due to passing an RRH is negligible. 
Automatic Gain Control
When the UE leaves a weak beam and enters a strong beam there may be a considerable change in the received signal strength. In [2] we analyzed the impact of a RSSI step change arising when passing an RRH and entering the new and stronger beam (Figure 10). The AGC control loop used in the commercially available M7450 modem was executed, and it was found that when passing an RRH, the gain setting experiences a short ripple, but where it still is less than 1 dB from the optimum set point (Figure 11). It shall be noted that in general the optimum set-point is some 13dB below the gain determined by an instantaneous measurement, to cater for that the gain measurement may have done on an empty cell with little more than CRS transmitted. Hence there generally is a gain margin before the received IQ samples get saturated, thus less than 1dB difference from the optimum gain setting should not have a performance impact. In order to verify this conclusion we have studied the applied gain setting and overlaid it with the reported WB-CQI.
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Figure 10: Relative RSSI as function of UE position between RRHs (Dmin = 30, Ds = 1000m). From [2].
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Figure 11: AGC loop operating on the received power trajectory above. UE speed is 500km/h by which one ISD takes 7.2s to travel. From [2].
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Figure 12: Applied gain (AGC) and reported WB-CQI for UE travelling at 500km/h in direction RRH#1 to RRH#2, with Ds 1000m, Dmin 30m, and FSR 30dB. From link simulations.
The gain setting conducted by the UE when passing an RRH is shown in Figure 12 together with the reported WB-CQI. Saturation of IQ samples would show up as increased interference and hence would result in a lower value of the reported channel quality. It can be observed in Figure 12 that when the UE enters the new beam, the applied gain is rapidly reduced (see e.g. to the right of RRH#1). It can also be observed that during this successive reduction of gain, the UE is still reporting a predominately high channel quality. From this we again confirm that it is not an issue for the AGC when the UE switches beams.
Observation 8: The AGC follows the power increase resulting from the UE leaving a weak beam for a strong beam without degrading the received signal quality.  
2.3 BS aspects of Unidirectional RRH Arrangement
Frequency offset
The UL frequency offset as experienced by the base station is twice the Doppler shift, since in case the UE travels towards (away from) the DLTX RRH, it will tune its DL demodulation frequency towards a positive (negative) Doppler shift. As mentioned above, this frequency offset transfers to the UL modulation frequency, i.e. the UE will transmit a signal that is offset by a positive (negative) Doppler shift. Since the UE is travelling towards the ULRX RRH, there will be an additional positive (negative) Doppler shift of the signal.
As already pointed out above, all UEs onboard the same train will display the same frequency offset characteristics. This narrows down the frequency offsets to take into account e.g. at PRACH detection from a continuous range between positive and negative Doppler, to a few discrete frequency offsets. This is particularly desirable since PRACH is using a subcarrier spacing of 1.25 kHz and hence is more susceptible to frequency offsets than other channels that use 15 kHz subcarrier spacing. 
To exemplify: if there is only one train on the tracks, there are only two frequency offsets to take into account, namely the offset displayed by stationary UEs (e.g. passengers waiting at the station, maintenance workers along the tracks et cetera) and the offset displayed by UEs travelling onboard the train.

The discrete frequency offsets can be exploited in the PRACH detection by introducing it as hypotheses or a priori information depending on whether a contention-based or contention-free random access is to be detected. In contention-free random access the base station already has knowledge of the UE and hence knows to which group it belongs. It can then try to detect the PRACH preamble under the assumption that it is received with a particular frequency offset. In contention-based random access the base station can investigate the likelihood for having received a PRACH preamble under the two hypotheses that it is received from a stationary UE or from a UE onboard the train. This approach is extended for more trains on the tracks by adding the corresponding number of hypotheses.

Observation 9: The stable frequency offset experienced by the UE leads to a stable frequency offset of the uplink signals. Since all the UEs onboard the train display the same Doppler characteristics, the base station PRACH detection performance can be improved by narrowing down the frequency offset search space. 

Power control

For UEs in connected mode the base station can control the UL power to prevent that the samples received by the ULRX RRH get saturated. The UEs transmit in separate allocations, and hence the effect of a wrongly set power level will in general not harm the reception from other UEs. 

For UEs in idle mode that are about to do contention-based random access, there is a theoretical risk that they do so while having measured the RSRP from the previous beam but transmitting the PRACH preamble when having entered the new beam. Should this happen it might affect all UEs that are carrying out random access in the same PRACH occasion. In worst case it means that the UEs will have to retransmit in a later PRACH occasion; by that time they have measured a much stronger RSRP and hence are using a lower and hence appropriate transmit power by which the problem vanishes. Hence it is a matter of statistics on how likely it is that a UE will carry out contention-free random access at the exact moment when it has RSRP from the previous beam when entering the new beam. The probability for this happening is low.

Observation 10: When a UE is about to carry out contention-based random access there is a chance that it will do so at the very moment when it has measured the signal strength in the previous beam, and hence will use an inappropriate power level – too high or too low depending on whether the UE is heading in the direction away or towards the beams. The probability of this happening is low, but if it happens in worst case the UE(s) will have to attempt the random access in a later PRACH occasion.
3 Summary and Discussion
The investigations and link simulations consistently confirm that a unidirectional RRH arrangement in a SFN scenario is a feasible configuration given that the network is properly deployed. The limiting factors for the network deployment are mainly on the RRH antenna side where the front-to-sidelobe ratio dictates the geometry with respect to the ratio between inter-site distance Ds and track-to-RRH distance Dmin. The exemplary antenna used in the evaluation has a front-to-sidelobe ratio that is consistent with the targets for next generation antennas which will be available shortly. In a related contribution [8] we are showing that the unidirectional approach can be applied with a commercially available antenna that has been on the market for several years, and where the front-to-sidelobe ratio is only 18dB. 
Moreover, in another contribution [9] we are providing link simulation results that show that high throughput can be achieved also at speeds of 500km/h can be achieved with a legacy UE. This is important since legacy UEs will be around for many years to come and it would be undesirable to have legacy UEs in a high-speed train network consuming the bulk of system capacity on overly robust encoding and retransmissions.
4 Conclusion
We have analyzed the Unidirectional RRH arrangement and conducted link simulations using a link simulator that mimics a Rel.8-12 UE implementation. The following observations have been made:  

Observation 1: The FBR or FSR limits the geometry with respect to ratio between inter-site distance Ds and track-to-RRH distance Dmin.

Observation 2: UEs may lose synchronization to the serving cell if the discontinuity in frame timing when switching beams exceeds half a cyclic prefix. This can be mitigated by introducing successive time skewing that compensates for the propagation delay from one RRH to another.

Observation 3: The UE bases its conception of time and frequency on the serving cell by tuning its demodulation frequency towards the downlink carrier. The UE UL modulation frequency depends on the DL demodulation frequency hence a Doppler shift on the downlink will transfer to a frequency offset on the uplink. A stable DL demodulation frequency will lead to a stable UL modulation frequency.
Observation 4: When the UE passes an RRH there may be some ripple in the demodulation frequency due to interference from sidelobes. Moreover, there may be a transient when the UE enters the new beam. Provided a proper network deployment the ripple experienced by the UE is small and does not significantly impact the demodulation.
Observation 5: The UE experiences a modest Doppler spread when passing an RRH due to that previous and present beams are received at different angles.
Observation 6: The UE remains synchronized when passing an RRH. The experienced link quality drops when entering sidelobes but recovers immediately when entering the next beam.

Observation 7: The fraction of time during which the UE is in unfavorable conditions due to passing an RRH is negligible. 
Observation 8: The AGC follows the power increase resulting from the UE leaving a weak beam for a strong beam without degrading the received signal quality.  
Observation 9: The stable frequency offset experienced by the UE leads to a stable frequency offset of the uplink signals. Since all the UEs onboard the train display the same Doppler characteristics, the base station PRACH detection performance can be improved by narrowing down the frequency offset search space. 
Observation 10: When a UE is about to carry out contention-based random access there is a chance that it will do so at the very moment when it has measured the signal strength in the previous beam, and hence will use an inappropriate power level – too high or too low depending on whether the UE is heading in the direction away or towards the beams. The probability of this happening is low, but if it happens in worst case the UE(s) will have to attempt the random access in a later PRACH occasion.

In order to allow inter-site distances larger than 700m we make the following proposal:
Proposal 1: RAN4 shall assume that Unidirectional SFN applies time skewing for inter-site distances exceeding 500m.

Text proposals for inclusion in 36.878 [12] are provided in [10] and [11].
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