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Introduction
[bookmark: _GoBack]The coverage enhancements study should verify that control channels support the data channels down to reasonable data rates. In this paper a methodology for such evaluations is proposed. 
In short, it is proposed to determine SINR requirements for different control channels using link level simulation. SINR distributions for the different channels and for desired scenarios are then generated by means of system-level simulations. By combining these results, it can be seen what fraction of users have coverage for the different channels. If a certain channel has significantly worse coverage than others, this channel constitutes a bottleneck for overall coverage and is a candidate for enhancements.  
It should be noted that this methodology will identify bottlenecks by answering the question ‘In a certain scenario, what fraction of users have coverage for a certain channel?’. An alternative/complementary way to define coverage bottlenecks is by means of isotropic loss. A channel that supports significantly lower isotropic loss than others forms a bottleneck for overall coverage. In the proposed methodology, the maximum isotropic loss supported by a channel can be assessed from the distribution of isotropic loss in the studied scenario. Moreover, it is expected that the bottlenecks will be the same between the two  methods discussed above.
Conventional link budgets
A conventional link budget typically assesses coverage in terms of minimum isotropic loss (also denoted pathloss) as (in dB scale): 

The isotropic loss can be transformed to a distance using a propagation model.
For the purpose of comparing the coverage of different channels, some observations can be made. For channels with the same transmit power, antenna gains , and interference levels , it is sufficient to compare SINR requirements. This can be the case for some channels but is not generally valid (e.g. downlink and uplink channels have different characteristics). For channels with the same antenna gains, it is sufficient to compare the maximum coupling loss . This is the case for conventional, non-AAS, systems, and was often used during the development of LTE. It is however not true for systems with UE-specific beamforming for certain channels and broadcast beams for other channels. In such systems, the antenna gains differ between channels. Not only do the maximum antenna gains differ, but also the actual gains, which depend on how well inside the main-lobe or range of steerability of the antennas, differ. This is quite complex and difficult to accurately capture in a conventional link budget. The same goes for the interference, which is dependent on the antenna scheme used for the interfering channel. This is elaborated on in the next Section. Note that the effect of not experiencing the maximum antenna gain is there also in conventional systems, but then the effect is the same for all channels, and relative comparisons are not affected.   
Observations:
· For coverage comparisons of different channels, it is not generally sufficient to compare SINR requirements.
· For coverage comparisons of different channels, it is not generally sufficient to compare maximum supported coupling loss.
· It is difficult to accurately capture the effects of differing antenna gains and interference margins in a conventional link budget.
More details on antenna gains
In this chapter the impact of the different antenna schemes on the SINR and coverage is further analyzed. The intention is to motivate the proposed methodology.
On system-level, the downlink SINR for user i served by base station j and interfered by base stations k ≠ j can be expressed as:

It is seen that the desired signal (Si) depends on the transmit power , the isotropic gain , between transmitter  and receiver , and the transmitter and receiver antenna gains  and  . Note that here the isotropic gain is the gain between the transmitter and receiver if they would both have isotropic antennas. The product of the isotropic gain and the antenna gains is referred to as coupling gain (). The interference  depends on similar components and in addition on the activity level of the interfering signal . Note that the interfering signal, and thereby the antenna scheme, can be different from that used by the desired signal.
For coverage purposes, it is of interest to determine the SINR at the ‘cell edge’ or for low percentiles in the distribution over users.  If the antenna gains were fixed, it would be straightforward to calculate a maximum isotropic loss for which the SINR requirement is met. This is however not the case. The antenna gains to the serving and interfering base stations vary between users. This is illustrated for two cases (SSB and PDSCH) in Figure 1, showing samples of antenna gain vs. isotropic gain for serving base station links. It is seen that the antenna gain varies between users (samples) and that the correlation with the isotropic gain is not very strong. It is also seen that the antenna gain is different for the SSB and PDSCH. This makes comparisons of maximum coupling loss (isotropic loss - antenna gain) not suitable for coverage comparisons in cases like this with channels with different antenna solutions. 
[image: ]
[bookmark: _Ref31786071]Figure 3‑1. Example of base station antenna gain for SSB (swept in four directions) and PDSCH (UE-specifically beamformed) vs. isotropic loss for different users. This is for an Urban Macro scenario with 500m ISD, and base station with an 8x8 antenna array.
Figure 2 shows samples of resulting SINR, which also depends on the gain to interfering cells, vs isotropic gain. Here it is seen that the SINR for a given isotropic gain varies greatly (tens of dBs). These aspects and their interdependencies are quite complex, and it is difficult and likely inaccurate to represent antenna gains and interference levels with single values for use in standard link budgets. To address this, it is proposed to use system level simulations to directly generate SINR distributions.
Here it is observed that the antenna gains differ between channels. Some are broadcast over the cell, some are beam-swept, and some to different degrees UE-specifically beamformed. The antenna gains for a certain channel further differ between users. Not all users are within the main-lobe or range of steerability of the antennas, and hence do not experience the maximum antenna gain. It is observed that also these aspects differ between channels and between users. 
[image: ]
[bookmark: _Ref31786084]Figure 3‑2. Example of downlink SINR vs. isotropic loss for different users. 
Observation: 
· The variation in antenna gains and SINR for a given isotropic loss is large.
The proposed methodology
The coverage of a certain signal or channel depends on the ‘service quality’ required on that channel, e.g. error rate and/or data rate, the link quality required to reach that acceptable service quality, and the ability of the system to generate the link quality.  
The link quality can be measured as Signal-to-Interference-and-Noise Ratio (SINR). The SINR required to reach a certain service quality is effectively determined by means of link simulations.
On system-level, the downlink SINR for user  served by base station  and interfered by base stations  can be expressed as:

Given the complexity of the relation between these parameters affecting the SINR, and the difficulty to accurately capture that in a conventional link budget, it is proposed to generate SINR distributions by means of system-level simulations. A channel with significantly worse coverage than others is considered a candidate for enhancements. 
Given the division into link- and system-level simulations, the question arises on how to model the antenna capabilities on link- and system-level. Roughly speaking, the larger subset of the antennas that is modelled on link-level, the more accurately signal-processing-related aspects are modelled, whereas the larger subset is modelled on system level the more accurately the beamforming gains of the desired signal and suppression of interference are modelled. In order to reduce complexity of the link simulations and properly model the beamforming gains on system-level, the subset of antennas simulated on link level is kept small. In the downlink direction, the number of receive antennas is two or four, and the number of transmit antennas is two (hence 2x2 or 2x4 configurations are studied) to allow to capture some transmit diversity and spatial multiplexing benefits.  In the uplink direction, the number of transmit antennas is one, and the number of receive antennas is two or four in [1] and two in [2] (hence 1x2 and 1x4 configurations are studied). The remaining number of antennas are modelled on system-level.   
This approach is similar to the one used for the IMT-2020 mobility evaluations, where link- and system-level evaluations are combined to determine if the link quality required to support a certain speed is supported for 50% of the users.
Proposals: 
· Use link level simulations to determine required SINRs for different channels
· Use system level simulations to determine SINR distributions, and the fraction of users that have coverage for different channels
· Consider channels with significantly worse coverage than others as candidates for enhancements
System level model for antenna gain 
In the previous section the system level transmit and receive antenna gains,  and  were introduced. Since the evaluations are divided between link and system level simulations, the gain of the advanced antenna system is also split between link and system level. One part of the gain is accounted for by the SINR requirement and another part of the gain is accounted for by the antenna gain. The antenna gain, which depends on the direction to the receiver and transmitter respectively thus includes both the fixed subarray gain (in dBi), as well as the array gain or beamforming of signal processing done in baseband and/or radio frequency (in dB).
The system level antenna gains depend in general on properties of the radio channel as such as directions and angle spread both in azimuth and elevation domains. Furthermore, they also depend on properties of the transmission and receive schemes respectively, whose performances may also depend on channel properties as well as quality of channel state information. This is next exemplified.
· For wideband grid-of-beam schemes with beam selection that is slow as compared to fast fading variations, angle spread impacts the gain, both for uplink reception as well as downlink transmission.
· For maximum ratio combining (MRC), the receiver gain depends on the quality of the channel estimates, typically leading to lower gain for cell-edge positions with lower SINRs as compared to cell-centre positions with higher SINRs.
· For downlink reciprocity- based frequency selective maximum ratio transmission (MRT), the downlink array gain depends on the quality of the uplink channel estimates obtained meaning that the uplink SINR for the reference signals can be considered when the downlink gain is determined.
However, an initial analysis can be done under ideal and simplifying assumptions, neglecting both angle spread and estimation errors so that every doubling of the number of subarrays leads to a 3dB increase of the array gain on top of the subarray gain. A refined analysis can then include the impact of non-ideal- CSI and angle spread.
Since the uplink is often a bottleneck, an example with uplink link performance next considered. Three different array configurations with 1x2x2, 2x4x2 and 4x8x2 (vertical x horizontal x dual polarized) elements corresponding to 4Rx, 16Rx and 64Rx together with a basic non-ideal channel estimation and MRC was used. Since coverage is considered, the MCS was fixed to index 0 with up to four HARQ retransmissions. A 4DL1UL TDD carrier with 30kHz subcarrier spacing at 4Ghz was used and two different allocations, of 4 and 30 PRBs were evaluated and DMRS occupied two symbols per 14 symbol slot. The CDL-C channel model was used with (see also Section 7.7.5.1 of 3GPP TR 38.901) 
· Delay spread 30 and 300ns,
· AOD spread (ASD): 5, 15, and 25 degrees,
· AOA spread (ASA) 45 degrees,
· ZOA spread (ZSA) 10 degrees, and
· ZOD spread (ZSD) 3.
The mean angles were translated to so that AOA and AOD were 0 degrees and ZOA and ZOD were 90 degree to correspond to a case with a terminal at the broadside of the array (where the subarray gain patterns have the maximum).  Thus, this means that in total six different scalings of the CDL-C were used and in Figure 5‑1 the results are presented.
[image: ][image: ]
[bookmark: _Ref47695224]Figure 5‑1 Simulated link performance for fixed MCS 0 with HARQ, with 30 PRBs (top) and 4 PRBs (bottom) for CDL-C with 300ns delays spread (left) and 30ns delay spread (right)
As can be seen from the results, the array gain for throughputs corresponding to roughly between 10% and 30% BLER of the initial transmission is around 5dB for 16Rx compared to 4Rx, and around 10 dB for 64Rx compared to 4Rx. It is certainly possible identify minor trends in the current results, like that the gain in going from 16Rrx to 64Rx is somewhat smaller than gain in going from 4Rx to 16Rx and there is perhaps gain dependency on bandwidth, delay spread and angle spread. However, in any case, the results indicate that a gain of around 2.5dB for every doubling of the number of elements for a terminal at cell edge using the lowest MCS index 0 is a decent assumption-. At more cell centre positions, with higher SINRs, higher gains of around 3dB are expected, and also the results above do to some extent hint that the impact of non-ideal estimation increases with decreasing SINR.
The example illustrates that the impact of non-ideal estimation plays a role and furthermore that link level simulations preferably with relevant correlations can be used to explore and identify relevant properties and parameter values.
Proposal
· Antenna gain values in link budget templates account for relevant properties such as angle spread and non-ideal channel estimation 
· A baseline approximation of 2.5 dB per receive chain doubling may be used to account for channel estimation
· More advanced modeling can be used
In fact, from a link performance perspective, the antenna gain can be seen as a tool to extrapolate link performance for a low number of antennas to a large number of antennas. Antenna gains can be dominant values in link budget templates such as those discussed in section 6, and so such methodologies rely on accurate values for antenna gain. Finally, it should also be remembered that the results and consequently the antenna gain model may change when, for example, more DMRS symbols and/or a more advanced non-ideal channel estimator is considered.
Observation
· Link level derived antenna gain models can enable accurate extrapolations of coverage among different antenna configurations in template based link budget methodologies.

[bookmark: _Ref47712982]Link budget template
Two alternatives were discussed in RAN1#101-e on how to calculate a link budget template: one based on the IMT 2020 template and one based on what was used for the LTE coverage enhancement study in 38.864.  The IMT 2020 template has the merit of explicitly including key parameters like antenna gain and interference margin, but seems more complicated for the purpose of evaluating a link budget and determining bottleneck channels. We propose something closer to the ‘classical’ link budget of 38.913 and 36.864, but that uses the calculation of hardware link budget (rows 23a and 23b) from the IMT 2020 template. The detailed parameters like HARQ gain, boosting, etc., can be built into the required SINR, while other needed parameters are defined by the scenario. Results using this template for various scenarios can be found in [1] and [2].
Maximum Loss Calculation Template
	Physical channel name
	Value

	Transmitter
	

	(1) Tx power  (dBm)
	

	Receiver
	

	(2) Thermal noise density (dBm/Hz)
	

	(3) Receiver noise figure (dB)
	

	(4) Interference margin (dB)
	

	(5) Occupied channel bandwidth (Hz)
	

	(6) Effective noise power
         = (2) + (3) + (4) + 10 log(5)  (dBm)
	

	(7) Required SINR (dB)
	

	(8) Receiver sensitivity
         = (6) + (7) (dBm)
	

	(9) MaxCL 
         = (1) - (8) (dB)
	

	(10) Antenna Gain 
	

	(11) Maximum isotropic loss (a.k.a. ‘Hardware link budget’) = (9)+(10)
	



Proposal
· The maximum loss calculation template shown above is used as the link budget template for Rel-17 NR coverage enhancement studies. 

Conclusion
Based on the discussions in previous sections, we have following observations.
Observations:
· For coverage comparisons of different channels, it is not generally sufficient to compare SINR requirements.
· For coverage comparisons of different channels, it is not generally sufficient to compare maximum supported coupling loss.
· It is difficult to accurately capture the effects of differing antenna gains and interference margins in a conventional link budget.
· The variation in antenna gains and SINR for a given isotropic loss is large.
· Link level derived antenna gain models can enable accurate extrapolations of coverage among different antenna configurations in template based link budget methodologies.
And based on the observations and discussions, we have following proposals.
Proposals:
· Use link level simulations to determine required SINRs for different channels
· Use system level simulations to determine SINR distributions, and the fraction of users that have coverage for different channels
· Consider channels with significantly worse coverage than others as candidates for enhancements
· Antenna gain values in link budget templates account for relevant properties such as angle spread and non-ideal channel estimation 
· A baseline approximation of 2.5 dB per receive chain doubling may be used to account for channel estimation
· More advanced modeling can be used
· The maximum loss calculation template shown in section 6 is used as the link budget template for Rel-17 NR coverage enhancement studies. 
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