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1. Background
Idle mode reselection in the presence of non-allowed CSG cells and the related issue with RSRP-based triggering of reselection evaluation have been discussed extensively [1-13]. A summary document on the current working status on the topic is in [4] where a list of options for a SIR metric that would be considered for different idle mode scenarios (including non-allowed CSG and open-access HeNBs) is provided. The two primary options listed are:
Option 1. RSRQ [2][3][5][6][14].
Option 2. Wideband CQI (or equivalently joint PDCCH DCI 1C BLER + paging BLER prediction) based on CRS and an estimate of frequency selective interference [4].
Although, RSRQ is defined as a measure of DL signal quality, one of the problems associated with this metric arises from the way it has been in defined in Rel-8 (TS 36.214). The RSSI measurement, as part of the RSRQ computation, is required to be performed on the same set of resource blocks as that used for measuring RSRP. Since, the used measurement bandwidth can be anywhere from 6 PRBs to allowedMeasBandwidth (defined in TS 36.331) depending on the vendor-specific implementation, the measured RSRQ can either be a narrow-band measurement or a wideband measurement or something in between. Further RSSI needs to be measured on CRS-bearing OFDM symbols only, and TS 36.214 does not specify which subset of those symbols need to be used (i.e., it does not specify if the measurement should be carried out on the control region only, the data region only or on both). In TS 36.214, RSRQ is however defined only for connected mode. RSRQ in idle mode can be re-defined as wideband measurement to more accurately reflect the DL signal conditions. However, even with this correction, there are potential problems associated with this metric in the following two scenarios.

Scenario 1. Large macro-cell load variations will result in an RSRQ threshold configured conservatively (i.e., to a low value) – this may lead to large fraction of paging outage undetected.
Scenario 2. When HeNBs are deployed on a partial BW (eg. 5 MHz HeNB in a 10/20 MHz band with macro cell overlay, as shown in Figure 1), RSRQ (or even wideband RS-SINR) of macro cell is not a good measure of paging reliability due to HeNB narrow band interference component. 
Further, there are other factors that influence the control channel decoding reliability like

· transmit antenna configuration (SIMO, SFBC or SFBC-FSTD),

· PDCCH power boost used,

· number of control symbols used,

· CCE aggregation level used,

that the RSRQ metric cannot take into account. 

This motivates the need for a wideband CQI mechanism that would predict the paging channel performance based on CRS and the estimated frequency selective interference (one such method has been proposed in [4]). In section 2, we present some further details on the wideband CQI metric. In section 3 and 4 we present simulation results demonstrating the concerns with RSRQ with respect to Scenario 1 and Scenario 2 (described earlier) respectively. Finally, we provide some conclusions in section 5.
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Figure 1 (Figure 5.1.4-3 from TR 25.967). Spectrum arrangement for EUTRAN HeNB deployments
2. Wideband CQI for Paging Quality Prediction 
Paging channel comprises transmission of a QPSK-modulated codeword over a DL grant using DCI format 1C. PDCCH is the likely bottleneck in both coverage-limited and interference-limited scenarios. The performance of PDCCH DCI format 1C codeword is indicative of paging channel performance in most scenarios. Therefore, if the UE were to reliably predict the performance of DCI 1C, it can then use this as the basis for identifying a DL signal quality problem when the paging channel is likely to fail.

There are a few reasons why accurate paging performance prediction is feasible.
1. Link quality prediction methods like EESM, MMIB, etc. have been shown to be quite accurate in estimating the block error rate (BLER) of coded packet transmissions. These mapping methods can incorporate the impact of transmit antenna configuration (SIMO, SFBC or SFBC-FSTD), PDCCH power boost, the number of control symbols and the CCE aggregation level used into the performance of PDCCH DCI format 1C transmission.

2. In heterogeneous deployments where there are HeNBs deployed on a partial BW (eg. 5 MHz HeNB in a 10 MHz macro-cell overlay), frequency selective interference on the DL can be estimated on a per-subband basis. The impact of narrowband interferers on wideband PDCCH signaling can be accurately captured with per-subband interference estimation in computing the CQI.

3. DCI format 1C quality prediction can be carried in a manner similar to what is currently being done for in-sync detection as part of radio link monitoring in Rel-8. The block error rate (BLER) associated with a hypothetical 1C transmission can be computed from RS-SINR evaluated on a subcarrier or a subband level. The transmission parameters associated with the hypothetical PDCCH can be chosen to be either the best case parameters (eg. +4 dB PDCCH power boost) or normal case transmission parameters (eg. 0 dB PDCCH power boost) similar to what was adopted for in-sync detection in radio link monitoring. Since, the implementation that exists for radio link monitoring can practically be re-used in its entirety then hardware change for a Rel-9 UE relative to a Rel-8 UE is unnecessary.
Based on the discussion above, option 2 (i.e., wideband CQI for paging) is defined through the following steps.

Step 1. Hypothesize DCI 1C transmission with the following attributes
· 0 dB PDCCH-to-CRS power boost (Note: A +4 dB power boost can be assumed alternately)
· 2 control symbols

· 8 CCE aggregation

· subblock CCE interleaver

· same transmission mode as PBCH (SIMO or SFBC or SFBC-FSTD)

Step 2. Estimate BLER for the hypothesized transmission based on CRS and subband interference estimation (eg. frequency granularity aligned with subband CQI)

Step 3. Trigger reselection evaluation if BLER exceeds a threshold (eg. BLER >= BLERintrasearch for intra-frequency) 
Step 2 is similar to triggering a reselection evaluation when RSRP <= Sintrasearch or RSRP <= Snon-intrasearch. The quantity BLERintrasearch can either be a fixed quantity (say, 10%) or can be signaled by the serving cell. Also, the triggering condition can be different from the suitability condition. In other words, similar to the two levels used for out-of-sync and in-sync in connected mode, one can choose a higher triggering level (say, 10%) than the suitability level (say, 1%).
3. Scenario 1: Sensitivity of reselection to serving cell loading with RSRQ
It was noted earlier that one of scenarios where RSRQ is problematic is when the serving cell load variations are large. For example, a UE is connected to a macro-cell that has a time-varying load measures large variations in the estimated RSRQ. The measured RSRQ can be low when either the serving cell load is large or when the interference is large or both. It is hard to distinguish between the following two cases with a single RSRQ threshold:

a) the high serving cell load, but there is low interference from HeNBs

b) the low serving cell load, but there is high interference from HeNBs.

A reselection should be triggered only when the HeNB interference is large (case b)) and not when the serving cell load is high but the interference is low (case a)) as a typical eNB scheduler would prioritize paging and SI-x transmission over user traffic even under high loading conditions. 
In order that the configured RSRQ threshold (e.g. Sintrasearch or Snonintrasearch) does not lead to unnecessary reselections and excessive power consumption, the network may end up setting a RSRQ threshold that is conservative (i.e., to a low value with a large hysteresis). This may lead to large fraction of paging outage undetected. In this section, we present some simulation results to quantify the extent of this problem.
Performance metrics listed below (motivated by those listed [10]) were evaluated in our investigations. 
1. Paging outage (= percentage of UEs with > 10% paging error)

2. High priority frequency (HPF) outage (= fraction of the time UE is not camped on the highest priority layer)

3. Number of unnecessary reselections (= the number of times a UE reselects to a different cell/layer even when the prevailing SINR condition results in less than 1% paging error).

A summary of some of the simulation assumptions used is provided in Table 1. Two E-UTRA frequency layers comprising a 57 macro-cell grid each were simulated with HeNBs dropped on only the higher priority layer (similar to the setup in [11][12]). Further simulation assumptions are listed in the Annex.
The following three methods for reselection were used.

1. RSRP + barring, with a frequency layer barring time of 100 s

2. RSRQ + barring, with a frequency layer barring time of 100 s and with three different RSRQ thresholds equal to -27 dB, -24 dB and -21 dB.

3. Paging BLER prediction + barring, with a frequency layer barring time of 100 s, and a paging BLER threshold equal to 10%.

	Parameters
	Values

	Macro-eNB
	10 MHz, 2 GHz carrier

	Home-eNB
	10 MHz (same carrier as macro-cells)

	Macro/home-eNB loading configurations
	Macro-eNB
	HeNB

	
	· 100% constant loading

· 50% (time-varying) 
	25% loading

	Propagation channel
	ETU 3 kmph

	Idle mode DRX period
	1.28 s

	HeNB DL Tx power control
	Flat level (i.e., no pathloss based adaptation) set to 5 dBm

	Simulation Scenario
	Case 1, 289 m macro-cell radius

	Number of HeNBs per sector
	10

	RSRQ
	Wideband measurement


Table 1. Simulation assumptions
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Figure 1. CDF of instantaneous SINR for 100% macro-cell load
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Figure 2. Paging outage probability for 100% macro-cell load
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Figure 3. HPF outage probability for 100% macro-cell load
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Figure 4. Number of unnecessary reselections for 100% macro-cell load
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Figure 5. Number of unnecessary reselections for 100% and 50% loading in macro-cells

Figure 1 shows the cumulative distribution function (CDF) of the instantaneous SINR for the different methods. It can be observed that the SINR in the paging outage region (BLER > 10%) changes only marginally with different RSRQ thresholds. Figure 2 shows the CDF of paging outage. It is clear from the plot choosing a low RSRQ threshold (e.g., -27 dB) has similar performance as the RSRP + barring approach. A higher RSRQ threshold is necessary to improve the 5% paging outage performance. Figure 3 shows the CDF of HPF outage and from the plot, it can be inferred that HPF outage varies dramatically with the RSRQ threshold. To keep the HPF outage low, it is necessary to set the RSRQ threshold in the range [-27 dB, -24 dB] or even lower. Figure 4 shows the CDF of the number of unnecessary reselections. Similar to the HPF outage case, the number of unnecessary reselections has significant dependence on the RSRQ threshold. From these plots, it can be observed that a RSRQ threshold of -24 dB achieves the best trade-off between paging outage and number of reselections consistent with the results in [10].
Figure 5 shows the CDF of unnecessary reselections for two different macro-cell loading levels: 50% and 100%.
For a given RSRQ threshold, there is a significant increase in the number of unnecessary reselections when the load increases from 50% to 100%. Since RSRQ is a function of serving cell loading, changes in load conditions can trigger a reselection even when a conservative threshold (i.e., < -24 dB) is used.

From the plots, 

· the paging BLER method has an outage distribution that is similar to the RSRQ case with a threshold of at least -24 dB, while it is significantly better in terms of both the number of reselections and HPF outage.

· the paging BLER method is not sensitive to serving cell load variations as it is a function only of the subband SINR distribution.
Therefore,

Conclusion 1: The RSRQ metric is sensitive to serving cell load variations in that it can increase the number of unnecessary reselections (and therefore, battery drain) when the loading increases for a fixed threshold. Conversely, if we try to control the number of unnecessary reselections with a conservative threshold, there can be a substantial increase in paging outage.
4. 
Scenario 2: Partial BW HeNB deployments
One other problem associated with the RSRQ metric occurs when HeNBs are deployed on a partial BW (eg. 5 MHz HeNB in a 10/20 MHz macro-cell overlay, as shown in Figure 1). With techniques such as adaptive carrier partitioning being considered for Rel-9 HeNB deployments for interference coordination/mitigation, it is likely that the many HeNB deployments will use partial BW. 
When a macro-cell UE roams close to a partial BW HeNB and experiences large interference on only a subset of the RBs, paging channel can be reliably received by adopting one or more of the following steps.

1. A Rel-9 UE can employ per-subband interference estimation for both PDCCH and PDSCH decoding to alleviate the effect of a narrowband interferer.
2. The serving eNB can transmit paging PDSCH outside of the jammed RBs (i.e., outside of the HeNB-occupied BW) if all HeNBs in its footprint are allowed to use only a part of the BW available to the serving macro-eNB.

3. On the other hand, the serving eNB may not know a priori which portion of its BW is getting jammed from the HeNB (for example, when adaptive frequency partitioning is used) as the UE is in idle mode and its location is unknown to the serving eNB). In this scenario, the serving eNB can schedule paging PDSCH on different portions of the BW on different paging occasions so that there is at least one paging occasion where the UE can receive the paging PDSCH on a subband not jammed by  the interfering HeNB. Alternately, paging PDSCH scheduled on DVRB allocations with sufficiently low code rate can provide the necessary frequency diversity when the UE uses per-subband interference estimation.
The combination 1) + 2) or 1) + 3) is likely sufficient to address the problem of a partial BW interferer. 

Clearly, the RSRQ metric, even when defined as a wideband measurement is not a good indicator of paging reliability if the methods described above are made use of in Rel-9 eNBs and UEs. The main issue is that the measured RSRQ can be low even when the paging channel is quite reliable. Therefore, a reselection may be triggered unnecessarily even when the UE can be paged reliably thereby leading to increased network loading and excessive UE battery drain.
In order to quantify the issue, simulations were carried out with the assumptions summarized in Table 2. 
	Parameter
	Value

	Macro-eNB DL
	10 MHz, 2 GHz carrier

	Home-eNB deployment
	· Adaptive frequency reuse

· Three partitions in the 10 MHz band

· 3 x 3 MHz HeNBs

	Paging allocation PDCCH parameters
	DCI 1C 8 CCE aggregation, 0 dB power boost, 2 control symbols, 1 x 2 (SIMO) transmission

	Propagation channel
	ETU 3 kmph

	Idle mode DRX period
	1.28 s

	Interference Estimation
	Per-subband with granularity of 5 PRBs


Table 2. Simulation assumptions
The case of a UE camped on the macro-eNB that is at varying distances from an interfering narrowband HeNB is simulated. The paging channel block error rate (P-BLER) was evaluated for different values of 

· X = paging channel RE signal to noise ratio on the BW occupied by the interfering HeNB
· Y = paging channel RE signal to noise ratio on the BW not occupied by the interfering HeNB.
The simulation results comprising P-BLER and the corresponding RSRQ values are summarized in Table 3 and Table 4. 
From the studies presented in this contribution and in [10], an RSRQ threshold of -24 dB appears to provide a good trade-off between the paging channel quality (in terms of outage probability) and the number of unnecessary reselections. With a RSRQ threshold of -24 dB we note that there are a large number of cases (highlighted in yellow and in bold) in Table 3 and Table 4 for which the paging channel is quite reliable (i.e., P-BLER <= 10%) while the RSRQ is low (RSRQ < -24 dB). P-BLER primarily depends on Y or the SINR outside of the HeNB BW for the range of values of X simulated. This observation is along the expected lines as a per-subband interference measurement can suppress the large narrowband interference arising out of HeNB transmission. Clearly, the RSRQ metric fails to reflect the paging channel quality in these scenarios (in particular, note the P-BLER values for Y >= -5 dB and X = -20, -15 and -10 dB). All of the highlighted cases correspond to the scenario where an unnecessary reselection or at least an unnecessary reselection evaluation is triggered.

Note that setting a much lower value for RSRQ (say, -30 dB) practically renders the RSRQ-based triggering useless in detecting paging outage (for example, see the columns for Y = -12 dB and -11 dB and all X).

Therefore,

Conclusion 2: RSRQ metric fails to correctly capture the paging channel reliability in partial BW HeNB deployments such as when interference coordination/mitigation is implemented using adaptive frequency reuse. Even with a RSRQ threshold that is well tuned, there are a large number of cases where the RSRQ is lower than the threshold even when the paging channel is quite reliable. Unnecessary reselections are triggered in such scenarios leading to a battery life compromise even with lower thresholds. 

	dB
	Y = 

-12
	Y = 

-11
	Y = 

-10
	Y = 

-9
	Y = 

-8
	Y = 

-7
	Y = 

-6
	Y = 

-5
	Y = 

-4
	Y = 

-3
	Y = 

-2
	Y = 

-1
	Y = 

0

	X = -20
	0.617
	0.468
	0.298
	0.162
	0.073
	0.035
	0.014
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	X = -15
	0.513
	0.356
	0.217
	0.100
	0.044
	0.018
	0.004
	0.002
	0.000
	0.000
	0.000
	0.000
	0.000

	X = -10
	0.408
	0.248
	0.132
	0.059
	0.026
	0.005
	0.003
	0.001
	0.001
	0.000
	0.000
	0.000
	0.000

	X = -5
	0.313
	0.186
	0.094
	0.035
	0.012
	0.005
	0.001
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	X = 0
	0.297
	0.133
	0.060
	0.021
	0.010
	0.002
	0.001
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	X = 5
	0.279
	0.140
	0.064
	0.021
	0.001
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	X  = 10
	0.294
	0.114
	0.052
	0.013
	0.004
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	X = 15
	0.300
	0.137
	0.063
	0.010
	0.005
	0.001
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000


Table 3. P-BLER for different X and Y
	dB
	Y = 
-12
	Y = 

-11
	Y = 

-10
	Y = 

-9
	Y = 

-8
	Y = 

-7
	Y = 

-6
	Y = 

-5
	Y = 

-4
	Y = 

-3
	Y = 

-2
	Y = 

-1
	Y = 

0

	X = -20
	-35.0
	-34.8
	-34.6
	-34.5
	-34.3
	-34.2
	-34.2
	-34.1
	-34.0
	-34.0
	-34.0
	-33.9
	-33.9

	X = -15
	-31.9
	-31.4
	-31.0
	-30.6
	-30.3
	-30.0
	-29.8
	-29.7
	-29.5
	-29.4
	-29.3
	-29.2
	-29.1

	X = -10
	-30.1
	-29.3
	-28.6
	-28.0
	-27.4
	-26.9
	-26.5
	-26.1
	-25.7
	-25.4
	-25.2
	-24.9
	-24.8

	X = -5
	-29.3
	-28.4
	-27.5
	-26.7
	-25.9
	-25.2
	-24.5
	-23.8
	-23.2
	-22.6
	-22.1
	-21.7
	-21.3

	X = 0
	-29.0
	-28.1
	-27.1
	-26.2
	-25.3
	-24.4
	-23.6
	-22.7
	-21.9
	-21.2
	-20.5
	-19.8
	-19.2

	X = 5
	-28.9
	-28.0
	-27.0
	-26.0
	-25.1
	-24.2
	-23.2
	-22.3
	-21.5
	-20.6
	-19.8
	-19.0
	-18.3

	X  = 10
	-28.9
	-27.9
	-26.9
	-26.0
	-25.0
	-24.1
	-23.1
	-22.2
	-21.3
	-20.4
	-19.6
	-18.7
	-18.0

	X = 15
	-28.9
	-27.9
	-26.9
	-26.0
	-25.0
	-24.0
	-23.1
	-22.2
	-21.2
	-20.4
	-19.5
	-18.6
	-17.8


Table 4. RSRQ value in dB for different X and Y
Conclusion 3: In a macro-cell overlay with partial BW HeNBs deployed, there is risk that the network would set a conservative RSRQ threshold for avoiding excessive battery consumption resulting in a significant fraction of paging outages being undetected.  
5. Conclusions
In this contribution, we further elaborated on the wideband CQI proposal from [4] for predicting the paging quality and basing reselection evaluation on such a metric to address the idle-mode reselection issue. Based on the simulation results presented, we arrive at the following conclusions.
Conclusion 1: RSRQ metric is sensitive to serving cell load variation in that it can increase the number of unnecessary reselections (and therefore, battery drain) when the loading increases for a fixed threshold. Conversely, if we try to control the number of unnecessary reselections with a conservative threshold, there can be a substantial increase in paging outage.

Conclusion 2: RSRQ metric fails to correctly capture the paging channel reliability in partial BW HeNB deployments such as when interference coordination is implemented with adaptive frequency reuse. Even with a RSRQ threshold that is well tuned, there are a large number of cases where the RSRQ is lower than the threshold even when the paging channel is quite reliable. Unnecessary reselections are triggered in such scenarios leading to a battery life compromise even with lower thresholds. 

Conclusion 3: In a macro-cell overlay with partial BW HeNBs deployed, there is risk that the network would set a conservative RSRQ threshold for avoiding excessive battery consumption resulting in a significant fraction of paging outages being undetected.
DCI format 1C quality prediction is not sensitive to cell load variation and is still correct (accurate) given presence of narrow band interferers.  Hence, unnecessary reselections are avoided with good paging detection sensitivity.
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7. Annex
A 57 cell marco-eNB grid was setup. The HeNB parameters as per Table 3 (from [15]) were used. 
	Parameter
	Assumption

	HeNB Frequency Channel
	Either same frequency and same bandwidth as macro layer, or adjacent channel and same bandwidth as macro layer

	Min separation UE to HeNB
	20 cm

	HeNB antenna gain
	0 dBi

	Exterior wall penetration loss
	10 dB or 20 dB

	Log-normal shadowing standard deviation
	4 dB

	Shadowing auto-correlation 
	Not implemented

	Min/Max Tx power HeNB
	0/20 dBm

	DL transmit power control method
	Fixed power level or power level set based on path-loss  ([2][3]) to create a 60 dB coverage for HeNBs


Table 3. HeNB system assumptions

The suburban HeNB drop model and home layout (Fig. 1 of [15]) were used. In each drop, 10 HeNBs were uniformly dropped in each sector. The macro-UEs were dropped such that the difference between the strongest macro-eNB received signal and the strongest HeNB received signal was in the range [-6 dB, 6 dB]. This range was chosen because it represents the signal conditions for a typical macro-UE that is in the interference range of a non-allowed CSG (or the handover region of a allowed HeNB).

One HUE was randomly dropped within each home. A fraction X (= 10%) of the home-UEs were assumed to be outdoors. Pathloss models used were according to Table 4 (Table 2 of [1]). 

	Cases
	Path Loss (dB)

	UE to macro BS
	(1) UE is outside 
	PL (dB) =128.1 + 37.6log10R, R in km

             = 15.3 + 37.6log10R, R in m

	
	(2) UE is inside a house
	PL (dB) =15.3 + 37.6log10R + Low, R in m

	UE to HeNB
	(3) UE is inside the same house as HeNB
	PL (dB) = 38.46 + 20 log10R, R in m 

	
	(4) UE is outside
	PL (dB) = max(15.3 + 37.6log10R, 38.46 + 20log10R) + Low, R in m

	
	(5) UE is inside a different house
	PL(dB) = max(15.3 + 37.6log10R, 38.46 + 20log10R) + 2Low , R in m


R is the Tx-Rx separation

Low is the penetration loss of an outdoor wall referred to as the wall penetration loss (WPL), which is 10dB or 20dB.

Table 2. Path loss models for suburban deployment
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