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1
Introduction
In the context of Closed Subscriber Group (CSG), a UE is typically granted access to only a few cells that allow for open access (such as WWAN cells) or a few femto cells that authorize access of the UE. In the case of home femto cells, a UE would typically connect to a consumer deployed home eNodeB (HeNB). As a result, a UE may end up in the coverage region of a neighbor HeNB that it can not access because of CSG restrictions. In case of bursty traffic, the interference seen by such a UE can vary dramatically across time. Conventional link adaptation relies on the CQI report from the UE, which can only capture the interference seen at the UE caused by the neighbors’ DL transmission in the past. This together with bursty interference may lead to a very pessimistic rate prediction resulting in a substantial throughput loss. In [1], the concept of low-overhead precoded reference signals (RS) has been introduced to facilitate link adaptation and potentially UE selection (scheduling) in the presence of strong and possibly bursty interference. The core idea of this approach consists of transmitting downlink precoded RS (RQI-RS) preceding the actual data transmission, with the same transmit properties (e.g. spatial beam, power allocation, rank etc.)  as the corresponding following data transmission. Such an RQI-RS corresponding to a specific (time/frequency) resource unit is used by UEs to measure short-term signal and interference thereby allowing for accurate resource specific quality indicator (RQI) fed back to the serving (H)eNB. 
In this contribution, we compare performance of RQI-RS based link adaptation to the traditional CQI based solution in the presence of bursty traffic in HeNB CSG deployments. 

2
Signalling Structure and Timeline
The signaling structure follows the proposal in [1]. In Fig. 1, we have shown the general timeline for RQI-REQ, RQI-RS, and RQI report.
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Figure 1. RQI Timeline
In sub-frame t, after the (H)eNBs have made their tentative scheduling decisions in terms of UE selection, resource allocation and transmit power / beamforming vector(s) decisions for the target sub-frame (t+8), RQI-RS corresponding to various resource units is broadcast by (H)eNBs. Note that RQI-RS transmitted in sub-frame t reflects the scheduled transmit power level and beam direction to be used in sub-frame (t+8). In other words, RQI-RS is transmitted ahead of the corresponding real PDSCH data transmission with the same transmission characteristics including transmission power and transmission precoding vectors. This RQI-RS could consist of a small set of REs associated with a resource unit in every sub-frame and is used by the UE to measure signal and interference (plus noise) energy (covariance matrix across multiple receive antennas) corresponding to this resource unit. It should be appreciated that such a design allows for a fairly accurate measurement of resource specific channel conditions with a small overhead  depending on the desired resource granularity.

Together with RQI-RS transmission, the serving cell sends RQI-REQ requesting a set of UEs to report the measured resource quality basing on the RQI-RS observation. Each UE that receives RQI-REQ in sub-frame t reports to the serving cell the short-term channel quality in sub-frame (t+4) based on the corresponding RQI-RS sent in sub-frame t. 

Basing on the received RQI reports from a set of UEs, serving cells make a final decision on which UE to grant PDSCH transmission in sub-frame (t+8). The transmit power and beamforming vectors applied to the PDSCH transmission in sub-frame (t+8) are the ones that have been finalized in sub-frame t.
3
System Model 

In this section, we describe system model used to compare performance of RQI-RS based link adaptation to that of the classic CQI based link adaptation. 
3.1 
Deployment Model
We consider a 5x5 cluster of apartments. Each apartment is populated with a HeNB with a particular penetration rate. If an apartment is populated with a HeNB, a single UE is dropped in that apartment and is associated with the HeNB. Both the HeNB and the UE are dropped randomly and uniformly in the apartment. More details about the deployment model can be found in [2].
3.2 
Traffic Model
We consider a mixed traffic model as in [3]. The traffic from a HeNB is full buffer with probability q and bursty (latency sensitive QoS) with probability (1-q). The bursty traffic model is such that there can be at most one packet in the buffer at an HeNB that has to be transmitted to the associated UE. Once a packet is successfully delivered to the UE, the next packet arrives after a time interval which is modeled as an exponentially distributed random variable with a mean specified in Table 1.
3.3 
Channel Model
We assume frequency flat block Rayleigh fading channel with uncorrelated transmit and receive antennas throughout this study. Each entry in the spatial channel matrix is modeled as an i.i.d. complex Gaussian random variable. The spatial channel matrix remains constant within the time interval from t to (t+8) with reference to the scheduling block timeline described in the previous section and changes in independent i.i.d. fashion across various different scheduling blocks except for re-transmissions where the channel remains the same as in the first transmission. Note the RQI-RS based link adaptation has a small latency (about 8ms) which is well below the channel coherence time considering the low mobility of UEs served by HeNBs. So this channel modeling is able to provide an accurate assessment of the long-term system performance in CSG environment. 
After linear MMSE receiver processing at the UE, the resulting SINR is mapped to a spectral efficiency which is used to compute the payload delivered successfully to the UE. In this contribution, spectral efficiency is modeled as 64-QAM constrained capacity with 3dB gap to account for various processing losses. Note that RQI-RS overhead is assumed to be 1% and is accounted for in the total throughput calculation. 
In this contribution, we have also assumed that the serving HeNB has full knowledge about the downlink channels to the UEs it serves. Thus, when the HeNB transmits PDSCH to a UE, eigen-beamforming will always be adopted with equal power allocation among different spatial layers unless there exists spatial coordination among neighboring HeNBs, e.g. coordinated beamforming (CBF), where transmitting beams from different HeNBs are formed to provide the largest total utility. Transmission rank is selected to provide the maximum projected spectral efficiency. 
3.4
Link Adaptation

In this contribution, when only conventional CQI is reported, link adaptation for the case of bursty traffic is modeled by employing an outer loop controlling the probability of packets terminating past a certain desired number of re-transmissions. Perfect link adaptation is assumed for the case when RQI-RS is present. As mentioned previously, RQI-RS overhead is assumed to be 1% and is accounted for in the total throughput calculation.

Further details on link adaptation based on CQI and RQI reports can be found in Appendix. 
4
Simulation Results 

The simulation parameters are listed in the table below:
Table 1. Simulation Parameters

	Bandwidth
	10MHz

	HeNB Layout
	5 x 5 Cluster of Apartments, Apartment Size: 10m x 10m

	Distance-Dependent Path Loss
	127 + 30(log10(R_km)

	Channel Model
	Freq-Flat IID Rayleigh Block Fading   

	Shadowing Correlation
	0.5

	Shadowing Standard Deviation
	10dB

	Number of Tx Antennas at HeNB
	2

	Number of Rx Antennas at UE
	2

	QoS Traffic Packet Size
	16KB, 244KB

	Mean Inter-Packet Arrival Time
	200ms

	Penetration Rate
	50%, 70%

	Full Buffer Traffic Probability
	0.25


Fig. 2-3 show the performance of both the QoS flows (CDF of the 90 percentile delay) and full buffer flows (CDF of link spectral efficiency) under different HeNB penetration rate for QoS packet size 16KB. In the figures, RQI=0 means conventional CQI based link adaptation and RQI=1 means the proposed RQI-RS based link adaptation. Note that when the bursty packet size is small (16KB), the service delay for some high geometry UEs becomes comparable to the RQI-RS timeline delay, which is 8ms here. In Fig. 2-3, we have also plotted the results with selective RQI-RS transmission. In principle, RQI-RS transmission can be limited to the set of cells that are either the serving cells or the dominant interfering cells of the UEs in harsh interference conditions. In Fig. 2-3, considering the fact that the bursty traffic is very sparse in time, we simply let those HeNBs with bursty traffic not transmit RQI-RS when either geometry of a UE served by this HeNB is greater than 1dB or channel strength from the HeNB to any UE interfered by this HeNB is at least 2dB lower than serving channel strength of that UE. Clearly, selective RQI-RS transmission can help to reduce the minimum service delay. 
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Figure 2. PacketSize=16KB, 50% penetration rate. Left: QoS Delay, Right: Full-Buffer Spec Efficiency
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Figure 3. PacketSize=16KB, 70% penetration rate. Left: QoS Delay, Right: Full-Buffer Spec Efficiency
Fig. 4-5 show the performance of both the QoS flows (CDF of the 90 percentile delay) and full buffer flows (CDF of link spectral efficiency) under different HeNB penetration rate for QoS packet size 244KB. From the depicted results, we can see the outage performance improves a lot because of RQI-RS based link adaptation. 
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Figure 4. PacketSize=244KB, 50% penetration rate. Left: QoS Delay, Right: Full-Buffer Spec Efficiency
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Figure 5. PacketSize=244KB, 70% penetration rate. Left: QoS Delay, Right: Full-Buffer Spec Efficiency
From Fig. 2-Fig.5, we see that the introduction of RQI-RS based link adaptation offers benefits to both QoS traffic and full-buffer traffic. As summarized in table below, for the 244KB QoS packet size, the use of RQI-RS based link adaptation helps reduce the tail latency of QoS traffic significantly and, meanwhile, improves spectral efficiency of full buffer traffic. 
Table 2. Outage Comparisons
	HeNB
Penetration
Rate
	Link Adaptation Scheme
	10% Tail Latency
(Bursty Traffic)
ms
	10% Spectral Efficiency
(Full Buffer)
bps/Hz
	50% Spectral Efficiency
(Full Buffer)
bps/Hz

	50%
	RQI=0
	900
	0.16
	2.6

	50%
	RQI=1
	300 (67% reduction)
	0.98 (500% increase)
	4.7 (81% increase)

	70%
	RQI=0
	1450
	0.16
	1.5

	70%
	RQI=1
	520 (85% reduction)
	0.72 (350% increase)
	3.5 (133% increase)


5
Conclusions 

In this contribution, we have provided a scheme to enable pre-scheduling link adaptation and showed the proposed RQI-based link adaptation can benefit both QoS traffic and full buffer traffic a lot in comparison to the conventional CQI-based link adaptation in the context of CSG where traffic could be very bursty. Furthermore, the additional service delay caused by the fixed RQI-RS timeline can be reduced through limiting the set of cells that commit to RQI-RS to the serving and dominant interfering cells corresponding to the UEs in harsh interference conditions. The overhead of RQI-RS can be mitigated by limiting the resources where RQI-RS based scheduling is employed to a fraction of the total system resources. Alternatively, to avoid the additional overhead induced by introducing a totally new RQI-RS design,  UE-RS, the precoded reference signals targeting PDSCH demodulation in LTE-A [4],  can be used as RQI-RS when both serving cell and interfering cells are performing persistent scheduling. However, at the beginning of a traffic bust, there will be no accurate resource quality information available since UE-RS always accompanies PDSCH. Thus, when the length of the traffic burst is short, use of UE-RS as RQI-RS becomes inefficient. So we propose that RAN1 could further investigate the RQI-RS based link adaptation.
References 
[1] R1-093141,
 “Signaling for spatial coordination in DL CoMP,” Qualcomm Europe, RAN1#58, August 2009.

[2] R1-090355, “Refinement of hot spot and femto deployment parameters,” Qualcomm Europe, RAN1#55b, January 2009.

[3] R1-091454, “Advantages of CoMP Operation in CSG Environment,” Qualcomm Europe, RAN1#56, March 2009.
[4] 3GPP TR 36.814, Further Advancements for E-UTRA: Physical Layer Aspects.
Appendix I: CQI and RQI Modeling 
In case that RQI-RS is sent, we assume perfect rate prediction and link adaptation:
   Scheduled_Rate = Actual_Link_Capacity,
where Scheduled_Rate is the scheduled rate for the corresponding packet and Actual_Link_Capacity is the actual link capacity the scheduled packet will indeed experience. 
In case of CQI report based link adaptation, we run an outer loop to control the probability that the scheduled rate exceeds the actual link capacity:

   Scheduled_Rate = Projected_Link_Capacity x Beta,
where Projected_Link_Capacity is the projected link capacity basing on the CQI report which only captures the interference information in the past, and Beta is a multiplying factor which is updated according to the following rule each time the scheduled packet is ACKed or NACKed:
IF the scheduled packet is ACKed &

   the number of transmitted sub-packets is less than or equal to Target_SubPacket
   Beta_dB = Beta_dB + Step_SizexTarget_Prob/(1-Target_Prob);
ELSE IF the scheduled packet is NACKed &

        the number of transmitted sub-packets is equal to Target_SubPacket

   Beta_dB=Beta_dB – Step_Size;

END    

where Beta_dB is the dB scale representation of Beta, Target_SubPacket is the sub-packet index that we are targeting for the scheduled packet to be delivered successfully,  Target_Prob is the probability that the the scheduled packet is not delivered successfully at the target sub-packet index we are targeting, and Step_Size is the step size for adjusting the parameter Beta in dB scale. The scheduled packet is ACKed when the total actual link capacity over all the sub-packets exceed the scheduled rate for the packet. Otherwise, the scheduled packet is NACKed.
Table 3 summarizes the setting of those parameters related to CQI-based link adaptation that are used in the simulations in Section 4.

Table 3. Simulation Parameters for CQI-Based Link Adaptation
	Target_Prob
	10%

	Target_SubPacket
	1

	Step_Size
	1.0dB

	Interference Filtering
	AvgIntf[n]=0.8( AvgIntf[n-1]+0.2(Intf[n]
AvgIntf[n] : filtered interference at time n

Intf[n] : seen interference at time n


 Appendix II: CDF of Channel Difference 

The CDFs of the channel difference under different HeNB penetration rate are shown in Fig. A1 and Fig. A2, where Cell0 represents serving HeNB, Cell1 represents the strongest interfering HeNB, cell2 represents the 2nd strongest interfering HeNB and so on. 
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Figure A1. CDF of channel different at 50% penetration rate.
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Figure A2. CDF of channel different at 70% penetration rate.
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