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1 Introduction

A study item on UMTS Heterogeneous Networks was started in RAN#56 [1]. Deployment of Low Power Nodes (LPN) as a complement to a macro network aims at improving capacity and coverage.  In [2], we list some of the deployment scenarios we need to study as part of the study item. One important deployment scenario is when each LPN creates a separate cell within a macro network. We refer to this as co-channel deployment. Another deployment scenario which is attractive in terms of qualitative aspects is the combined cell deployment where the LPN is part of the macro cell thereby avoiding frequent handovers, additional cell planning, etc. An overview of the combined cell deployment is given in [3]. 
It was shown in [4] that the interference characteristics due to the addition of nodes in both co-channel and combined cell are similar.  Hence, with combined cell we get the same gains as that of co-channel deployment, for example, load balancing, range expansion, etc. In [5], [6] link and system simulations showed that the performance of the spatial reuse mode is almost equal to that of the co-channel deployment. The underlying assumption is that the central node knows where the UE is located and applies the CQI adjustment as explained in [5].

In this contribution, we analyze the probing pilots for spatial reuse mode. Through link simulation we analyze how the central node can utilize these pilots for identifying the node suitable for data transmission to a particular UE. Also we analyze how often these pilots need to be transmitted, as well as how much additional power is needed for these probing pilots.  
2  Spatial Reuse Mode in Combined Cell
The main motivation for this mode is that in the single frequency network (SFN) mode, all nodes are transmitting the same downlink signal. Hence it may not give capacity gains when the traffic load is high as the SFN mode is used for coverage improvement. It was shown in [5] that rather few nodes effectively contribute to the performance improvement; the resources from the nodes are not used effectively. It was shown in [4] that the interference characteristics in the combined cell deployment is similar to that of the co-channel deployment; we can use the resources from these nodes to schedule different UEs. Hence by reusing the resources to serve different UEs, we can achieve capacity gains.

Figure 1 shows a conceptual diagram of the spatial mode, where we assumed that one macro node and 3 LPNs are deployed in a combined cell. Note that the same pilot signal is transmitted from all the nodes. This is due to the fact that we would like to serve the legacy users using this mode. The downlink control channel and the data traffic are scheduled to different UEs from different nodes, which are illustrated with different color codes. Since the scheduling is done per combined cell, the central scheduler decides which nodes should transmit to the various UEs.  





Figure 1: Downlink channel configuration in the combined cell deployment with the Spatial Reuse mode.
3 Probing Pilots in the Spatial Reuse Mode
A.  Main Purpose: The main intention of introducing probing pilots is two-fold: 

a. Node Selection: As explained in Section 2, in a combined cell deployment, all the nodes transmit the same common pilot (P-CPICH) and the UE computes the channel quality indicator
(CQI) based on the combined pilots. Hence the central node does not know where the UE is located or which nodes should transmit data to this particular UE. This is similar to cell selection in the co-channel deployment, where the UE compares the pilot strengths of each node and decide which cell is better suitable.  Since in a combined cell all the nodes have the same primary scrambling code, the UE cannot distinguish individual pilots from each node. Hence we recommend introducing a new probing pilot (only one) which can be transmitted from only one node at any given time. In this way, the number of codes allocated for probing pilots can be minimized. The exact design of these pilots can be discussed during the work item phase.
b. CQI adjustment: In a combined cell CQI is estimated using combined pilots, while the data transmission is from only one node or a subset of nodes, there is a mismatch between the channel quality during sounding and data demodulation. The problem was explained in [6] through link simulations.  If we apply the offset factor as explained in [5] in [6], the impact due to the CQI mismatch can be minimized. Unfortunately, equation (5) in [5] requires the path gain information from each node to the UE. As explained in next section, with the introduction of probing pilots the central scheduler can estimate the path gains without requiring any new measurements.  
B.  Message Sequence Chart: Figure 2 shows an example message sequence chart for a UE served by only one node for data transmission. A reference signal which is unique to the combined cell called fractional CPICH (F-CPICH) is transmitted from each node. Note that only one F-CPICH is transmitted from any node at any given instance. The F-CPICH is characterized by a spreading code (typically SF= 256) and a scrambling code which is either primary scrambling code or a secondary scrambling code of the combined cell. A pre-defined sequence which is known to the UE is transmitted for a pre-determined duration from each node, one by one in a cyclic manner. Note that even though F-CPICH is transmitted only for a short duration, P-CPICH is continuously transmitted from all the nodes. The UE estimates the channel and the feeds back the channel quality information (CQI) for these two pilots at different time instances. Note that the CQI estimated with F-CPICH indicates the channel quality corresponding to a specific node and is hereafter called CQIF, while the CQI computed using P-CPICH is the channel quality for the combined nodes, hereafter called CQIP. The UE sends these CQIs at two different time intervals using HS-DPCCH. All the nodes have the possibility of receiving the uplink feedback channel (HS-DPCCH), thanks to the combined cell deployment. The central scheduler decides which node to transmit data from, based on CQIF. In Figure 2, Node 2 was chosen to transmit to the UE. Note that the central scheduler may decide to use the resources from Node 1, Node 3 and Node-4 to serve different UEs.

[image: image1.emf]
Figure 2: Message sequence chart between the Nodes and the UE in combined cell with probing pilots.
B. Link Analysis: Consider the case where a UE uses the CPICH signals from a macro node and a number of LPNs for channel estimation, while the data channel to the UE is transmitted from only one node for simplicity. Furthermore, consider the system equation during the probing period, and assume we have Np LPNs deployed in a combined cell (per macro node). The received signal during a slot when a probing pilot is transmitted can be written as follows:
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Here 
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denotes the channel between the macro node and the UE, and 
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 is the channel between the jth LPN and the UE.  Note that the channel is represented by a Toeplitz matrix. The vector 
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 denotes the common pilot chip sequence, 
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 is the probing pilot chip sequence, 
[image: image7.wmf]0

c

x

 denotes the control channel chip sequence from the macro node, and 
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 denotes the data chip sequence from the macro node. Note that the same common pilot signals are transmitted from each node.  The control channel symbols and the data symbols are different between different nodes. Hence 
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 denotes the control channel chip sequence from node j, and 
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 denotes the data chip sequence from node j. The variables
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, respectively, are the transmitted power levels for the common pilot,  probing pilot,  control channels (overhead channels), and data channel (HS-PDSCH) from the macro node, and 
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, respectively, are the transmitted power levels for the common pilot, control channels (overhead channels), and data channel (HS-PDSCH) from the jth  LPN. Note that in this case, probing pilots are transmitted from one node (macro) only. The variable 
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 is the path gain from the macro node to the UE and 
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is the path gain from the jth LPN to the UE, and n is the additive white Gaussian noise which includes both the thermal noise and other-cell interference. Note that the UE of interest is served by the macro node and the LPNs are serving different UEs.
The LMMSE equalizer gives post-equalization signal to interference-plus-noise ratio
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where 
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 is the covariance accounting for the noise and interference terms.

We can see that  
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 is a function of 
[image: image23.wmf]0

L

 and taking the expectation operation on both sides of equation (2), we can average fading and varying interference and see that the outcome is the path gain L0 scaled by a path gain independent constant term C.
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Note that expectation operation is taken over a period of time.  Hence, from classical estimation theory the mean square error between the actual value and the estimated value is minimized when the number of samples is large.
4 Probing Pilot Analysis by Link Simulations 
In this section, we verify equation (3) using link simulations. A 1x2 SIMO configuration is considered with link adaptation, where the modulation, coding rate and the transport block size are dynamically updated for each TTI. For CQI reporting, the UE chooses the modulation MCS based on link quality estimation. Note that the probing pilots are used for choosing the MCS. The feedback is assumed to have 4 TTI delays and is assumed to be error free. Simulations are run for a UE with different geometry (Ior/No) and the wireless channel assumed is the Pedestrian A channel unless explicitly specified. Note that since the probing pilot consumes only one node, only one link is simulated and the interference from the other cells and the interference from other physical channels in the own cell are modeled as thermal noise. The velocity of the mobile is assumed to be 3 Kmph.  The main simulation parameters are tabulated in Table 1 in the Appendix. 
Mainly we address the following issues:
A. Period of the probing pilots:
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Figure 3: Error between the estimated path gain and the actual value in dB with different probing pilot periods
Figure 3 shows the error between the actual path gain and the estimated path gain using equation (3) for 3 different geometries. The error is defined as the difference between the true path gain and estimated one. As averaging between the CQI improves the estimation performance as well as removes the small scale fading component, we average each measurement by 10 TTIs. Hence, if the probing period is set to 200 TTI, then for every 200 TTI, the probing channel is transmitted for 10 consecutive TTIs. Consequently, the first measurement consists of CQI averaged over 1-10 TTI, then the second measurement is averaged over 201-210 TTIs etc.  Note that perfect channel estimation is assumed in this case. It can be observed from the figure that as the probing period increased, that is probing is done more seldom, then the error between the actual path gain and the estimated value increases. founding this case a period of 200 TTIs is sufficient to maintain the error below 0 dB. Note that the probing period value plays an important role in the performance of the system. Too high value causes error in the path gain estimate, while too low value causes extra overhead power spent on probing pilots, hence the data throughput will be impacted. In the next subsection, we analyse the impact of probing pilot power on the error.
Observation I: Probing pilots provide an efficient and reliable estimate of the path gain.

B. Impact of Transmit power:
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Figure 4: Error between the estimated path gain and the actual value in dB with channel estimation with different probing pilot power levels.
Figure 4 shows the impact of probing pilot power on the error between the actual path gain and the estimated path gain at high geometry (20 dB). Note that practical channel estimate is assumed for this analysis. The results were plotted for a probing period of every 200 TTI. It can be observed that the error is below 0 dB if the probing pilot power is above -16 dB, and the error increases as we decrease the power on the probing pilot. Note that similar result was observed during the four branch MIMO work item in Release 11.  Hence we conclude that probing pilots consume very little power. 
Observation II: Minimal power is needed for probing pilots.
In the next subsection we describe how two types of CQIs can be reported by the UE. Even though the exact details for CQI reporting will be decided as part of the work item, we outline a simple way to introduce this without causing much change to the existing HS-DPCCH structure.
C. UE reporting of time multiplexed CQI reports:

Note that for Release-7 MIMO, two types of CQI reporting were introduced as Type A and Type B. In Type A reports, the UE is supposed to report up to rank 2 while in Type B it will always report rank one. Similar to that structure, we can define two types of reports Type 1 and Type 2, where the Type 1 report is the conventional reporting using common pilots while Type 2 report is the report using probing pilots. Note that these two types of reports are time multiplexed as shown in Figure 5.  

[image: image27] 
In the Type 1 reporting, the UE computes the CQIP based on common pilots, and in Type 2 the UE computes the CQIF based on probing pilots as shown in Figures 6 and 7.  
Observation III:  The impact to the existing standard is very minimal with the introduction of probing pilots.
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5 Summary and conclusions
In this contribution, we analyze the probing pilots for the spatial reuse mode. Through link simulation, we analyze how the central node can utilize these pilots for identifying the node suitable for data transmission to a particular UE. Also we analyze how often we need to transmit these pilots and how much additional power is needed for these probing pilots.  

We summarize the observations:
Observation I: Probing pilots provide an efficient and reliable estimate of the path gain.
Observation II: Minimal power is needed for probing pilots.

Observation III:  The impact to the existing standard is very minimal with the introduction of probing pilots.
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7 Appendix

Table 1: Link level simulation parameters.

	Parameter
	Value
	Comments

	P-CPICH_Ec/Ior
	-10dB 
	

	S-CPICH1 Ec/Ior
	-100dB
	

	S-CPICH2 Ec/Ior
	-100dB
	

	S-CPICH3 Ec/Ior
	-100dB
	

	Demodulation-CPICH Ec/Ior
	As needed (-13 dB)
	

	Spreading factor for

HS-PDSCH
	16
	

	Modulation
	QPSK, 16QAM, 64QAM
	

	TBS
	Variable
	CQI based scheduling

	Number of Transport Blocks
	1
	

	HSDPA Scheduling Algorithm
	CQI based
	

	Geometry
	[0 5 10 15 20 ]dB
	

	CQI Feedback Cycle
	1 TTI
	

	CQI feedback error
	0 %
	

	HS-DPCCH ACK/NACK feedback error
	0 %
	

	Maximum number of HS-DSCH codes
	15
	

	Number of HARQ Processes
	6
	

	Maximum Number of H-ARQ Transmissions
	1
	

	HARQ Combining
	Chase Combining, 
	

	Redundancy and constellation version coding sequence
	{0,3,2,1} for QPSK

and 16QAM 

{6,2,1,5} for 64QAM
	

	Target Number of H-ARQ Transmissions
	1
	

	Residual BLER
	10% after 1 transmission
	

	Number of Rx Antennas
	2
	

	Channel Encoder
	3GPP Turbo Encoder
	

	Turbo Decoder
	Max- Log MAP
	

	Number of iterations for turbo decoder
	8
	

	Precoding weight vector determination
	NA
	

	Quantization of Precoding vector
	NA
	

	PCI/CQI Feedback delay
	12 slots
	

	Precoding Feedback error rate
	0%
	

	Precoder update rate
	NA
	

	Propagation Channel Type
	PA3
	

	Channel Estimation
	             Ideal, realistic
	

	Noise Estimation
	             Ideal
	

	UE Receiver Type
	Type3 
	

	Tx Antenna Correlation
	0
	

	Rx Antenna Correlation
	0
	

	   Interference Modeling
	Modeled as white noise
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Figure 5: Time multiplexing of two types of CQI reports
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Figure 6: Type 1 report using common pilots
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Figure 7: Type 2 report using probing pilots
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