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1. Introduction
During RAN4#71, further discussion took place on whether to support NAICS for CRS-based transmission modes (TM) in the case of 4 CRS antenna ports (AP). To date, only few studies are available in RAN4 on the blind parameter detection/throughput performance for 4 CRS AP or the associated computational complexity. In this contribution, we provide a detailed comparative analysis of the complexity of blind detection of dynamic interference parameters between 2 and 4 CRS AP for CRS-based TMs. 
2. Blind detection of dynamic interference parameters
Covariance matrix based blind parameter estimation 
A complexity analysis blind parameter estimation based on the received covariance matrix for 2 and 4 CRS APs was provided in [1] and discussed during RAN4#71. It is claimed in reference [1] that computing the covariance matrix of the received symbols is significantly more complex than building the overall hypothetical covariance matrices for all the PMI hypotheses. Such claim may be true for the considered algorithm limited to blind PMI estimation, however, as noted by several companies during the Study Item phase, it is known that covariance matrix based blind PMI estimation suffers from several drawbacks such as e.g. high detection error rates, the inability to distinguish rank-2 unitary precoders, and the method itself does not allow estimating all parameters (e.g. modulation order).
Joint ML based blind parameter estimation 

Maximum likelihood (ML) and symbol level interference cancellation (SLIC) are the receiver structures which have received most attention during the NAICS Study and Work Item phases. Most of the performance studies with blind parameter estimation available in RAN4 assume either ML-based joint PMI/RI/modulation order estimation, or alternatively sequential estimation of the serving and interfering parameter with SLIC-based processing. In this contribution, we focus on blind parameter estimation based on reduced ML processing, as proposed e.g. in [2], and establish the associated computational complexity for 2 and 4 CRS ports in the case of TM4. PMI, RI and modulation order are assumed to be jointly detected based on the criterion in Equation (1) hereafter. Note that without loss of generality P_A detection has been omitted here but could also be factored into the analysis without altering the conclusions. Also, as discussed later in Section 2.7, it is expected that the provided analysis could be extended in the same spirit to the SLIC receiver and would allow reaching similar conclusions.
The likelihood function for reduced complexity maximum likelihood (ML) blind parameter estimation based on the max-log approximation may be expressed as follows:
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where is 
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is the external noise variance,
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 is the number of resource elements (RE) used for blind parameter estimation, index
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is the 2x1 received signal vector at the
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-th RE (assuming 2 Rx antennas),
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is the joint constellation symbol vector including the constellation symbols from both the serving and the interfering cell, 
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 is the candidate joint constellation alphabet of cardinality 
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is the effective channel matrix at the
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-th RE and includes the effect of transmit precoding. The matrix 
[image: image12.wmf]k

eff

H

,

 may be further decomposed as
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 is the total transmission rank and the suffixes serving and interfering refer to the serving and interfering cell channel matrices, respectively. 
Assuming rank-1 transmission to the NAICS UE from the serving cell,
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 is the transmission rank in the interfering cell. Likewise, the joint constellation symbol vector may be written as
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The modulation order estimate 
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 for the interfering cell over the considered set of REs are derived by maximizing the likelihood function in Equation (1) over the precoder candidates 
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 for rank 1 & rank 2 as well as possible combinations of modulation orders: 
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We evaluate the computational complexity associated with blind interferer parameter estimation of the algorithm in Equation (2) following the 3 steps below:
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Step #1: 
Computing the equivalent hypothetical channel matrix for each candidate interfering PMI hypothesis.
Step #2: 
Computing the squared distance metric for each candidate interfering PMI hypothesis over joint constellation symbols for given considered candidate joint constellation.
Step #3: 
Factoring results of Steps #1 and #2, we establish the complexity of the search for the minimum over squared distances in Equation (3) over the 
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 considered REs, for each considered candidate precoder hypothesis and candidate joint constellation. 

Finally, we factor the above steps and establish the overall complexity of blind dynamic parameter estimation based on Equation (2), which involves a search over all precoder hypotheses and candidate modulation order combinations.
The computational complexity is evaluated hereafter in terms of real-valued multiplications and additions, under the following rules:

· 1 complex multiplication requires 4 real-valued multiplications and 4 real-valued additions;
· 1 complex addition requires 2 real-valued additions;

· Scaling a complex number with a real-valued scaling factor requires 2 real-valued multiplications.
Step #1: Computing equivalent channel matrices

We first evaluate the computational complexity associated to building the effective channel matrix for each codebook index. The QPSK alphabet and nested property of the codebook are exploited whenever possible, although the decrease in complexity offered by the latter comes at the expense of increased memory consumption for storing and reusing pre-calculated effective channel components. The effective channel matrix for the 
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-th considered RE reads:
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where
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[image: image32.wmf]t

N

´

2

. The matrices 
[image: image33.wmf]k

W

serving,

 and 
[image: image34.wmf]k

W

g,

interferin

 are the associated transmit precoders matrices of size 
[image: image35.wmf]1

´

t

N

 and 
[image: image36.wmf]interferer

R

N

t

´

, respectively. 
In the two following sub-sections, we evaluate the computational complexity of the operation 
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. Since in TM4 the transmit precoder for the serving cell is signaled to the UE, the complexity of the operation 
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 will be counted only once.
 Two CRS AP
Table 1: Computational complexity of equivalent channel matrix construction for 2 CRS AP
	# of layers
	Codebook Index
	Computational complexity of the operation 
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 for each codebook index
	Notes

	
	
	# of real-valued multiplications
	# of real-valued additions
	

	1
	{0,1,2,3}
	4
	4
	Exploiting QPSK alphabet

	2
	{1,2}
	8
	0
	Exploiting the nested property of the codebook, at the expense of increased memory consumption

	Average computational complexity per codebook element
	5.33
	2.67
	Reference


 Four CRS AP

Table 2: Computational complexity of equivalent channel matrix construction for 4 CRS AP
	# of layers
	Codebook Index
	Computational complexity of the operation 
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 for each codebook index
	Notes

	
	
	# of real-valued multiplications
	# of real-valued additions
	

	1
	{0,1,2,3,8,9,10,11,12,13,14,15}
	4
	12
	Exploiting QPSK alphabet

	1
	{4,5,6,7}
	12
	20
	Increased complexity due to additional scaling by  
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 for two codeword elements

	2
	{0,1,2,3,4,5,10,11,12,13,14,15}
	4
	12
	Same complexity as for 1 layer counterpart, exploiting QPSK alphabet and nested property of the codebook, at the expense of increased memory consumption

	2
	{6,7,8,9}
	10
	20
	

	Average computational complexity per codebook element
	5.75
	14
	1.08 x more real-valued multiplications per codebook element vs. 2 CRS AP
5.25 x more real-valued additions per codebook element vs. 2 CRS AP


Observation 1: 
The case of 4 CRS AP requires 1.08 times more real-valued multiplications and 5.25 times more real-valued additions for computing the effective channel matrices when compared to the case of 2 CRS AP.
Step #2: Computing square distance metrics
We evaluate here the complexity associated to the square metric 
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 operation in Equation (3), which does not depend on the number of CRS antenna ports but is instead a function of the total transmission rank 
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Table 3: Complexity of square distance calculation (same complexity for 2 and 4 CRS AP)
	Total transmission rank 
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	Computational complexity of the operation 
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	Notes

	
	# of real-valued multiplications
	# of real-valued additions
	

	2
	12
	19
	Complexity of the operation 
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is addressed in the table below.

	3
	20
	27
	


Observation 2: 
The computational complexity associated to square distance operation in the ML metric is function of the total transmission rank but is independent on the number of CRS AP.
Table 4: Complexity of building the equivalent channel matrix for the serving cell (same complexity for 2 and 4 CRS AP)

	Transmission rank in the serving cell towards the NAICS UE
	Computational complexity of the operation 
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	Notes

	
	# of real-valued multiplications
	# of real-valued additions
	

	1
	8
	8
	Complexity of this operation will be counted only once (and not for each PMI hypothesis) for the result in Section 2.5. Such optimization comes at the expense of increased memory consumption.


Step #3: Complexity of the search for the minimum over squared distances over the considered REs
Evaluating the likelihood function in Equation (1) or (3) involves:
· Calculating the associated likelihood function 
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 for each of the candidate rank and candidate precoder, and each combination of modulation orders at the serving and interfering cell; 
·  For each of the 
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considered REs for blind parameter estimation, computing and minimizing the square distance criteria 
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over a total of 
[image: image53.wmf]n

C

 joint constellation symbol candidates.
Hence, in Table 5 and 6 below, the result at each cell is obtained by summing the corresponding contribution of 1) computing the equivalent channel matrix (counted once for each of the 
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 considered REs) and 2) computing square distance metrics (where of total of 
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 evaluations of the metric are performed). It is worth noting at this stage that the overall computational complexity is driven by the term 
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 since the number of joint constellation symbols 
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 is typically large or extremely large depending on the evaluated combination of modulation orders.
For simplicity, we neglect the operations associated to scaling by 
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 as well as subtracting the term 
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 in Equation (3) since these operations do not contribute much to the final complexity count and these terms do not show any dependence on the number of CRS APs.
 Two CRS AP

Table 5: Computational complexity of Equation (3) for 2 CRS AP

	Total rank 
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	# of interfering layers
	Codebook Index
	Complexity of 
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  for each codebook index 
	Notes

	
	
	
	# of real-valued multiplications
	# of real-valued additions
	

	2
	1
	{0,1,2,3}
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	3
	2
	{1,2}
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 Four CRS AP

Table 6: Computational complexity of Equation (3) for 4 CRS AP
	Total rank 
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	# of interfering layers
	Codebook Index
	Complexity of 
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  for each codebook index
	Notes

	
	
	
	# of real-valued multiplications
	# of real-valued additions
	

	2
	1
	{0,1,2,3,8,9,10,11,12,13,14,15}
	
[image: image79.wmf]RE

K

x 4 + 
[image: image80.wmf]RE

K

x
[image: image81.wmf]n

C

x 12
	
[image: image82.wmf]RE

K

x 12 + 
[image: image83.wmf]RE

K

x
[image: image84.wmf]n

C

x 19
	The complexity of the term multiplied by 
[image: image85.wmf]RE

K

x
[image: image86.wmf]n

C

 dominates

	2
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	{4,5,6,7}
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	3
	2
	{0,1,2,3,4,5,10,11,12,13,14,15}
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Overall complexity of blind estimation of dynamic parameters

Assuming a total of 
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candidate joint modulation order combinations for the serving and interfering cell layer(s), we factor the previous analysis and establish below the overall complexity of blind estimation of dynamic parameters in the case of 2 and 4 CRS APs.
Table 7: Overall computational complexity of blind estimation of dynamic parameters, 2 vs 4 CRS AP
	Number of CRS AP
	Complexity of blind estimation of dynamic parameters with 
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	Notes

	
	# of real-valued multiplications
	# of real-valued additions
	

	2 CRS AP
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	4 CRS AP
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~ 5.8 x more real-valued multiplications vs. 2 CRS AP.
~ 5.7 x more real-valued additions vs. 2 CRS AP.


Observation 3: 
The increase in the number of real-valued multiplications & real-valued additions from 2 to 4 CRS AP scales closely to the ratio of precoder hypotheses 32/6=5.3.
Conclusion:

The complexity of blind estimation of dynamic interference parameters for CRS-based modes is ~5.8 times (= +480%) more complex for 4 CRS AP compared to 2 CRS AP.
 Additional remarks
In addition to the previous complexity evaluations, it is worth noting that:
· Channel estimation & CRS-IC complexity increases from 2 to 4 CRS ports;
· Further complexity reduction could be achieved by applying sub-optimum ML search strategies for solving Equation (2). These would attempt at reducing the number 
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 of joint constellation symbol vector candidates for which to evaluate the metric 
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 but would not really affect the complexity ratio between 2 and 4 CRS AP;
· Blind detection performance results reported in a companion contribution [3] show a significant  increase in detection error rates in the case of 4 CRS AP, mainly due to the larger parameter space. A possible remedy would be to increase the number of resources 
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 over which to perform blind parameter estimation, which further adds to the computational complexity.
· A comparable analysis may be applied to the case of symbol-level IC (SLIC) receivers. Similarly to here, the complexity increase from 2 to 4 CRS ports is expected to be driven by the higher number of candidate precoder hypotheses (5.3x) plus the higher computational cost of constructing hypothetical equivalent channel matrices;
· Finally, as discussed in a companion contribution [4], TM3 precoder cycling ambiguities need to be discussed and resolved in RAN1. Otherwise, this further adds to the blind parameter detection complexity.
3. Conclusion 
In this contribution, we provided a detailed comparative analysis of the complexity of blind detection of dynamic interference parameters between 2 and 4 CRS AP for CRS-based TMs. Unlike the conclusions reached in [1], we have found a significant difference in terms of computational complexity between 2 and 4 CRS APs. Our findings are summarized as follows:
Conclusion:

The complexity of blind estimation of dynamic interference parameters for CRS-based modes is ~5.8 times (= +480%) more complex for 4 CRS AP compared to 2 CRS AP.
Since the NAICS feature as a whole has already pushed practical UE complexity to the limits, the additional complexity brought up by blind parameter detection for CRS-based transmission modes with 4 CRS AP is not seen as technically feasible in Rel-12 timeframe. As discussed in a companion paper [3], we propose to defer studies on the topic to a later release.
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