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1. Introduction
In the last RAN4-47bis meeting in Munich, no agreement has been reached on the reference UE behaviour for the demodulation of the physical hybrid-ARQ channel (PHICH).  This contribution attempts to analyze the implications of the various assumptions on UE behaviour, which hopefully can aid a decision on this at this meeting.  
2. PHICH System Model
For simplicity of analysis, let us consider a single-user PHICH transmission.  Since the PHICH is transmitted over 12 REs, and assuming 2 receive antenna branches, we can model the received signal as a transmitted BPSK symbol multiplied by a 24-length complex channel with noise, i.e.


[image: image48.wmf](

)

g

g

,

0

ˆ

)

|

(

ACK

b

E

s

s

P

NAK

ACK

P

=

<

=

®


where 
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and

 

are the ACK and NAK transmit energies, respectively.  Note that the above model can also be used for a multi-user PHICH transmission in a single group assuming perfect channel estimation.  

Using a standard MRC receiver, we can write the detected symbol as 
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a complex Gaussian vector, the detected symbol has distribution
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Figure 1 below shows 10000 realizations for both ACK and NAK realizations of the above RV for 3dB average SNR, 
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Fig. 1 ACK/NAK realizations for 0dB ACK-NAK boosting on the left and -6 dB ACK-NAK boosting on the right
3. PHICH Demodulation Methods
3.1 Zero Threshold
This is the simplest and most unambiguous method, where the final ACK-NAK and NAK-ACK error probabilities are totally up to the power allocation of the eNB.  Figure 2 shows the decision region for ACK and NAK using the zero-threshold assumption.   
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Fig. 2 Zero-threshold decision region.  
We can express the decision as
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To simplify analysis, we can rotate the received signal by 
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and consider only the real axis, giving us the new detected symbol as
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where 
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is the channel-to-noise ratio and the new decision can be written as
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Fig. 3 – Rotated detected signal and its conditional PDF

The ACK->NAK and NAK->ACK conditional error probabilities given γ can be written as
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Considering the target qualities of P(ACK->NAK)<0.001 and P(NAK->ACK)<0.01 [1], the requirement can then be written as
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Note in the above equations that the target quality is totally up to the power control at the eNB.  If we assume eNB has perfect knowledge of γ and infinite dynamic range, then the power control can be written as
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Note that almost twice as much power is needed for ACK than NAK to achieve the desired qualities when using zero threshold.  Coupled with the fact that ACK is transmitted 90% of the time, this could potentially result in an excessive power penalty at the eNB.  Furthermore, due to dynamic range restrictions, the desired powers may not be met especially for cell-edge users.
3.2 Non-zero threshold
There have been several proposals for implementing the non-zero threshold from various companies.  The basic premise, however, is to bias the demodulation at the UE towards the ACK in some manner such that the unequal error protection can be achieved with less power overhead.  Instead of categorizing the methods as “fixed” or “adaptive”, we categorize the methods into the general premise used in achieving the unequal protection, which are namely decision-region based methods and CINR-region based methods.

3.2.1 Decision-region based methods

We classify methods as “decision-region based” when the thresholding operation essentially results in the expanding of the decision region for ACK and shrinking the decision region for NAK, hence decreasing the ACK->NAK error probability and increasing the NAK->ACK error probability.  These include methods from Qualcomm [2], Samsung [4] and Ericsson [5].  Fig. 4 shows both Ericsson’s and Qualcomm’s method of simply shifting the detection threshold, and Samsung’s method of “bending” the detection region. 
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Fig. 4 Left figure shows detection threshold shift [2][5], right figure shows detection threshold “bending“ [4]
Although the above methods differ in terms of the way the unequal regions are partitioned, the concept is similar to the earlier analysis wherein the area/volume under the PDF curve that “crosses-over” into the other side signifies the errors.  Thus, using the same approach as for the zero-threshold case, the power control equations for the two error targets can be written as
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Since the threshold value 
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is negative, we see that the required power boost for ACK versus NAK can be decreased, hence also decreasing the average power required to fulfil the necessary quality targets.    The main difference in Qualcomm’s “adaptive” threshold method [2]  with the others is that the threshold is made proportional to 
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3.2.2 CINR based methods
NTT-DoCoMo’s method [3] uses a CINR threshold, under which it would decode the signal as ACK, otherwise, it would use a zero-threshold detection method.  The total error probabilities can then be written as
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A possible power control method to solve this is
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Note that with all the different non-zero threshold implementations in the previous section, we end up with 2 equations (ACK->NAK and NAK->ACK probability requirements) in 3 unknowns, 
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 and a threshold constant.  Therefore, as long as a threshold level is determined a-priori, the desired power control from the eNB can then be unambiguously accomplished.  Similarly, if an additional equation on the power control levels is given, then we can likewise end up with the “correct” threshold level that gives the appropriate behaviour.   Figure 1 below shows some simulation results on the decision-region based method
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Fig. 5. PHICH simulation results for the decision-region based method based on assumptions in [6].
4. UE behaviour specification in RAN4

It is not desirable from a RAN4 specification perspective to mandate particular UE implementations.  However, consistent UE behavior has to be specified to ensure proper system performance.  From the above analysis, there are several options that RAN4 can proceed on:

Option 1: Zero-threshold: The simplest and most straightforward behavior would be the zero-threshold option, which has the least UE complexity, and leaves the final QoS to the eNB through power control.  The negative consequence of this option is the excessive power overhead due to the asymmetric performance required. Furthermore, due to dynamic range restrictions, the desired qualities may not be met especially for cell-edge users.  Table 1 below shows the dynamic range considerations for 2 users with 0 dB and -5 dB geometries for various thresholding levels.
	User 1 @ 0 dB CINR
	User 2 @ -5 dB CINR
	Threshold = 0
	Threshold = 0.2
	Threshold = 0.3

	
	
	User 1 boost (dB)
	User 2 boost (dB)
	DR (dB)
	User 1 boost (dB)
	User 2 boost (dB)
	DR (dB)
	User 1 boost (dB)
	User 2 boost (dB)
	DR (dB)

	ACK
	ACK
	2.2
	7.2
	5
	0.2
	5.2
	5
	-1.2
	3.8
	5

	ACK
	NAK
	2.2
	3.6
	1.4
	0.2
	5.6
	5.4
	-1.2
	6.4
	7.6

	NAK
	ACK
	-1.4
	7.2
	8.6
	0.6
	5.2
	4.6
	1.4
	3.8
	2.4

	NAK
	NAK
	-1.4
	3.6
	5
	0.6
	5.6
	5
	1.4
	6.4
	5


Table 1: Dynamic range required for 2 users at different geometries for different threshold settings
Note that the worst case dynamic range is given as:

Worst-case dynamic range = CINR dynamic range across users + ACK-NAK dynamic range

Option 2: Non-zero-threshold:  This option was originally intended to relieve the eNB of some of its power overhead.  In order to ensure consistent UE behavior without mandating UE implementation, there are likewise several options:


 Option 2a: Specify the UE behavior as the minimum SINR such that both quality targets are met under the constraints of 0 dB ACK-NAK boosting.  This allows UE manufacturers to tune their own “thresholds” to meet the targets, and it can be shown that with most well-designed UEs, the SINR target should be more or less aligned.  The negative consequence of this option is that when the eNB uses a different ACK-NAK boost level,  the UE behaviors would be different due to the different implementations of “thresholding”.

Option 2b: Assume a reference “thresholding” method for requirement specification:  This does *not* mandate UE manufacturers to implement the reference method.  It can be shown that the desired behavior given a  threshold specified in the reference method can be easily mapped to any other reasonable method of “thresholding”.  This then allows the eNB to safely perform different ACK-NAK boosting with the assurance of consistent behavior.  The negative consequence of this option is that the reference method needs to be agreed upon, and that this needs to be tested under a number of boostings and threshold levels, e.g. 2, to guarantee consistent behavior.      

5. Conclusion
In this contribution, we have performed a technical analysis of the various options RAN4 can take in specifying the desired UE behavior.  The three options include:
Option 1: Zero-threshold
Option 2a: Specify the UE behavior as the minimum SINR such that both quality targets are met under the constraints of 0 dB ACK-NAK boosting.  
Option 2b: Assume a reference “thresholding” method for requirement specification

It is recommended that RAN4 come to a conclusion on this issue in this meeting.  
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