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1 Introduction

Energy requirements for uplink ACK/NACK signaling (for HSDPA HARQ protocol) based on the agreed upon UL physical channel structure [1] are presented in this contribution. Optimal individual energies for ACK and NACK symbols as well as optimal receiver thresholds are considered for a variety of vehicle speeds, under Jakes fading with power control and two antenna receive diversity. The analysis and results are presented in three sections where in each section, the design problem is precisely formulated and progressively the number of false alarm constraints are increased, leading to different signal and receiver designs. Two state and three state receivers are considered depending on the false alarm constraints. In general, it is observed that to satisfy all constraints optimally in fading channel the ACK and NACK symbol energies are different. Furthermore, adding more DTX false alarm probability target constraints increase the overall energy requirements. All results below assume equi-probable ACK and NACK symbols. All energy per bit (Eb/No) requirements are long term averaged and reported per receive antenna diversity branch (out of two).

2 Two state receiver with no DTX constraint

The only constraints considered in the signal and receiver design are:

1. P(ACK|NACK) <= 10-4
2. P(NACK |ACK) <= 10-2
Appendix A describes the analysis that yields a simple simulation approach used to solve jointly for the optimal values of the threshold and the individual symbol energies for ACK and NACK bits in order to satisfy the above constraints. This approach is applicable for channel conditions at any given Doppler. Appendix B describes a purely analytical approach for the special case of AWGN, wherein equal symbol energies and a biased threshold are shown to be optimal. 

Figure (1.1) graphs the individual (and total) Eb/N0s for ACK and NACK symbols as a function of the threshold and their individual false alarm constraints, for 40 kmph vehicle speed. Table (1.1) tabulates the results obtained in figure (1) for different design methods. Figure (1.2) and table (1.2) are corresponding results for 100 kmph vehicle speed. Table (1.3) is for AWGN based on the analysis in Appendix B. The interpretation of the plots (figures 1.1 and 1.2) can be found in Appendix A.
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Figure 1.1

Method
Total Eb/No, dB
 Eb/No(ACK), dB
 Eb/No(NACK), dB
 Threshold

Equal power 
7.4 
7.4 
7.4 
1.04

Zero Threshold  
10.25 
3.6 
12.75
0.0

Joint Optimal 
 7 
8.25
5.5 
1.4

Table 1.1 SNR per bit required per received antenna for 40 kmph channel (no DTX constraint)

The total Eb/No gain of the joint optimal solution is a fraction of a dB (0.4) over the equal power solution.
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Figure 1.2

Method
Total Eb/No, dB
 Eb/No(ACK), dB
 Eb/No(NACK), dB
 Threshold

Equal power 
8.8 
8.8 
8.8 
0.99

Zero Threshold  
10.9 
4.6 
13.4
0.0

Joint Optimal 
 8.7 
9.4
7.9 
1.2

Table 1.2 : SNR per bit per received antenna for 100 kmph channel (no DTX constraint)

The total Eb/No gain of the joint optimal solution is a fraction of a dB (0.1) over the equal power solution.

Method
Total Eb/No, dB
 Eb/No(ACK), dB
 Eb/No(NACK), dB
 Threshold

Equal power = Joint optimal
3.5872
3.5872
3.5872
 0.4924

Zero Threshold  
3.8119
 1.33
5.381
0

Table 1.3 SNR per bit per receive antenna for AWGN channel (no DTX constraint)

3 Two state receiver with one DTX constraint

For this problem, the constraints can be written as:

1. P(ACK|NACK) <= 10-4
2. P(NACK |ACK) <= 10-2
3. P(ACK|DTX) <= 10-2
A third constraint has been added to include the false alarm probability limit when the UE DTXes. This situation happens when the UE misses the decoding of the DL HS-SCCH intended for it, and since this is already designed to be of low probability, constraint 3 is prescribed with a moderate probability. Only DTX interpreted as ACK is considered as this leads to upper layer recovery of the code block, whereas DTX interpreted as NACK simply leads to physical layer re-transmission which is not considered to be of much worry. 

If there is no attempt to distinguish between NACK and DTX at the Node B side, then there is no meaning for a three state receiver, and a two state receiver that decides either ACK or NACK suffices. To show this, the problem can be formulated as a function of only a single threshold and two energies with the constraints re-written in the order of solving the design variables:

(a)  P{ ACK | DTX} = f1(t_A) <= 0.01

(b) P{ NACK or DTX | ACK} = f2(r_A, t_A) <= 0.01;

(c) . P{ ACK | NACK} = f2(r_N, - t_A) <= 0.0001

From constraint (a), the threshold t_A is uniquely determined using the first AWGN formula in the appendix B (substituting A_N with 0). Solving constraint (a), t_A/sigma ~ 2.326. This threshold together with constraint (b) uniquely determines the ACK symbol energy r_A for a given channel condition. Similarly this threshold together with constraint (c) uniquely determines the NACK symbol energy r_N for that channel condition. These energies are determined by simulation and tabulated for different channel conditions in table 2.1 below:

Speed, km/hr
Eb/N0(NACK), dB
Eb/N0(ACK), dB
Total Eb/N0, dB

 0 
-3.0103 
7.5666503 
4.920881973

40 
-1.39255 
11.28703 
8.504956003

70 
0.3609927 
12.980945 
10.20194355

100 
0.2642965 
12.891542 
10.11216259

Table 2.1: SNR per bit per received antenna (one DTX constraint)

Thus with the above three constraints we see that all the signal and receiver design parameters  t_A, r_A , and r_N are uniquely determined, and there is no scope for optimization (because we  have added one more constraint to the 2-state problem of the previous section). And a second threshold t_N (that defines three state receiver) has nothing to do with the problem.

4 Three state receiver with two DTX constraints

One way that three state receiver for ACK/NACK channel may be useful could be for

deciding the status of the first downlink packet data transmission of HARQ (Incremental Redundancy). This is because systematic bits  of the turbo-coder are typically transmitted the first time and these bits are quite sensitive for turbo-decoding performance as has been discussed in other papers. 

If during the first transmission, control channel (SHCCH) is missed by the UE due to failure of CRC on this channel, then the UE DTXes. With three state Node B receiver, if the DTX condition is reasonably well estimated, then the Node B can re-transmit the systematic bits. For re-transmissions other than this kind, for example the first one carrying systematic bits, a two state receiver is sufficient because as we discussed in the last section, DTX state decision at the Node B receiver plays no particularly useful role.

For this problem, the constraints can be written as:

1. P(ACK |NACK) <= 10-4
2. P(NACK or DTX |ACK) <= 10-2
3. P(ACK |DTX) <= 10-2
4. P(NACK |DTX) <= 10-2 or 10-1
The second constraint lumps two constraints into one as was done in the last section. The fourth one is the new constraint that has been added to facilitate the re-transmission of systematic bits if the UE misses the first transmission. Already in the system design, such a miss probability will be low. So the fourth constraint can be liberal (10–2) and could be kept more liberal (10-1) as it 's violation may not critically impact downlink HS-DSCH performance. Conversely, a NACK being misinterpreted as DTX is not expected to be of any worry in so far as much as protocol behavior is concerned and hence P(DTX|N) <= 1 (unconstrained).

As before, we re-write the above constraints in order of solving for the design variables:

(a)  P{ACK | DTX} = f1(t_A) <= 0.01

(b) P{NACK or DTX | ACK} = f2(r_A, t_A) <= 0.01;

(c) . P{ACK | NACK} = f2(r_N, - t_A) <= 0.0001

(d) P(NACK | DTX) = f1(t_N) <= 10-2 or 10-1
Constraint (a) establishes t_A as previously stated, and this can be solved analytically using AWGN formula in appendix B. From this, we have t_A/sigma >= 2.326. So we choose t_A/sigma = 2.326.Together with this threshold the constraint (b) decides the ACK symbol energy, r_A, which is Doppler dependent, and has been tabulated in table 2.1. In a similar manner, this threshold with the constraint (c) establishes a lower bound on the NACK symbol energy, which is also Doppler dependent and tabulated in table 2.1. From it we obtain (t_A+sqrt(r_N))/sigma >= 3.719 for AWGN. For fading channel, this lower bound (or r_N) is expected to be larger. Finally the fourth constraint (d) establishes a second lower bound (which is the same as the square of the threshold t_N) on the NACK symbol energy, which can be calculated using AWGN formula in Appendix B. We have t_N/sigma >= 1.2816 (for 0.1) or 2.326 (for 0.01). Again, we choose the value for equality. The NACK symbol energy has to be picked to be the larger of the aforesaid two lower bounds.

The end-result of having an additional DTX constraint is that the energy performance of the ACK/NACK channel may worsen, i.e. increase (and can be no better) with respect to the two state receiver with only one DTX constraint discussed in the last section (3). But the increase may not happen if the fourth constraint is quite liberal. 

If constraint (d) takes target probability of 0.1, constraint (d) is redundant and useless for determining r_N because its derived lower bound for r_N does not take effect when considering constraint (c).  In contrast, if constraint (d) takes 0.01 as target,  then constraint (c) is redundant and useless for determining r_N under AWGN (here the constraint (d) does increase the energy cost), and it may or may not be useful under fading channel depending on the Doppler. 

The following is the simulation result considering before (section 3) and after effects (section 4) of adding constraint (d) under different Dopplers. We assume the less liberal version of constraint (4), i.e., P{N|DTX}<=0.01 => t_N/sigma >= 2.326 => Eb/N0(NACK) >= 1.3115943 dB + margin. The margin (say 1 dB) is provided to keep P(DTX|NACK) below some reasonable value well under unity.

So adding constraint (d) will cost more (at least 1 dB) on Eb/N0(NACK) with respect to table 2.1

Speed, km/hr
Eb/N0(NACK), dB
Eb/N0(ACK), dB
Total Eb/N0, dB

 0 
2.3115943 
7.5666503 
5.689735981

40 
2.3115943
11.28703 
8.794453049

70 
2.3115943
12.980945 
10.32780982

100 
2.3115943
12.891542 
10.24553243

Table 3.1: SNR per bit per receive antenna (two DTX constraints) with P{N|DTX}<=0.01

5 Ec/Nt requirements and system capacity consumption

With spreading over 2560 chips, the Energy per chip is simply the Energy per bit in dB – 34 dB. Assuming an average Eb/No of 8 dB per ACK/NACK channel, based on the preceding results, the average Ec/Nt required is around –26 dB. Assuming that the interference rise over thermal noise at the Node B receiver is at a limiting value of 7 dB, the received power target at the Node B from a single UE’s ACK/NACK channel is about –19 dB with respect to thermal noise. This implies a low transmit power requirement for the UE.

Assuming four users transmitting ACK/NACKs simultaneously in a given TTI (because of the limit on the number of code multiplexed HSDPA UEs on DL), the total received power from all of their ACK/NACK channels is about –13 dB with respect to thermal noise, in the worst case. However, due to the asynchronous HS-UL-DPCCH, on the average there are no more than 2 simultaneous users transmitting per slot over the first two slots taken with respect to the timing of the HS-UL-DPCCH closest in sync with the HS-DSCH TTI. So in the average case, the total received power from all ACK/NACK channels is approximately –16 dB with respect to thermal noise.  In other words, the power from all ACK/NACK channels in a sector is about 1/40 of the thermal noise power in the receiver. We assume an equal division between received power from sources in the same sector and from all sources in other sectors (that each equal about 3 dB with respect to thermal noise, in the limit). Then the percentage of the received power from all ACK/NACK channels in the sector computes as 1.25% of the power received from all other sources in the same sector.  In other words, the average uplink system capacity consumed by ACK/NACK signaling is roughly about 1.25%.

6 Recommendations

Constraints have been prescribed for the probabilities of misreading ACK as NACK and vice versa. If there are no constraints prescribed for mis-reading the DTX of a UE as either ACK or NACK then we recommend equal power ACK and NACK transmission by the UE. Receiver implementation uses a single Doppler dependent receiver threshold. The power offset that is Doppler dependent (see tables in section 2) is communicated to the UE by RRC signaling.

If additionally, the probability of DTX being misread as an ACK is constrained, then we recommend different values of ACK power and NACK power offset that is applicable for all re-transmissions. Receiver implementation uses a single fixed threshold. The power offsets that are Doppler dependent (see table in section 3) is communicated to the UE by RRC signaling.

If additionally, the probability of DTX misread as a NACK is separately constrained (perhaps only for certain special transmissions, for example, the first) then we recommend the same value of ACK power for all re-transmissions. We further recommend a different value of NACK power, which may be higher for those special re-transmissions (for example, the first) and lower for the other re-transmissions. Detection of these signals is implemented using a pair of fixed receiver thresholds (especially for the special re-transmissions). The power offsets that are Doppler dependent (see tables in section 3 and section 4) is communicated to the UE by RRC signaling.

Given the relatively low power requirements (Ec/Nt) of ACK/NACK transmissions and system capacity consumed by simultaneous transmissions of ACK/NACK channels, we continue to recommend the current structure proposed for this channel, without further changes. We do not recommend the use of other coding schemes (revert) described in [2] as they may have adverse ramifications to the stop and wait DL HARQ protocol operation and to UE buffering capabilities. Furthermore, new types of false alarm probabilities need to be considered while analyzing such a scheme.
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APPENDIX A

 (Simplified Simulation Method for Joint Optimization of Power Offsets and Threshold in section 2)

In Section 2 we consider the case of two state receiver (single threshold) with only two constraints and no DTX constraint. First, P{ACK|NACK} depends on threshold t_A and r_N only, and P{NACK|ACK} on threshold t_A and r_A, where r_A and r_N are Eb/N0 for ACK and NACK symbols.

Second, let the function p=f(threshold, r) represents the mapping from threshold and Rx Eb/N0 to the

probability that 1 (or 0) is received given 0 (or 1) is sent. Clearly the form of f is decided by the channel condition (i.e. vehicle speed). So if P{ACK|NACK}=f(th, r_N), then from the symmetry properties of AWGN and Jakes fading, we can infer that the same probability value of P{NACK|ACK} = f(-th, r_A) results if r_A=r_N. In other words, the same channel dependent function f() yields the conditional bit error rates for both ACK and NACK bits albeit with anti-symmetric thresholds. Also note that the function f() is monotone decreasing with respect to the energy r_A or r_N. Thus if we invert the function f() into r=g(th, P), we have r_N=g(P{A|N}, th), and r_A=g(P{N|A}, -th).  

This property gives us the following method:

(a). set up the simulation to get the BER of sending 1 and getting 0 on different thresholds and Eb/N0 under a specific channel condition or Doppler.

(b). run the simulation of (a), to obtain a result of two curves of Eb/N0 vs. threshold corresponding to 10-2 and 10-4 BER. Label them to be r1=g1(threshold) and r2=g2(-threshold).

(c). then r(threshold)=(g1(threshold)+g2(-threshold))/2 represents the total Eb/N0 (long term average for the specific Doppler fading channel) needed assuming equi-probable ACK and NACK symbols. One curve g1 satisfies a conditional error probability of 10-2 and another g2 of 10-4 probability, varying with threshold.  The optimal threshold as well as the total Eb/N0 can be inferred from this plot. Figures (1.1) and (1.2) are plotted accordingly.

APPENDIX B

(Analytic Derivation of Thresholds for AWGN Channel)

Assume the signal constellations for ACK and NACK are (
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(1). For 
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The total power-to-noise ratio is 
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(2). For 
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The total power-to-noise ratio is 
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It is always true that the total power-to-noise ratio in (2) is larger than that in (1), no matter what 
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 are. The difference in power required between both cases is:

Unequal power method (2) - Equal Power method (1) = 

[image: image19.wmf][image: image20.png]14

Eb/NO (dB)

12

Two states (ACK/NACK) Eb/NO under 40 km/h

T T
—— Eb/NO for ACK
~—- Eb/NO for NACK

— average Eb/NO

02

04

08

Il
0.8 1 1.2
normalized threshold

1.4




and equals zero iff 
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This means in AWGN channels (or low speeds), the equal power method with non-zero threshold is better in terms of total energy than the unequal power case (and zero threshold). This is because, given a certain constellation framework (i.e. symbol separation distances and angles) and thresholds (decision regions), the constellation scheme that is optimal (lowest power consumption) is the one whose centroid (or weighted mean) is zero. The sketch of this proof is:

E[X2] = E[(X-) 2] +  2
The left hand side is the average power of interest, where X is the signal point. The first term of the sum on the right hand side is fixed because the signal framework is fixed (i.e. distance and angle parameters are fixed to achieve a given target error rate). Thus to minimize the left hand side, the second term on the right hand side  should be zero, i.e. the mean of the signal points should be zero. In the ACK/NACK case, given equi-probable signals, the center point of the 2-ary constellation should be the origin and hence the equal power case is optimal for AWGN (albeit with a skewed threshold to satisfied skewed error requirements). Translating this constellation so that the threshold equals zero (and maintaining the same separation) will increase the value of E(X2) according to the above as  becomes non-zero.

APPENDIX C

(Simulation Setup)

· 2GHz carrier frequency

· Pedestrian A channel – Rayleigh fast fading, classical Doppler spectrum, no shadowing

· DL TPC command error rate = 0.04 (AWGN)

· TPC step size 1dB; 

· TPC Delay 1 slot

· TPC by single leg (no soft handoff) 

· Interference in UL modeled as AWGN

· Perfect phase de-rotation at BS

· 2 Antenna diversity MRC receiver

� EMBED Equation.3  ���





� EMBED Equation.3  ���
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