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1. Introduction
At RAN1#61b multiplexing of ACK/NACK and RI on PUSCH was discussed.  A baseline resource allocation size was agreed and options for modulation and mapping of ACK/NACK and RI on PUSCH were also proposed:  
· Need to clarify the exact interpretation of “Replica” 
· Option A) Replicate before Channel Coding 

· Option B) Replicate after Channel Coding 

· Option C) Replicate after Scrambling

· Need to clarify which modulation is used  in case of 2 CW transmission

· Mapping schemes for RI and AN
The first bullet refers to a decision made at RAN1#61 that ACK/NACK and RI should be “Replicated across all layers of both CWs”.  As pointed out in [1], this does not completely specify the mapping operation.  In [2] it was proposed to replicate coded bits across layers and apply a layer-specific scrambling sequence to each layer.   The specification changes needed for this approach are discussed in [3].  Joint coding of UCI with UL-SCH data was proposed in [4].  As an alternative to applying layer-specific scrambling, Alamouti encoding across layers was proposed in [5] and large gains relative to layer-replication without layer-specific scrambling were demonstrated.
This contribution compares the schemes of [2] and [5] especially with respect to how each spatially encodes UCI and the corresponding impact to performance over a variety of channels.  
2. Replicating ACK/NACK and RI Across Layers
In Release 8 HARQ ACK/NACK and RI are first channel coded, encoded into blocks based on the transport block’s modulation order, and mapped to the uplink resource grid.  For Release 10, the last mapping stage needs to be modified to take into account transmission over all layers.  Two schemes are described below which replicate ACK/NACK and RI coded bits by a factor equal to the number transmission layers, map the replicated symbols to uplink symbols on the resource grid, and then perform scrambling.
2.1. Bit-Scrambling

First, bit scrambling, is illustrated in Figure 1 [2].  The set of 
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 are replicated by the number of transmission layers, 
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, with each layer receiving one replica.  For each layer-
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, a layer-specific scrambling code, 
[image: image5.wmf]l

q

b

, 
[image: image6.wmf]0,1,,1

qQ

=-

L

 , is applied to the coded bits and consecutive pairs of bits are grouped to form QPSK modulation symbols.  The resulting symbols, 
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 modulate a set of FFT codes on one of two SC-OFDM symbols reserved for ACK/NACK or RI in a slot.  A two-layer example of bit-scrambling of ACK/NACK UCI is shown in Figure 2.  The vector of layer-mapped symbols modulating the first FFT code is seen to be (i.e., two symbols on two layers at the same time-domain position)
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The bit-scrambling operation therefore can be deemed as a two-step operations: 1) scrambling of channel coded UCI bits prior to replication across layers by the scrambling bits 
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 and 
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, and 2) “spatial precoding” prior to FFT modulation (i.e., in the time domain) by a symbol-dependent matrix derived from the scrambling sequence (i.e., two different precoding vectors are applied corresponding to the two scrambled bits).  A similar observation can be obtained for three and four layers. 
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Figure 1: Replicating UCI across two layers with the bit-scrambling method.
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Figure 2:  UCI symbols mapped to two layers in a PUSCH subframe with bit scrambling.

2.2. Alamouti Encoding

It was shown above that bit scrambling can be decomposed into a scrambling operation followed by spatial precoding before modulation of FFT codes.  By replacing the spatial precoding operation, which is a function of the scrambling bits, with Alamouti encoding, and moving scrambling before symbol replication, the UCI replication/modulation scheme shown in Figure 3 is obtained [5].  Here the 
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 channel coded bits are first scrambled and then replicated across layers and formed into modulation symbols.  Conventional Alamouti encoding across symbols is then performed as shown in Figure 4.  Note that the requirement that the channel experienced during both transmissions is inherently met with SC-OFDM.  
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Figure 3: Replicating UCI across two layers with the Alamouti method.
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Figure 4: UCI symbols mapped to two layers in a PUSCH subframe with Alamouti encoding.

2.2.1. Extension to Ranks Three and Four
The Alamouti scheme can be extended to rank 3 transmission with the mapping shown in Figure 5.  The first two layers are identical to the two layer case while the third layer contains a permuted set of symbols.  The permutation avoids the same symbol to appear at the same symbol position on multiple layers which would effectively result in a reduction of the diversity order available for that symbol.   Similarly, rank four transmission can be performed by applying Alamouti encoding across pairs of antennas as shown in Figure 6.

[image: image16.emf]

Layer 2

1

s 

3

s 

4

s

5

s 

6

s

7

s 

0

s

2

s



Layer 1

3

s

2

s

0

s

1

s

7

s

6

s

5

s

4

s

Layer 0



3

s

2

s

1

s

0

s

7

s

6

s

5

s

4

s


Figure 5:  Extension of the Alamouti encoding scheme  to three layers.
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Figure 6: Extension of the Alamouti encoding scheme  to four layers.
3. Comparison of Approaches with Two Transmission Layers
3.1. Signal Model

Insight into the performance differences for the two-layer case in a receiver which makes use of frequency domain equalization with layer decoupling can be obtained with the aid of the model shown in Figure 7.  An equivalent channel is defined between the layer inputs on a particular FFT code at the transmitter and the filtered layer outputs after IFFT despreading at the receiver.  The equivalent channel encompasses precoding and RE mapping at the transmitter, the physical channel, equalization in the frequency domain with layer decoupling, and a whitening filter at the receiver.  The whitening filter, which is the same for all time domain symbols, enables the noise at the output of the equivalent channel to be represented as spatially uncorrelated noise.  It is included for analysis purposes only.  Depending on the receiver implementation, the additional complexity to calculate the noise covariance and apply the whitening weights may not be justified.
The whitened IFFT outputs on the first and second layer outputs of FFT code 
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where 
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 represents the remaining intersymbol interference after equalization, 
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 is additive noise including thermal noise and other cell interference, and 
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 is the 
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 equivalent channel.  The equivalent  channel matrix 
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 is independent of symbol and can be shown to be equal to the average, over subcarriers, of the 2x2 channels formed from the product of the precoder used at the transmitter 
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Figure 7: Signal model used for comparing bit-scrambling and Alamouti encoding.

3.2. Bit-Scrambling
Combining (2)

 shows the relationship between pre-FFT symbols and the whitened despread symbols at the receiver: 
(1)

 and 
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It is apparent that depending on the scrambling sequence, three scenarios of “spatial precoding” of the UCI can happen:

1) Rank 2 transmission with BPSK entries (50% of chance)
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or 
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2) Rank 1 transmission of a QPSK symbol with a precoding vector 
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3) Rank 1 transmission of a QPSK symbol with precoding vector 
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Bit scrambling therefore can be viewed as utilizing a “precoder scanning” or cycling to provide spatial diversity.  Each coded bit is sent on one of two precoding vectors corresponding to either the sum or difference of the columns of the precoding matrix 
[image: image41.wmf]pre
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.  For roughly half the symbols, i.e. during rank 1 transmission, the transmission of the second bit of the QPSK symbol is in phase quadrature and no interference between bit transmission occurs.  The remaining 50% of symbols are transmitted with rank two and the second bit of the symbol causes inter-layer interference to the first.  The degree of inter-layer interference is determined by the imaginary part of the off-diagonal elements of 
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.   Without the whitening filter, the diagonal terms of the effective channel matrix tend to dominate especially at high SNR.  This is due to the equalizer attempting to reduce inter-layer interference caused by the off-diagonal terms at the expense of noise enhancement.  The diagonal dominance is reduced somewhat however when whitening is performed.  In summary the following conclusions apply to the performance aspects of bit-scrambling:
· Bit scrambling relies on some kind of “precoder scanning” to provide spatial diversity.

· Inter-layer interference affects the demodulation of roughly half of bit-scrambled
3.3. Alamouti Encoding
Applying the signal model above to a pair of symbols encoded with the Alamouti scheme over two layers results in the standard model for second order open-loop diversity transmission 
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In contrast to bit-scrambling, full second order diversity is achieved and both symbols achieve the same SNR.  This avoids the disadvantage of precoder scanning where the modulation symbols’ SNR vary with the precoder used in its transmission which in turns causes unequal channel reliability of the codeword’s coded bits.   In general,
· Alamouti encoding of UCI symbols over two layers provides second order diversity and equal channel reliability for all bits of codeword.
For rank-3 transmission, Alamouti encoding is only performed between a pair of layers with the third layer containing a replica of a different UCI symbol.  Unlike in the two-layer case, interlayer interference is present but only between layers 0/1 and 2.  Likewise with four-layer transmission there is “intergroup” interference between two pairs of Alamouti encoded symbols.  In either case the interference is less than encountered with bit scrambling.
4. Simulation Results
The performance of the bit interleaving and Alamouti encoding schemes were evaluated with link level simulations.  A two bit message was channel coded as specified in Sec 5.2.2.6 of [9]. For both schemes an ML receiver based on the signal model in 
(2)

 was used.  For each of the four possible messages, the corresponding transmitted symbols  GOTOBUTTON ZEqnNum564467  \* MERGEFORMAT  were formed, passed through the effective channel, 
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, to generate a set of hypothesized post-equalized/whitened symbols 
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.  The detected message was then determined based on the distance between the hypothesized symbols and actual received symbols.  While less complex receivers could be used for both schemes, ML decoding was chosen as it is directly applicable to both schemes and was found to yield performance differences that were representative of those obtained with other types of receivers. 
Two sets of simulations were performed, each based on a different method for allocating the number of UCI symbols, 
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.  The first set was performed with a fixed number of UCI symbols and the UCI message error rate was plotted vs. the long-term average SNR as shown in Figure 8.  The higher diversity order obtained with Alamouti decoding is evident especially in the PA channel where frequency diversity is not available.  At the .01% error rate, the gains are 5 and 1.5 dB for the PA and TU 6 channels respectively.
In the second set of simulations, the number of UCI symbols allocated was calculated according to the baseline HARQ/RI resource size agreed  at RAN1#61b:
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The spectral efficiency 
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which could be supported for data transmission was calculated based on the equivalent channel 
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 of each subframe.  The two schemes were compared first by running each with the same power offset, 
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, over the same set of channel realizations.  The resource usage was therefore identical over all subframes in the simulation and relative performance of the schemes could be judged by comparing the message error rates of each scheme.  The power offset 
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 was chosen such that the message error rate was approximately less than .01% over the entire SNR range for both TU6 and PA channels for the bit-scrambling scheme. The results are shown in Figure 8.  The Alamouti scheme is seen to reduce message error rate by between three and five times in the TU 6 channel and between 10-30 times in the PA channel.  The error rates above 8 dB SNR are not shown for Alamouti decoding as no error occurred in the full simulation of 2 X 106 subframes.   Note that in practice, a single value of 
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 has to be chosen to meet the error rate performance over all likely channel realizations and therefore it is the worst case channel that determines the resource usage.  In theory it is possible to use higher-layer signalling to signal different values of 
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 however this would increase signalling overhead and increase eNB complexity.
Conclusion: Two-layer Alamouti encoding reduces ACK/NACK (RI)  error rates by 3-5 times in TU6 and by 10-30 times in PA channels under equal number of allocated resources.

The two schemes were also compared on the basis of their relative resource usage when the power offsets used for each scheme were adjusted to give message error rates less than .01% over both channels.  In Figure 10, the message error rate is plotted for bit scrambling with a power offset of 5.5 dB and Alamouti encoding with a power offset of 4.5 dB.  With these power offsets the message error rates are roughly less than .01% over both TU6 and PA channels and over the entire SNR range.  Because the number of resources assigned is proportional to 
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, it may be concluded that Alamouti encoding of ACK/NACK requires 
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 the overhead of bit scrambling.  Note than in addition to the benefit in overhead reduction, Alamouti encoding also offers a 5-10 reduction in message error rate in the PA channel. 
Conclusion: Two-layer Alamouti encoding of ACK/NACK (RI) requires 30% less uplink resources compared to bit scrambling at an equal message error rates.
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Figure 8: Detected UCI error rate vs. SNR for two information bits and 
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Figure 9: Detected UCI error rate vs. SNR for two information bits and 
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Figure 10:   Alamouti and bit scrambling achieve similar error performance for power offsets differing by 1 dB.
5. Conclusions
Alamouti encoding of ACK/NACK and RI over transmission layers was shown to outperform bit scrambling in both frequency-selective and flat channels.  The performance difference is attributable to:

· Full second order diversity attained with Alamouti encoding compared to that available with precoder scanning.  
· Bit scrambling performance is also degraded by inter-layer interference on the roughly half of symbols transmitted with rank 2.  
When power offset factors are adjusted to achieve the same error rate of less than .01%, Alamouti decoding was shown to require less control channel overhead (by roughly 30% in two-layer transmission).  We recommend therefore that replicated ACK/NACK and RI symbols be coded with the Alamouti encoding schemes shown in Figure 4, Figure 5, and Figure 6. 
6. Appendix
The following table lists the simulation assumptions used in the simulations of  Section 4.
	System bandwidth
	10 MHz

	Data transmission BW
	8 RBs (96 subcarriers)

	Slot format
	Normal CP (7 symbols per slot)

	Channel model
	TU 6, PA

	UE Antenna Imbalance
	0 dB

	Antenna configuration
	2 x 2 

Tx Correlation =0

Rx Correlation = 0

	Channel coding
	According to Section 5.2.2.6 of [9]

	Modulation
	QPSK

	Receiver
	ML

	Channel estimation
	Perfect


Figure 11:  Table of Simulation Assumptions
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� An alternative to performing encoding across symbols as in � REF _Ref269389317 \h ��Figure 4� would be to instead encode across two SC-OFDM symbols, one on either side of the SC-OFDM symbol used for the reference signal.  No significant performance advantage was observed with this mapping however.
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