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1 Introduction

In TSG-RAN WG1 #61, there was significant progress with respect to the encoding of the UCI when multiplexed on the PUSCH. In essence it was agreed that the CQI/PMI is spatially multiplexed over the layers associated with one of the data codewords, whereas the rank indicators (RI) and the HARQ-ACK are diversity encoded over all layers by means of replicating the information bits onto all layers. 

Because of the different encoding schemes used for CQI/PMI and the other UCI signals, the resource allocation needs to be matched to their individual properties.

Moreover, it is anticipated that the UCI overhead in Rel-10 can be significantly larger than in Rel-8, primarily because of

· The UCI of multiple downlink component carriers (CC) are multiplexed on the PUSCH of a single uplink CC
· It has been agreed that CQI/PMI is only multiplexed with the layers of a single codeword. Hence, in for example a rank 2 transmission, the UCI allocation needs to occupy twice as many resources to convey the same amount of energy

For reference, we start with a short summary of the UCI resource allocation in Rel-8, and next identify some issues and propose solutions to these.

1.1 Recap of UCI Resource Allocation in Rel-8

The basic concept of the Rel-8 resource allocation formula is to use the allocation of the data to estimate the supported spectral efficiency of the channel. Hence, if the spectral efficiency is high then fewer resources are allocated to UCI, and vice versa.  
The resource allocation determines the number of resource elements (or equivalently, the number of coded symbols), 
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, that are to be used by a particular UCI signal. In Rel-8 the UCI resource allocation formulas have the following structure:
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where 

· 
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is the maximum number of resource elements available for the particular control signal (e.g., 
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 for CQI), and

· 
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 is the number of information bits of the control signal (including CRC bits, if CRC is used by the control signal), and 

· 
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 is the total number of DFTS-OFDM symbols allocated to control and data in a subframe, and 
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  is the scheduled bandwidth for the uplink transmission, expressed as a number of subcarriers, and 
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is the total number of information bits (including CRC) in the PUSCH data codeword (
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 is the number of bits of the rth code block, and C is the number of code blocks in the codeword), and 

· 
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 is a configurable control to data offset parameter (separately configurable for CQI/PMI, RI, and HARQ-ACK, respectively) , and

· 
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 is the integer ceil operator

The length of the control codeword (the number of coded bits), 
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, is next given by 
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where
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is the number of coded bits of one modulation symbol. 

The factors in the resource allocation formula in (2) can be grouped as:
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An inverse spectral efficiency can be interpreted as the number of resource elements that are required for each bit of information. Hence, the nominal spectral efficiency is estimated based on the payload of the data allocation, and next an offset parameter is applied.
2 UCI Resource Allocation for Rel-10
For Rel-10, the notation and structure of the UCI resource allocation must be adapted to the presence of multiple layers and multiple data codewords. It is natural to base any new resource allocation formula on the structure of the Rel-8 formula as


[image: image16.wmf]÷

÷

ø

ö

ç

ç

è

æ

ú

ú

ú

ù

ê

ê

ê

é

×

=

¢

max

1

,

0

,

)

1

(

)

0

(

'

,

)

,

,

,

(

min

Q

Q

Q

K

K

SE

O

Q

data

data

PUSCH

offset

b


where 
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The number of channel accesses available to data (REs per layer); 

for example 
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 as in Rel-8.
The length (in coded bits) of the CQI codeword is thus obtained as
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indicates the data codeword on which the CQI is multiplexed, and 
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is the number of layers that codeword is mapped onto, and 
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is the number of coded bits per modulation symbol.

Similarly the RI codewords thus occupy
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[image: image28.wmf]k

m

k

L

RI

RI

Q

N

Q

Q

,

,

'

=

coded bits to be multiplexed with codeword k) . The lengths of the HARQ-ACK codewords are obtained analogously. 
Proposal

· It is proposed to define 
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 as the number of channel accesses a particular UCI signal is allocated, 

· or equivalently as the number of allocated resource elements per layer (that is used by the UCI signal)

· or equivalently as the number of allocated coded symbols per layer (that is used by the UCI signal)

2.1 CQI/PMI Spectral Efficiency Estimate
The CQI/PMI codeword is spatially multiplexed on the layers associated with one of the data codeword, 
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, where the selection procedure for 
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is an open issue.
Since the CQI/PMI thus is spatially encoded the same way as the corresponding data codeword, the nominal spectral efficiency should be well estimated by the spectral efficiency of the data. The spectral efficiency estimate could therefore be selected as
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Observation

· The peak spectral efficiency of the CQI/PMI spatial multiplexing encoding matches the peak spectral efficiency of the codeword it is multiplexed with
2.2 RI and HARQ-ACK Spectral Efficiency 
Since the RI and HARQ-ACK signals are replicated onto all layers (of both codewords) the effective spatial encoding will correspond to a rank one diversity encoding. 
Rank one diversity encoding is appropriate for RI and HARQ-ACK because they require high robustness to channel fading and ill-match precoder selection. However, the rank-one nature of these signals makes the resource allocation more challenging, since the supported spectral efficiencies of the spatially multiplexed data codewords can be significantly different from the spectral efficiency of the diversity encoding. In particular, the peak rate of a four layer data stream is four times as high as the peak rate of a rank one diversity encoding used for the UCI signal, for the same modulation.

The spectral efficiency of the data over all layers can be estimated as
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To ensure that the RI and HARQ-ACK are not encoded above their supported spectral efficiency it is proposed that the nominal spectral efficiency estimate is capped to 
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or equivalently (as used below) as
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Preferably 
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 is network configurable, but should approximately match the peak spectral efficiency of a single layer transmission.

Observation

· The peak spectral efficiency of the RI and HARQ-ACK spatial diversity encodings does not match the achievable spectral efficiencies of the spatially multiplexed data. 
Proposal

· It is proposed that the peak nominal spectral efficiency of the RI and HARQ-ACK is capped to a maximum value ensuring that the peak nominal spectral efficiency does not exceed a rank one transmission. The maximum value could be configured by the network or be predetermined.

2.3 Managing Large UCI Payloads

The feedback needs in Rel-10 are expected to be significantly larger than in Rel-8. The support of multiple-carriers, up to 8 downlink transmit antennas, and possibly finer resolution in the channel state information (PMI/CQI/RI) feedback can cause substantial overhead for control information in the uplink transmissions. In particular, when multiplexed with data the control information can occupy a substantial part of the resources. Moreover, the relative overhead can change dynamically depending on the current feedback needs and uplink data transmission needs. Also, with the resent agreement on only multiplexing the CQI with one of the two uplink codewords, the CQI overhead on this codeword is approximately doubled (in case of rank 2 transmission), as compared to Rel-8, since only half the power is available on each codeword in Rel-10 (as compared to Rel-8). 
Observation

· It is expected that the UCI payloads in Rel-10 can be significantly larger than in Rel-8.

· The decision to multiplex CQI only on the layers of a single data codeword has the side effect that the CQI overhead on these layers are up to twice the corresponding overhead in Rel-8 (for a rank 2 transmission)
In Rel-8 ,
[image: image38.wmf]data

Q

, is given by 
[image: image39.wmf]initial

PUSCH

symb

initial

PUSCH

sc

data

N

M

Q

-

-

×

=

, corresponding to the total number of channel accesses (REs per layer) that are available to data and UCI combined and the nominal supported spectral efficiency estimate is given by, 
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.
This estimate is accurate when the UCI overhead is negligible, but becomes increasingly inaccurate when a significant fraction of 
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is actually occupied by UCI. For example, if 50% of the resources are occupied by UCI, then the nominal supported spectral efficiency on the channel resources actually occupied by data is twice that indicated by (2). In effect this will cause the UCI to occupy twice the amount of resources than what is actually needed to support the UCI information.
The eNodeB essentially has two options in its link adaptation. The first option is to ignore the UCI overhead in the link adaptation. This would make the nominal spectral efficiency estimate in (2) accurate, but the data codeword will likely be received in error when the UCI overhead is large, causing an unsuitable operating point of the system and unnecessary retransmissions that increase the UE power consumption. The other option for the eNodeB is to take the UCI overhead into account in the link adaptation. This will ensure that the data codeword is received within the set target BLER, but cause unnecessarily high UCI overhead.
Hence, with non-negligible UCI overhead, the system has to allocate the bandwidth/data payload according to the spectral efficiency
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in order to operate the system at the target BLER for the data reception, where 
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is the total UCI overhead (number of REs occupied by UCI). Thus, if S is the spectral efficiency supported by the channel, one obtains
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where the second equality follows by substituting 
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with Equation (1). The required allocation required to support the UCI and Data can thus be solved as
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Hence, even though the resource allocation should increase linearly with O, the overhead increases extremely rapidly and approaches infinity as 
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approaches the payload of the data. Note that for, for example HARQ-ACK , 
[image: image48.wmf]PUSCH

offset

b

  can be as large as 126 (in the range [2,126]). Also, as the control overhead increases, the spectral efficiency of the control tends to zero
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Observations
· The overhead of UCI in Rel-8 increase superlinearly with the UCI payload

· The overhead of UCI in Rel-8 tends to infinity as 
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approaches the data payload, 
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The problem with the resource allocation formula with respect to large relative overheads was identified already in the final stages of Rel-8, but was down-prioritized due to time constraints and lack of satisfactory proposals. The main difficulty in the Rel-8 context was problems introduced when CQI was piggybacked on TCP-ACK/NACK that occur frequently during downlink transmissions. Currently, the CQI overhead relative the small payloads of TCP-ACK/NACK prohibit effective compact allocations in the uplink.  
Observation

· The Rel-8 UCI resource allocation formula prevents effective piggybacking of CQI on uplink TCP ACK/NACK transmissions.

The problem can however be circumvented by matching the UCI allocation formula to the spectral efficiency of the link adaptation in (3), as 
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from which 
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can be solved (typically in closed form); for example, if 
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typically is the sum of the overhead of the UCI signals), then 
[image: image56.wmf]Q

¢

can be solved in closed form as (regarding the interger rounding and min operations as post processing):

 

[image: image57.wmf]÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

è

æ

ú

ú

ú

ú

ú

ù

ê

ê

ê

ê

ê

é

×

+

×

×

×

=

¢

å

-

=

-

-

max

1

0

'

,

)

(

min

Q

O

K

N

M

O

Q

C

r

PUSCH

offset

r

initial

PUSCH

symb

initial

PUSCH

sc

PUSCH

offset

b

b

,
where the only difference to the original resource allocation formula is the correcting term 
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 in the denumerator. In the next section we propose new resource allocation formulas that accounts for the above identified problems.

Observations

· The superlinear UCI overhead can be circumvented by accounting for the UCI overhead in the estimate of the supported nominal spectral efficiency of the channel.

· The improved resource allocation can be obtained in closed form by adding a UCI correction term, 
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, to the payload of the data

Proposal

· It is proposed to compensate for the UCI overhead in the UCI resource allocation formulas as to obtain a UCI overhead that increases linearly with the UCI payload

2.4 Resource Allocation Dependence on 
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In these formulas we have deliberately chosen not to account for the overhead of the HARQ-ACK in the resource allocations for RI and CQI.  This is because the HARQ-ACK payload size 
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expected by the eNodeB may be different from the payload used by the UE if, for example, the terminal has missed a downlink scheduling grant. In Rel-8, the data codeword is rate matched bout the allocations for RI and CQI. Hence, if the RI and CQI allocations did depend also on 
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. Moreover, the HARQ buffer could be corrupted and prevent successful decodes in upcoming retransmissions. 
Observation

· If the resource allocation of RI and CQI depend (explicitly or implicitly) on the HARQ-ACK payload size, 
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, the resource allocation may become unsynchronized between the UE and eNodeB 

Proposal

· The overhead of HARQ-ACK is ignored in the resource allocation of RI and CQI, whereas the HARQ-ACK allocation takes the overhead of all UCI signals into account.

3 Proposed Resource Allocation Formulas

The design goals identified in Section 2 can be summarized in the following set of desired (implicitly formulated) resource allocation formulas for 
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where 
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is the index of the codeword on which CQI is multiplexed,  
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is the complementary codeword, and L is the number of CRC bits in the CQI codeword. 

This set of equations accounts for the presence of multiple codewords, the UCI overhead on each codeword, the maximal nominal spectral efficiency cap for the RI and HARQ-ACK diversity encoding, and ignores the HARQ-ACK overhead in the RI and CQI allocations to ensure synchronized resource allocations at the eNodeB and the UE.

The above set of equations does however only express the resource allocation implicitly. The solutions for CQI and RI can however be expressed in closed compact form, and the desired HARQ-ACK allocation can be well approximated as follows.
As mentioned, the RI and CQI/PMI allocation can be effectively solved from the above set of equations, see Appendix, to yield the following proposed allocations.
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where 
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However, due to the asymmetry introduced by not accounting for the HARQ-ACK overhead in the RI and CQI allocations, the HARQ-ACK allocation cannot be compactly solved in closed form from the above equations. Therefore a relatively close upper bound
 on the desired solution is proposed for the resource allocation in the following:
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where 
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In these resource allocation formulas the presence of two codewords 
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 are accounted for; the vast difference in peak rate of UCI and data is accounted for, and the correcting terms, 
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 ensure that the allocation remain valid also for large relative UCI overheads.
Observation

· The closed form resource allocation formulas for RI, CQI, and HARQ-ACK in Equations (7), (8), and (9), respectively, satisfies the design targets for the UCI allocation with natural extensions to the Rel-8 allocation formula.
Proposal

· Adopt Equations (7), (8), and (9) as the resource allocation formulas for RI, CQI, and HARQ-ACK for Rel-10.

4 Tx Rank Dependent Offset Parameters

The purpose of the offset parameter is to account for the different BLER targets and encoding schemes of UCI and the PUSCH data transmission. Two fundamental differences between Rel-8 and Rel-10 is that in Rel-10 the UCI is precoded and in addition RI and HARQ-ACK uses a different spatial encoding than the data. 

For higher transmission ranks, the spatial diversity encoding of RI and HARQ-ACK provides good protection against time-variations in the channel and/or ill-matched precoder selections. However, for low transmission ranks the diversity protection deteriorates. For rank-1 the UCI is precoded on a single layer which is known to be error prone for low BLER targets, due to low protection to an ill-matched precoder.  

To match the Tx rank dependent robustness of the spatial UCI encoding also the offset parameters 
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 should depend on the Tx rank of the data, and preferably be separately configurable for each Tx rank. 

Observation

· The robustness of the UCI signals is highly dependent on the transmission rank of the data. A high rank transmission has significantly higher UCI robustness than a low rank transmission

Proposal

· It is proposed to use a separate control-to-data offset parameter, 
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, for each transmission rank of the data; that is, for Tx rank 
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· It is further proposed that the offset parameters are separately configurable by the network for each data transmission rank
5 Conclusions

Herein we considered the extension of the Rel-8 resource allocation formulas to cope with multiple terminal transmit antennas, i.e., the presence of multiple codewords, and also identified some concerns with the Rel-8 resource allocation formula that may be resolved in the same process.
Observations

· The peak spectral efficiency of the RI and HARQ-ACK spatial diversity encodings does not match the achievable spectral efficiencies of the spatially multiplexed data. 

· It is expected that the UCI payloads in Rel-10 can be significantly larger than in Rel-8.

· The overhead of UCI in Rel-8 increase superlinearly with the UCI payload

· The overhead of UCI in Rel-8 tends to infinity as 
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approaches the data payload, 
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· The Rel-8 UCI resource allocation formula prevents effective piggybacking of CQI on uplink TCP ACK/NACK transmissions.

· The superlinear UCI overhead can be circumvented by accounting for the UCI overhead in the estimate of the supported nominal spectral efficiency of the channel.

· If the resource allocation of RI and CQI depend (explicitly or implicitly) on the HARQ-ACK payload size, 
[image: image91.wmf]ACK
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, the resource allocation may become unsynchronized between the UE and eNodeB 

· The robustness of the UCI signals is highly dependent on the transmission rank of the data. A high rank transmission has significantly higher UCI robustness than a low rank transmission
Proposals

· It is proposed to define 
[image: image92.wmf]Q

¢

 as the number of channel accesses a particular UCI signal is allocated, 

· or equivalently as the number of allocated resource elements per layer (that is used by the UCI signal)

· or equivalently as the number of allocated coded symbols per layer (that is used by the UCI signal)

· It is proposed that the peak nominal spectral efficiency of the RI and HARQ-ACK is capped to a maximum value ensuring that the peak nominal spectral efficiency does not exceed a rank one transmission. The maximum value could be configured by the network or be predetermined.

· It is proposed to compensate for the UCI overhead in the UCI resource allocation formulas as to obtain a UCI overhead that increases linearly with the UCI payload

· It is proposed to ignore the overhead of HARQ-ACK in the resource allocation of RI and CQI, whereas the HARQ-ACK allocation takes the overhead of all UCI signals into account.

· It is proposed to adopt the following UCI resource allocation formulas
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· It is proposed to use a separate control-to-data offset parameter, 
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, for each transmission rank of the data; that is, for Tx rank 
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, the offset parameters,
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· It is further proposed that the offset parameters are separately configurable by the network for each data transmission rank
6 Appendix – Derivation of Resource Allocation Formulas
By solving for 
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from which Equation (8) is obtained by post applying the integer rounding operation and capping to a maximum value.

From Equations (4) and (10) the following identity is obtained
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which, if substituted in (5) yields
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from which 
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can be solved as
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Hence Equation (7) is obtained by post applying the integer rounding operation and capping to a maximum value.

As previously mentioned, 
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cannot be compactly solved from Equation (6), even though 
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are known. Instead we strive for a good approximation of the solution, which can be obtained by assuming that the overhead of HARQ-ACK is accounted for also in the allocations of RI and CQI; that is, we look at the set of equations
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It follows that 
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since they now in addition account for the overhead of HARQ-ACK in the nominal spectral efficiency estimate (which will be increased). It follows that 
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that is, the nominal spectral efficiency estimates in the HARQ-ACK allocation of 
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provides a good upper bound on the desired
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which will be used for the resource allocation for HARQ-ACK in place of 
[image: image126.wmf]ACK

HARQ

Q

-

'

.
Similar as above, the set of equation where all allocations account for the HARQ-ACK overhead, can be solved in closed form by first solving for 
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in (11), and substituting the so obtained expression in the RI and HARQ-ACK formulas (12) and (13), respectively, to obtain the following set of equations. 
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Next 
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 can be solved from (15), and the so obtained expression is substituted in (16), from which 
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  to yield the closed form expression
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Hence Equation (9) is obtained by approximating the desired 
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and applying the integer rounding operation and capping to a maximum value.

� The upper bound would be tight if also the overhead of the HARQ-ACK was accounted for in the RI and CQI allocations


� Note that the max(…) statement is identical in both expressions, � REF _Ref264975571 \h ��(15)� and � REF _Ref264975624 \h ��(16)�, and hence � EMBED Equation.3  ���if and only if � EMBED Equation.3  ���.
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