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1 Introduction

In TSG-RAN WG1 #62 there was agreement on the basic structure of the UCI resource allocation formulas. However, some remaining issues where identified in the agreement, including the following:

· whether or not to compensate for large relative UCI overhead

· whether or not to a rank-dependent spectrum efficiency offset,
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, is needed
Herein, we present our views on these remaining issues.

2 Large UCI Overhead Compensation

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.

2.1 Analysis and Background

The basic principle of the UCI resource allocation formulas can be summarized as
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where 
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 is the resource allocation (REs/layer), 
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is the nominal spectral efficiency (an estimate of the spectral efficiency of the data on the UCI resources), and 
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is the UCI payload size. In addition to the above equation, a rounding operation and a max resource allocation cap is applied to ensure that
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 is integer valued and that it does not exceed the available resources. Hence, the spectral efficiency of the UCI can be expressed as
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from which it is apparent that 
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is an offset between the UCI and the nominal spectral efficiency. 
In the following analysis, consider transmission of a single data codeword. The spectral efficiency of the data (i.e., the nominal spectral efficiency) is estimated at the UE based on the payload of the allocated data codeword as,
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is the payload of the data codeword, and 
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 is the expected number of resources to be used by data. In the LTE Rel-8 design, the UCI overhead is ignored in the spectral efficiency estimation, and the nominal spectral efficiency is estimated as
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is the total number of resources available for data and uplink control information combined. Hence, when the UCI overhead is non-negligible, 
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 may be significantly larger than the number of resources that are actually occupied by data, 
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, causing a significant underestimation of the supported spectral efficiency of the channel. Such an underestimated spectral efficiency will cause an unnecessarily large UCI resource allocation.
In [1] it was showed that if the UCI overhead is ignored, as in Rel-8, the required allocation required to support the UCI and data, with preserved target data error probability, can be expressed as 

[image: image16.wmf])

1

(

)

1

(

3

2

K

+

÷

÷

ø

ö

ç

ç

è

æ

+

÷

÷

ø

ö

ç

ç

è

æ

+

+

=

-

×

=

K

O

K

O

K

O

S

K

K

O

S

K

Q

PUSCH

offset

PUSCH

offset

PUSCH

offset

PUSCH

offset

all

b

b

b

b

,
where 
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 is the UCI payload.

Hence, even though the total 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 , 
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  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 [1] 
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Observations

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

The problem occurring with large UCI overheads can be resolved by compensating for the UCI overhead in the spectral efficiency esimtation, in which case the spectral efficiency estimation of the data will have the form
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and the resource allocation formula the form of
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Note that 
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will depend on 
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, why the closed form resource allocation can typically be solved from the above equation.
2.2 Resource Allocation Formulas for Large Payloads
In [1] resource allocation formulas for RI, HARQ-ACK, and CQI, where presented that take the overhead of UCI into account. The proposed allocation formulas avoid non-robust operation at small data payloads, or at larger UCI payloads. To compensate for the UCI overhead, a particular allocation formula (e.g., for RI) will depend on the payload of all the UCI it will compensate for (e.g., 
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). In the proposed formulas, the overhead of HARQ-ACK were therefore ignored in the RI and CQI allocations, because the eNodeB and a UE, may be mismatched in terms of expected HARQ-ACK payload due to, for example, a missed DL assignment. 
Another concern has also been raised: by letting the RI allocation depend on the CQI payload size, since the CQI payload size in turn depends on the reported RI. This causes the allocation size of the RI to depend on the content of the RI report, which makes the report difficult to decode. To circumvent this difficulty it is proposed to not compensate for the CQI overhead in the allocation of the RI and HARQ-ACK. 
In summary, the RI overhead can be compensated for in all UCI allocations. In addition, for CQI and HARQ-ACK also the self overhead can be effectively accommodated, see below.

2.2.1 Rank Indicator Allocation

For the reasons outlined above, for the RI resource allocation it is proposed to only account for the self overhead. The resource allocation can then be expressed as 
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where 
[image: image29.wmf])

0

(

K

 and 
[image: image30.wmf])

1

(

K

 are the payloads of the first and second codeword, respectively, and
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is the payload of the RI(s). (The second identity follows by solving for 
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By applying the integer rounding operation and limit to a maximum allocation, the proposed RI allocation the proposed resource allocation formula is obtained.
Proposal: 

· Adopt the following RI resource allocation formula
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2.2.2 CQI Allocation

Due to the asymmetry introduced by only multiplexing the CQI with a single codeword (denoted with index 
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) , the spectral efficiency estimate of the data should only reflect the information carried on that codeword. The spectral efficiency estimate of the data on the corresponding codeword can be accurately estimated as
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where again the second identity follows by solving for 
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Proposal: 

· Adopt the following CQI resource allocation formula
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2.2.3 HARQ-ACK Allocation

For the HARQ-ACK allocation it is proposed to account for the self overhead and the RI overhead, since the RI payload is known at both the eNodeB and the UE. The resource allocation can then be expressed as
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where the second identity follows by solving for 
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By applying the integer rounding operation and limit to a maximum allocation, the proposed RI allocation formula is obtained.

Proposal: 

· Adopt the following HARQ-ACK resource allocation formula
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Alternatively, also the CQI overhead is compensated, which has the implication that the RI must be successfully decoded at the eNodeB, before a HARQ-ACK allocation size can be fully determined (since the RI report determines 
[image: image41.wmf]CQI

O

). If this is deemed acceptable, the following allocation structure is effective (derived along the lines presented in [1] 
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2.3 Evaluation
To illustrate the effect of not accounting for the large UCI allocations, the TCP protocol was simulated on system level for the LTE downlink, and the number of RBs used for TCP ACK/NACK in the uplink was evaluated, see Appendix for simulation details. The simulation is performed for a single component carrier, with single antenna eNodeBs, and UEs with a single Tx antenna—that is, the case with least UCI overhead. To support frequency selective scheduling, the TCP ACK/NACKs are used to piggy back frequency selective CQI, format 3-0.
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Figure 1 Shows the uplink overhead of the TCP ACK/NACKs with and without UCI overhead compensation. 
As can be seen in the figure, already for this UCI overhead friendly scenario, there is a significant resource overhead loss if the UCI overhead is not accounted for in the UCI resource allocation. In a Rel-10 setting, with multiple component carriers, more eNodeB transmit antennas, and frequency selective precoding, this overhead gap will be vastly magnified.
3 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
There have also been proposals on using a separate offset parameter for each data codeword, as to better facilitate different BLER targets for the two codewords. We do not see any such need since advanced receivers, such as SIC, and the associated link adaptation should dynamically select which codeword to decode first depending on the current CQIs, which is ill matched with semi-statically configured beta parameters. Moreover, other advanced receivers, such as turbo-SIC, does not make an explicit ordering of the codewords, but rather iteratively decreases the BLER of both codewords. Making explicit assumptions on different BLER targets for the two codewords on a semi-static time scale in the UCI resource allocation would be to optimize for a corner case scenario.

Observation
· An advanced SIC receiver and the associated link adaptation determines the SIC order dynamically

· The offset beta parameters are semi-statically configured

Proposal

· The two codewords share a single beta parameter

4 CQI Codeword Multiplexing – The ping-pong effect
In RAN1 #61bis, it was noted that there is a potential issue with multiplexing the UCI on the codeword with the highest TBS (or MCS). In short, the issue arises when the eNodeB accounts for the UCI overhead to ensure that the data will not be in outage when the UCI is inserted. Take for example the case when the two codewords have very similar quality, and hence would support the same TBS (or MCS) before the UCI is inserted. The eNodeB determines that the UCI should be multiplexed on the first codeword, and hence must apply a MCS backoff to account for the lost resources where the UCI is inserted (to avoid an outage), after which the first codeword will have a lower TBS (or MCS) than the second codeword. However, now the UE will multiplex the UCI on the second codeword, which will likely result in a data outage of the second codeword. If the eNodeB instead performs the TBS (or MCS) fallback on the second codeword to accommodate the UCI, the UE will multiplex the UCI with the first codeword. This behavior was named the “ping-pong effect”. 

In practice, the only way for the eNodeB to avoid an outage in the above scenario is to perform an equal MCS backoff on both codewords, in order to accommodate the UCI. This in effect doubles the CQI overhead in terms of lost data throughput, or increased resource usage. 
Observation:

· In general, if the UCI is multiplexed with the larges TBS (or MCS) the eNodeB will always have to preserve the TBS ordering of the two codewords when accounting for the UCI overhead in the link adaptation

· In effect the CQI overhead may be up to twice that of the required CQI overhead.

There are several ways to resolve this issue. One way is to explicitly dynamically signal which data codeword the UCI is to be multiplexed on. Another is to always multiplex the UCI with a specific codeword. A third is to always multiplex the UCI with the codeword of the lowest TBS (or MCS). Or a fourth is to revisit the decision to multiplex the CQI with a single codeword, and instead split the CQI codeword between the two data codewords, to restore the symmetry or the UCI overhead on the two codewords, in which case this is a non-issue.
Proposal:

· Revisit the decision of multiplexing the UCI on a single codeword.
· If that is not agreeable, the proposal is to always multiplex the CQI with the second codeword (in case of two codewords)
5 Conclusions
Observations:
· The overhead of UCI in Rel-8 increase superlinearly with the UCI payload
· 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
· In general, if the UCI is multiplexed with the larges TBS (or MCS) the eNodeB will always have to preserve the TBS ordering of the two codewords when accounting for the UCI overhead in the link adaptation

· In effect the CQI overhead may be up to twice that of the required CQI overhead.

Proposals:

· Adopt the following RI resource allocation formula


[image: image48.wmf]÷

÷

ø

ö

ç

ç

è

æ

ú

ú

ú

ù

ê

ê

ê

é

×

+

+

×

×

=

RI

RI

RI

offset

RI

RI

offset

all

RI

Q

O

K

K

O

Q

Q

.,

max

)

1

(

)

0

(

'

,

min

'

b

b


· Adopt the following CQI resource allocation formula
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· Adopt the following HARQ-ACK resource allocation formula 
[image: image50.wmf]÷

÷

ø

ö

ç

ç

è

æ

×

×

+

+

-

=

-

-

-

-

-

-

ACK

HARQ

ACK

HARQ

ACK

HARQ

offset

ACK

HARQ

ACK

HARQ

offset

RI

all

ACK

HARQ

Q

O

O

K

K

Q

Q

Q

max,

)

1

(

)

0

(

'

,

'

min

'

b

b


· 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
· The two codewords share a single beta parameter

· Revisit the decision of multiplexing the UCI on a single codeword.

· If that is not agreeable, the proposal is to always multiplex the CQI with the second codeword (in case of two codewords)
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7 Appendix – Simulation Assumptions
	Traffic and Mobility Models

	User distribution
	Uniform

	Terminal speed
	3 km/h

	Data generation
	File download traffic model, each user requests and downloads files of size 200 kByte , the time between the reception of one file and the request of the next file is exponentially distributed with mean 1.5 s and a lower cut-off at 1.5 s and an upper at 5s 

	Radio Network Models

	Distance dependent path loss
	L = 15.3+20+37.6*log(d), d = distance in meters

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	TU Typical Urban

	Cell layout
	Hexagonal grid, 3-sector sites, 21 sectors in total

	Inter-Site Distance (ISD)
	500m

	General System Models

	Spectrum allocation
	20MHz

	Base station power
	80W

	Max antenna gain
	14dBi

	Modulation schemes in Downlink
	QPSK, 16QAM, and 64QAM

	Modulation schemes in upink
	QPSK and 16QAM

	CQI reporting on PUCCH
	Format: 1-0 (Wideband CQI)

Period: 40 ms

	CQI reporting on PUSCH
	Format: 3-0 (higher layer configured CQI)

Always multiplexed with data on PUSCH if possible

Coding offset to data: 2.875

	PUCCH control overhead
	4 RB

	SRS
	Wideband, per UE every 10 ms, per cell every ms

	Number of symbols used for downlink control
	3 symbols

	Traffic load
	  10, 20, 40 and 60 users per cell

	E-UTRA Characteristics

	Transceiver antennas 
	1x2

	Antenna model
	2D

	Receiver
	Maximum ratio combining 

	DL Scheduler
	PFTF, a maximum of 16 simultaneously scheduled users

	UL Scheduler
	Round robin, a maximum of 16 simultaneously scheduled users
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