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1
Introduction

In RAN1#68bis, multi-cell P-CSI multiplexing for DL carrier aggregation in R11 using existing UL channel formats was agreed. Furthermore, the possibility to configure a UE that supports PUCCH F3 for simultaneous transmission of multi-cell AN, SR and single-cell P-CSI was agreed. For a UE configured with PUCCH F1b CS, simultaneous transmission of multi-cell AN and single-cell P-CSI using PUCCH F2 was left FFS.

In this contribution, we discuss design considerations and specification impact for support of multi-cell AN and single- cell P-CSI multiplexing when a UE is configured to use PUCCH F3.
In Section 2 and 3, we present link-level evaluation results for Joint and Separate coding when multiplexing AN and P-CSI bits for PUCCH F3 transmission. For the Separate coding approach, we evaluate performance of both the un-modified R10 dual-RM structure and a slightly modified dual-RM coding chain using a semi-static rate matching parameter. Furthermore, we compare above results to the achievable performance with a simple precoding strategy for the AN bits followed by Joint coding of AN and P-CSI bits.
In Section 4, we discuss other areas of potential standardization impacts. These include multiplexing and priority rules, PUCCH resource allocation principles and Tx power control.

2
Multi-cell AN and single-cell P-CSI using PUCCH F3
In order to support simultaneous transmission of multi-cell AN and single-cell P-CSI using PUCCH F3, two approaches can be distinguished to encode the multi-cell AN and single-cell P-CSI payload, Joint versus Separate coding.

Using Joint coding (Figure 1), NA/N bits and NCSI bits are concatenated, their aggregated payload is fed through the R10 dual RM encoder when larger than 11 bits, then the channel-coded bit sequences are mapped to the available modulation symbols in a subframe. Interleaving is used to increase diversity across the 1st and the 2nd timeslot in a given subframe.

The primary benefit of the Joint coding approach is that the R10 PUCCH F3 channel coding and L1 mapping functions can be reused “as is”, i.e. minimal design delta for existing implementations and little expected R11 specification effort.
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Figure 1: Joint coding for AN and P-CSI multiplexing with PUCCH F3
Using Separate coding (Figure 2a), NA/N bits and NCSI bits are channel-coded through separate RM branches. Both RM branches produce the same number of channel-coded output bits after puncturing the output from the RM block code, i.e. RM coding on each branch results in 24 bits.

Possibly, a semi-static parameter can be set to adjust up or down the number of channel-coded bits selected from the output of the RM block code for each the AN and the CSI portion during rate-matching by a number Δ of bits (Figure 2b). In order to minimize changes compared to the R10 PUCCH F3 coding chain, the total number of bits obtained from the channel-coded / rate-matched AN and the CSI portions should still equal 48 bits and that Δ should not exceed 8. The semi-static rate-matching attribute can be chosen such that the resulting required operating SINR for both types of control information is approximately the same as a function of the target A/N/DTX and CSI error rates. Similar to R10, the channel-coded bit sequences are then interleaved and mapped to the available 24 QPSK symbols across the entire subframe making up the PUCCH F3 transmission.

The primary expected benefit with the Separate coding approach is the gains resulting from unequal error protection due to target error requirements for AN versus CSI being roughly one order of magnitude different.
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Figure 2a: Separate coding for AN and P-CSI multiplexing with PUCCH F3
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Figure 2b: Separate coding with adaptive rate-matching for AN and P-CSI multiplexing with PUCCH F3
One additional possibility to consider is the precoding of AN bits prior to their concatenation with CSI bits (Figure 3). For example, AN precoding could be done using simple Repetition or small-length block codes such as a Simplex or RM (5, 2) code. The concatenated sequence of precoded AN and CSI bits is then channel-coded, interleaved and mapped to the available QPSK symbols. Following the newly introduced precoding block for AN bits and concatenation with CSI bits, the existing R10 processing chain is re-used.

This approach can be considered as falling in the category of Joint coding. Similar to the Separate coding approach, it is in principle possible to expect gains from unequal error protection.
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Figure 3: Joint coding with precoding for AN and P-CSI multiplexing with PUCCH F3
3
Performance results and implementation complexity
Evaluation results to compare expected performance benefits with Joint and Separate coding have been presented in several contributions ([1][4][5][6]].

We show summary link-level results for EPA5, 10 MHz, 1x2 low-correlation, MMSE and for arbitrary combinations of NA/N = 4, 6, 8 or 10 bits with NCSI = 4, 6, 8 or 10 bits. This corresponds to 16 out of some 100 possible combinations for AN, SR and CSI bits and samples the grid of combinations with a reasonable density from small to large aggregated payloads.
The mimimum required operating SINR for the PUCCH F3 transmission is determined as the highest of the values obtained in order to meet the expected PUCCH performance targets BLERCSI ≤ 10-2, Pr(A→N/DTX) ≤ 10-2, Pr(N/DTX→A) ≤ 10-3 and Pr(PUCCH DTX→A) ≤ 10-2.

At first, we assume that an optimal RM offset value Δ [bits] can be selected for Separate coding such that the UEP gains are maximized (Table 1). SNR gains are maximized for any particular combination of AN and CSI bits, but this comes at the expense of possibly many different Δ values required for the different combinations of AN and CSI bits.
Table 1: Required operating SINR [dB] for PUCCH F3 Joint and Separate coding
when the optimal RM offset value Δ can be selected
	Combinations of
A/N and CSI bits
carried on PUCCH F3
	Required SINR [dB]
Joint Coding (dB)
	Required SINR [dB]
Separate Coding with
optimal RM offset (
	Gain / Loss [dB] with
Separate Coding
	RM offset value (()

	4 A/N + 4 CSI
	-3.1
	-3.6
	0.5
	4

	4 A/N + 6 CSI
	-2.5
	-3.0
	0.5
	0

	4 A/N + 8 CSI
	-2.2
	-2.9
	0.7
	0

	4 A/N + 10 CSI
	-1.0
	-2.5
	1.5
	-5

	6 A/N + 4 CSI
	-2.5
	-3.2
	0.7
	9

	6 A/N + 6 CSI
	-2.3
	-2.5
	0.2
	4

	6 A/N + 8 CSI
	-1.0
	-2.1
	1.1
	0

	6 A/N + 10 CSI
	-0.6
	-1.9
	1.3
	0

	8 A/N + 4 CSI
	-2.3
	-2.5
	0.2
	10

	8 A/N + 6 CSI
	-1.2
	-1.7
	0.5
	4

	8 A/N + 8 CSI
	-0.6
	-1.4
	0.8
	4

	8 A/N + 10 CSI
	0.2
	-0.7
	0.9
	0

	10 A/N + 4 CSI
	-1.2
	-1.2
	0
	9

	10 A/N + 6 CSI
	-0.7
	-1.1
	0.4
	4

	10 A/N + 8 CSI
	-0.3
	-1.0
	0.7
	4

	10 A/N + 10 CSI
	0.4
	0.4
	0
	4


As can be seen in Table 1, Separate coding effectively provides meaningful and non-negligable gains and lowers the required operating SINR setting over almost the entire range of AN+CSI combinations for the PUCCH F3 transmissions.

As expected, SINR gains from exploiting UEP are lowest when there is a high number of AN bits (ex: 8 or 10) combined with few CSI bits (ex: 4). It can also be seen that a set of 5 RM offset values Δ [bits] would be required in the PUCCH F3 coding and RM chain if these gains were to be exploited. Certain combinations (ex: 6 or 8 AN + 4 CSI) would result in a Δ setting that requires additional modifications to the existing R10 (32, O) RM coder. A variable number of bit positions can be punctured, but for a Δ > 8, some form of repetition must be employed following the RM stage.
It becomes therefore meaningful to consider PUCCH F3 performance for Separate coding when only a small selected set of RM offset values Δ [bits] is supported (Table 2). For example, this small selected set could be signaled, or simply be computed similar to the format-specific power-control offsets used for UL Tx power settings.
Table 2: Required operating SINR [dB] for PUCCH F3 Joint and Separate coding
with 2 allowed RM offset values Δ
	Combinations of
A/N and CSI bits
carried on PUCCH F3
	Required SINR [dB]
Joint Coding (dB)
	Required SINR [dB]
Separate Coding with
selected RM offset (
	Gain / Loss [dB] with
Separate Coding
	RM offset value (()

	4 A/N + 4 CSI
	-3.1
	-3.6
	0.5
	4

	4 A/N + 6 CSI
	-2.5
	-3.0
	0.5
	0

	4 A/N + 8 CSI
	-2.2
	-2.9
	0.7
	0

	4 A/N + 10 CSI
	-1.0
	-2.0
	1.0
	0

	6 A/N + 4 CSI
	-2.5
	-2.8
	0.3
	4

	6 A/N + 6 CSI
	-2.3
	-2.5
	0.2
	4

	6 A/N + 8 CSI
	-1.0
	-2.1
	1.1
	0

	6 A/N + 10 CSI
	-0.6
	-1.9
	1.3
	0

	8 A/N + 4 CSI
	-2.3
	-2.0
	-0.3
	4

	8 A/N + 6 CSI
	-1.2
	-1.7
	0.5
	4

	8 A/N + 8 CSI
	-0.6
	-1.4
	0.8
	4

	8 A/N + 10 CSI
	0.2
	-0.7
	0.9
	0

	10 A/N + 4 CSI
	-1.2
	-0.2
	-1.0
	4

	10 A/N + 6 CSI
	-0.7
	-1.1
	0.4
	4

	10 A/N + 8 CSI
	-0.3
	-1.0
	0.7
	4

	10 A/N + 10 CSI
	0.4
	0.4
	0
	4


From the results in Table 2, it can be seen that Separate coding would still provide good gains over almost the entire range of AN+CSI combinations for the PUCCH F3 transmissions if only RM offset values Δ = 0 or 4 are allowed [bits]. This comes at the expense of reduced gains, but would greatly reduce implementation complexity. There are 2 combinations of (8 or 10 AN + 4 CSI) that result in a loss. Here, the appropriate Δ setting should try to maximize the number of channel-coded bits allocated to the AN branch, i.e. Δ = 8.
The approach shown in Table 2 equates to a simple rule for the encoding of the PUCCH F3 AN and CSI payload,

If NA/N ≥ NCSI then Δ = 4 else Δ = 0.

We also evaluated link-level performance for the Precoding approach illustrated in Figure 3.

While not showing these results in this contribution, we observe that the performance of precoding is limited under the assumption that the remainder of the existing R10 PUCCH F3 dual-RM coding and mapping chain is to be re-used.
Simple repetition for the AN bits is in principle straightforward, as long as interleaving places the repeated bits across both RM branches to avoid diversity losses. However, meaningful decoding for the channel soft metrics corresponding to AN bits can only be done when also modifying the R10 RM decoder. This results in a much increased decoding complexity and a design delta when compared to R10. Similarly, the use of optimal block codes such as RM (5,2) results in much increased complexity during decoding – or alternatively, suboptimal performance due to losses from soft combining gains.
Proposal 1

For simultaneous transmission of multi-cell AN and single-cell P-CSI, either adopt Joint Coding or a simple version of Separate coding using only a small subset of RM offset values Δ, for example “If NA/N ≥ NCSI then Δ = 4 else Δ = 0”.
4
Specification impacts and design considerations
4.1 Priority handling and AN + CSI multiplexing principles
In case there is a collision between periodic CSI reports corresponding to multiple DL CC’s in a given subframe where PUCCH F3 supports multi-cell AN and single cell P-CSI, the R10 prioritization rules can be re-used “as is”, i.e. 1st priority are report types 3,5,6,2a, 2nd priority are  report types 2,2b, 2c, 4, and 3rd priority: report types 1,1a.
Furthermore, it is important to consider the principle of slow codebook adaptation for PUCCH F3. Similar to R10, the number of AN bits will need to depend on the number of configured DL CC’s. This means that the number of remaining available bits for placing the CSI payload in a subframe where PUCCH F3 is transmitted cannot depend on the number of activated DL CC’s or the number of decoded DL assignments in subframe n-4.

Furthermore, while PUCCH F3 shows rather balanced performance for a wide range of payloads, the required operating SINR in presence of payloads in excess of some 10-12 bits increases considerably, i.e. when using the dual-RM structure such as typical for many TDD frame configurations.

In order to allow simultaneous CSI and AN reporting for a larger number of UE’s even under less favorable UL geometry conditions, it is desirable that the maximum admissible CSI payload for a PUCCH F3 transmission when multiplexed with AN bits can be controlled by the eNB. This is to say, simply disabling simultaneous CSI and AN reporting with PUCCH F3 through RRC may by itself not be the most suitable approach, given that the resulting CSI payload will rather be a function of configured reporting modes. Instead, introducing the possibility to directly configure through RRC a maximum allowed CSI payload for the case of multiplexing with AN bits on the PUCCH F3 should be considered. If the number of CSI bits generated in a subframe reporting instance is less than the RRC configured maximum allowed number, truncation of the least significant bits or dropping of the P-CSI report can be used.

Proposal 2:

R10 prioritization rules are re-used “as is” to select a P-CSI report in the case that periodic CSI reports corresponding to multiple DL CC’s collide in a subframe.
Proposal 3:
For simultaneous transmission of multi-cell AN and single-cell P-CSI using PUCCH F3, the maximum allowed P-CSI payload is RRC configurable. Dropping the P-CSI report or truncation of the least significant bits of the CSI report is used in case the RRC configured allowable maximum CSI payload is smaller than the number of CSI bits in a subframe.

4.2 PUCCH F3 resource allocation

In R10, the PUCCH F3 resource index in a subframe is determined through the ARI received on the SCell assignment selecting from the pre-configured RRC signaled PUCCH F3 indices.

No change is needed when supporting simultaneous transmission of single cell P-CSI and multi-cell AN with PUCCH F3 in a subframe.

4.3 UL Tx power control

In R10, the UE determines PUCCH Tx power settings according to the configured desired Rx power level, its estimated DL pathloss, transmission / payload format-specific offsets and the closed-loop component.
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The parameter ΔF_PUCCH(F)is provided by RRC. Its value corresponds to a transmission format-dependent power offset compared to the baseline PUCCH F1A. For R10 PUCCH F3, its range has been determined as function of the AN performance. Given the more stringent target error requirements for AN bits when compared to CSI bits part of the payload, the range is likely sufficient as long as the maximum aggregated payload does not change compared to R10.

The h(nCQI, nHARQ, nSR) for CSI transmission using PUCCH F2 scales according to the number of CQI bits part of the payload in case of normal CP (and accounts for the presence of jointly coded AN bits in case of extended CP).

For PUCCH F3, obviously the format specific offsets in R10 36.213 Section 5.1.2.1 do not take into account the presence of CSI bits, and would need to be modified in R11.
For more than 11 AN/SR bits or with Tx Diversity: 
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Otherwise: 
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Proposal 4:
Update the PUCCH Tx power control format specific offsets for PUCCH F3 in 36.213 Section 5.1.2.1 to account for presence of multiplexed CSI bits.
5.
Conclusions and Recommendations

In this contribution, we present link-level evaluation results for Joint and Separate coding when multiplexing AN and P-CSI bits for PUCCH F3 transmission. For the Separate coding approach, we evaluate performance of both the un-modified R10 dual-RM structure and a slightly modified dual-RM coding chain using a semi-static rate matching parameter. Furthermore, we compare above results to the achievable performance with a simple precoding strategy for the AN bits followed by Joint coding of AN and P-CSI bits.

Separate coding would provide good gains and lower the required operating SINR setting over almost the entire range of AN+CSI combinations for the PUCCH F3 transmissions even if only a small selected or configured set of allowed is used, such as for example RM offset values Δ = 0 or 4.

We observe that the performance of Precoding of AN bits prior to concatenation with CSI bits is limited under the assumption that the remainder of the existing R10 PUCCH F3 dual-RM coding and mapping chain is to be re-used.
We discuss design considerations and expected R11 specification impact for support of multi-cell AN and single- cell P-CSI multiplexing when a UE is configured to use PUCCH F3.

In summary, we propose:
Proposal 1

For simultaneous transmission of multi-cell AN and single-cell P-CSI, either adopt Joint Coding or a simple version of Separate coding using only a small subset of RM offset values Δ, for example “If NA/N ≥ NCSI then Δ = 4 else Δ = 0”.
Proposal 2:

R10 prioritization rules are re-used “as is” to select a P-CSI report in the case that periodic CSI reports corresponding to multiple DL CC’s collide in a subframe.

Proposal 3:
For simultaneous transmission of multi-cell AN and single cell P-CSI using PUCCH F3, the maximum allowed P-CSI payload is RRC configurable. Dropping the P-CSI report or truncation of the least significant bits of the CSI report is used in case the RRC configured allowable maximum CSI payload is smaller than the number of CSI bits in a subframe.

Proposal 4:
Update the PUCCH Tx power control format specific offsets for PUCCH F3 in 36.213 Section 5.1.2.1 to account for presence of multiplexed CSI bits.
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