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1 Introduction
Three scenarios exist for PUCCH transmission:

I. ACK/NACK transmission only

II. CQI transmission only

III. Simultaneous CQI and ACK/NACK transmission

Physical channel structures for types (I) and (II/III) have been agreed upon during previous meetings.  These are based upon frequency-domain spreading of a single modulation symbol over one RB using a CAZAC sequence.  For the case of ACK/NACK transmission only, an additional orthogonal time domain cover over 4 SC-FDMA symbols within a slot, and 2x repetition of the slot is also used.
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Figure 1
The frequency domain spreading sequences for data symbols are formed from the same time-domain-orthogonal set as those used to form the uplink demodulation reference signals for PUCCH.  Thus structure I and II may co-exist within the same RB so long as different time-domain shifts of the CAZAC sequence are used within each.
The current structures have the following attributes:

	
	Usage
	Symbol Modulation
	Freq SF
	Time SF
	Slot repetition
	Total SF
	RE for data
	Physical Channel Bits

	Structure I
	ACK/NACK only
	BPSK/QPSK
	12
	4
	yes
	12*4*2=96
	96
	1 or 2

	Structure
II / III
	CQI only
	QPSK
	12
	1
	no
	12*1*1=12
	120
	20


Table 1
The details of the design for ACK/NACK transmission plus CQI (structure III) is ongoing.

However, the current structures have not taken into account specifics for LTE TDD operation.  Specifically the possibility for multiple ACK/NACK transmission in TDD has not been accommodated for in the design.  This could affect scenarios I and III and requires that the physical channel capacity is increased in some cases.  In this document we look at ways by which the PUCCH channel size may be increased within the LTE design.
2 Multiple ACK/NACK requirement
For TDD, the UL/DL asymmetry can result in situations in which the UE must transmit acknowledgements for more than one DL TTI within a single UL TTI (PUCCH).
We suggest here that a reasonable maximum is 4 acknowledgements without MIMO, and 8 acknowledgements with MIMO.  Thus, a 4:1 DL/UL ratio may be supported by the PUCCH design.  The PUCCH must therefore be able to carry between 1 and 8 bits for HARQ acknowledgement.
The current structure I for ACK/NACK transmission only does not support this requirement.  It would also seem likely that the design of structure II/III for FDD may not be suitable for TDD due to the differing number of bits that must be carried in the TDD cases.
It is noted that the current structure II/III is already rather BW limited (code rates for CQI will be relatively high) and the addition of further bits for multiple ACK/NACK bits within the same physical channel structure does not seem a feasible option.
A more flexible and scalable design is therefore required which can maintain more favourable coding rates as the number of carried information bits is increased.
3 Increasing the PUCCH physical channel capacity
For CQI plus ACK/NACK transmission in TDD there may be the need to transmit up to around 18 information bits on PUCCH (assuming 10 bits for CQI and up to 8 bits for ACK/NACK).  It is clear that the current structure II/III is incapable of supporting this requirement with reasonable coding rate due to its ability to carry only 20 channel-coded bits.

To derive the number of channel bits required for TDD PUCCH structure III, a balancing of the individual performance requirements for CQI and for ACK/NACK reception within the same PUCCH needs to be considered.  For the time-being we consider that a doubling of the PUCCH channel bit rate per user (i.e. to 40 channel-coded bits per sub-frame) may be sufficient to carry up to the necessary 18 information bits.  This assumption needs to be verified.
In order to increase (e.g. double) the number of physical channel bits on PUCCH for simultaneous CQI and ACK/NACK transmission in TDD, the following alternatives may be considered:
A. Higher order modulation of the CAZAC sequences on PUCCH

a. Suffers from decreased symbol spacing and increased PAR across the sub-frame if QAM modulation is used
B. CDM multi-code transmission of multiple CAZAC shifts per user

a. PAR is increased although some PAR-reducing methods may be possible (e.g. [1])

C. FDM multi-code transmission of shorter frequency-domain sequences
a. Single carrier property is lost and PAR is increased

D. TDM multi-code transmission of shorter time-domain sequences

a. PAR need not be increased and the single carrier property is maintained

In this document we focus investigation on CDM option B and TDM option D.
3.1 CDM (option B)
This option involves CDM transmission of multiple time-domain CAZAC shifts within the same SC-FDMA symbol (see Figure 2).  The CAZAC sequence length remains equal to the RB size of 12 (unless Zadoff-Chu is used in which case a nearby prime length may be used with repetition/truncation).  This helps to ensure compatibility with PUCCH structure I as the DM-RS may continue to share the same base CAZAC sequence as used by the data symbols.
However, it is not clear that structure I is essential for TDD.  Alternatives could be to adopt a common data/RS slot structure for TDD PUCCH (e.g. 2 RS for all structure types).  This could reduce the maximum degree of user multiplexing but may avoid imposing excessive constraints on the design and may not limit things in practice when considering that it is unlikely that all users are transmitting single ACK/NACK only.
CDM multi-code transmission naturally increases the PAR although we do not specifically treat this issue in detail here.
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Figure 2
3.2 TDM (option D)
This option involves TDM transmission of more than one modulation symbol within the same SC-FDMA symbol using a shorter time-domain CAZAC sequence (see Figure 3).  The CAZAC sequence length is divided by the number of transmitted modulation symbols.  This carries implications for the DM-RS design if it is assumed that transmissions using this PUCCH structure need to co-exist with structure I.  These would seem to be workable although as mentioned in the previous section, the requirement for compatibility with structure I may not be a strong one (i.e. an alternative structure I could be considered with two DM-RS per slot).

Due to the fact that only one CAZAC sequence is transmitted at a time, TDM multi-code transmission does not increase the PAR.
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Figure 3
4 Simulation
In this section we provide some simulation results comparing the CDM and TDM alternatives for an assumed slot structure with 2 reference symbols and for transmission of 2 QPSK symbols per SC-FDMA symbol.

The results primarily compare channel BER (CBER) so as to remain agnostic to the PUCCH FEC coding.  However, results have also been included for word error rate (WER) based upon the use of a [32,10] Reed-Muller block code (with subsequent puncturing/repetition for rate matching purposes) to provide some approximate indication of performance.  It is acknowledged that these results are indicative only due to the fact that FEC for (multi-ACK/NACK) and CQI have not been agreed upon.

Two different receiver structures are evaluated – single and multi-user.  The first employs single user MMSE equalisation followed by code matched filtering, whereas the second performs multi-user MMSE joint channel and code equalisation.  The use of a multi-user receiver structure is considered with relevance to full codespace usage in frequency selective channels for a more spectrally-efficient PUCCH.  Practical channel estimation is implemented.  A GSM_TU channel at 3km/h was simulated along with a system bandwidth of 10MHz and dual-antenna receiver diversity at the eNB.

Except for the reference case (1 user, 1 QPSK symbol per LB), each user occupies 1/6th of the available PUCCH codespace, providing 40 channel bits per user within one RB.  This is equivalent to transmission of two QPSK symbols per SC-FDMA LB using either the CDM or the TDM method.  This is referred to in the figures as “2 mux”.  The standard 20-bit PUCCH without CDM or TDM QPSK symbol multiplexing is referred to as “1 mux”.

The used CAZAC sequences were computer generated and of length 12 and 6 respectively.  Circular shifts of these were taken in the time domain and the resultant frequency domain CAZAC’s were used for frequency domain spreading of the QPSK modulation data.
Results are provided for single user, 3 users (50% codespace) and 6 users (100% codespace).  CAZAC shifts are maximally spaced between users and (for CDM) also within a user (although we note that this latter case is not strictly necessary and the use of adjacent shifts for the same user is possible even when a single-user equalising receiver is used).  This can allow for a slightly increased PUCCH codespace occupancy (66%) whilst still maintaining a 2-shift separation between users, e.g. by using shift pairs {1,2} , {4,5} , {7,8} , {10,11} for 4 users.  This case was not explicitly included in the simulations.
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Figure 4 – TDM/CDM Single User Receiver Performance for PUCCH (CBER)
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Figure 5 – TDM/CDM Single User Receiver Performance for PUCCH (WER)
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Figure 6 – TDM/CDM Multi User Receiver Performance for PUCCH (CBER)
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Figure 7 – TDM/CDM Multi User Receiver Performance for PUCCH (WER)
5 Discussion
Throughout this section, we use the term “multiplexing order” to represent the number of QPSK modulation symbols multiplexed (TDM or CDM) onto a single SC-FDMA symbol.

It is observed that CDM and TDM are of course identical for the reference case of 1 user with multiplexing order of 1.  A gain of the order of 1dB is observed when moving to 1 user with multiplexing order of 2.  For the CBER curves this is due to improved channel estimation performance resulting from increased user SNR.  For the WER curves this is due also to the increase in coding gain (multiplexing order 1 uses a [20,10] code whereas multiplexing order 2 uses a [32,10] code with repetition to [40,10]).
For the single user receiver it is generally observed that CDM slightly outperforms TDM but the performance difference is not discernable for the region of interest for all cases except the 100% codespace case (6 users).  For the 100% codespace case, CDM displays a more significant advantage (of the order of 2dB at the operating point of interest) over TDM.  However, both CDM and TDM display a significant degradation relative to the 50% codespace scenario.
From a coverage perspective it would seem reasonable that any PAR increase of the CDM case would need to be lower than any observed performance gain to justify selection of CDM over TDM.

Figures 6 and 7 demonstrate that the performance of CDM and TDM are equivalent for the multi-user receiver for all cases including the case of 100% codespace.  They also show that the performance loss for 100% codespace occupancy can be substantially reduced compared to the single user receiver, especially for lower CBER or WER.
6 Conclusions
The requirement to transmit multiple ACK/NACK in the case of TDD PUCCH has not been considered in the current design.  The current PUCCH physical channel structure is insufficient to carry CQI with multiple ACK/NACK with reasonable coding rate.
Methods of increasing the number of channel bits on PUCCH have been presented and discussed.  Of these, code and time division multiplexing of two QPSK symbols onto the same SC-FDMA long block appear to represent the most promising solutions.
Simulation results indicate that the link performance of CDM and TDM methods is very similar in the region of interest except for the case of a single user receiver with 100% codespace occupancy, in which CDM is able to offer some performance advantage.  This advantage does not exist in the case that a multi-user receiver is used.
For the single-user receiver both CDM and TDM methods display a degradation for 100% codespace occupancy when compared to ≤50% codespace occupancy.  The use of a multi-user receiver is able to appreciably reduce this loss.

Hence we conclude that:

· A PUCCH structure with higher per-user channel capacity than the current 20-bit design is required for TDD to carry multiple ACK/NACK plus CQI
· note: this may also be required for transmission of larger CQI reports without ACK/NACK or for improved coding gain for both FDD and TDD
· Multiple ACK/NACK transmission should support a maximum of 4 bits (no MIMO) and 8 bits (MIMO)

· A 40-bit PUCCH may be sufficient to carry multi-ACK/NACK plus CQI (but this should be verified to be compatible with the selected channel coding for ACK/NACK plus CQI)

· CDM and TDM methods with multiplexing order 2 appear to be viable and to perform similarly in the majority of cases
· From a coverage perspective, any link performance benefit of CDM over TDM needs to be weighed up against the PAR loss of CDM

· The LTE design for both FDD and TDD should not preclude the use of 100% codespace for PUCCH
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