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1 Introduction

In the new WI on Short TTI and reduced processing [1] the (selected) objectives are set to be:

For Frame structure type 1: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI for sPUCCH/sPUSCH 

· Down-selection is not precluded

For Frame structure type 2: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH

In this contribution, we present proposals for the short PUCCH channel (sPUCCH).
2 Discussion

A short PUCCH, sPUCCH, should be introduced to support HARQ for short DL transmissions, for fast SR, and, also catering for CA and TDD support. The sPUCCH resources should not cross the slot border to allow for allocation hopping. To save time and facilitate the design of the needed sPUCCH formats, it is beneficial to reuse existing PUCCH format designs as much as possible.
Proposal 1 Use existing PUCCH format designs as basis for sPUCCH format design.

At RAN1#87 it was decided to limit the support of UL sTTI lengths to 2 os (including both 2os and 3os sTTIs in the subframe) and 7 os, see [13].

Since simultaneous sPUSCH/sPUCCH transmission should not be mandatory for the UE to support, it is preferable if sPUSCH and sPUCCH follow the same symbol start and stop patterns. If, for example, (3,2,2,2,2,3) is selected as UL pattern, it should be applied for both sPUSCH and sPUCCH.
Proposal 2 sPUSCH and sPUCCH follow the same sTTI start and stop pattern in a subframe
This allows UCI to be sent over sPUSCH when scheduled, i.e. if the UE does not have a valid scheduling grant in the sTTI, UCI is sent with sPUCCH, otherwise, UCI is multiplexed with the coded data onto the sPUSCH.
Proposal 3 The UCI is always sent with data on sPUSCH (if assigned) if it overlaps with sPUCCH in time.
2.1 2/3 symbol sPUCCH

2.1.1 Design options

Different 2/3os sPUCCH proposals being discussed for sTTI are outlined in Section 6 (Annex B), and is referred to as:

1. Shortened PUCCH

2. Sequence based design

3. Superposed DMRS and data

4. IFDMA based design

Design options 2 and 3 have been designed to enable frequency hopping, and option 4 to be able to widen the frequency allocation to get frequency diversity gains. The intention with option 1 is to limit impact on implementation by reusing design principles of current PUCCH.
2.1.2 RF related aspects

At RAN1#86b, RAN1 sent an LS to RAN4 related to possible implications to the UL operation due to the ON/OFF time mask, see [6]. At RAN4#81 a response was sent (see [7]) that will be discussed at RAN1#88 (for more discussion on the topic, see [10]). 

One case that is not treated in the LS but that must be addressed is the transient period in case of frequency hopping.

Today there is a specified transient period allowed of 20us (‘d’ in Figure 1) in the OFDM symbol preceding and succeeding the hop. This is illustrated in Figure 1 (right part of the figure).
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Figure 1: Transient periods for different allocations (not hopping – left; hopping - right)
As part of the LS response in [7], the transient period can be outside the nominal sTTI borders in case of single sTTI scheduling and in case no SRS transmission is preceding or succeeding the single sTTI transmission. However, in case of frequency hopping, a transient period cannot be avoided irrespective of other conditions on the transmission.
Performance has been evaluated for design option 2 to evaluate the impact on allowing transient periods of different durations in conjunction with frequency hopping. It is expected that the conclusions from the simulations would also apply to design option 3.
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Figure 2: Performance degradation on design option 2 from transient period
The performance degradation by applying a transient period of 10us or 20us is shown in Figure 2. As can be seen, with a transient period as defined today (20us) the performance degradation is exceeding the expected gain from the frequency hopping ((3 dB). Even if the transient period for sTTI would be reduced to half, the loss is still 1.3 dB.
Observation 1 The performance loss for 2os sTTI using a frequency hopping design depends on the transient period duration and will, in a single user scenario, exceed the expected FH gains with the current LTE requirement 
2.1.3 Multiplexing capability

In the current PUCCH format 1 design, there is a possibility to allocate 12 different CSs to different users on the same set of PRBs. In addition, up to 3 OCCs can be assigned, which results in a theoretical multiplexing of 36 users for format 1/1a/1b.

Using a sequence based design (design option 2 in Section 2.1.1), the number of users that can be multiplexed will reduce with the number of sequences allocated per UE. That is, in case of sPUCCH format 1 and QPSK modulation, four CSs must be allocated to each user, reducing the multiplexing capability by the same factor, resulting in at most 3 users to be multiplexed.

How the multiplexing rate is affected by the IFDMA design is not as clear, but for the shortened PUCCH, the reduction of multiplexing will only be due to not being able to apply OCCs.

Observation 2 A sequence based design will reduce the overall multiplexing capacity of sPUCCH
Furthermore, in addition to the performance loss due to the applied transient period in a single user case (see Section 2.1.2), the effect of the transient period will also impact the orthogonality between simultaneously transmitting users.

An example is shown in Figure 3 where the cyclic cross correlation between Cyclic Shift 0 and all possible Cyclic Shifts (0-11) are shown, comparing the case without transient period and with a transient period of 20us in the front of the symbol (i.e. 15.3 us if excluding the CP duration).
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Figure 3: Cross correlation of CS0 with CS0-11 without transient period (left) with 20us (15.3us excl. CP) transient period in the front (right)
As can be seen, the orthogonality between different CSs is significantly impacted by the transient period (modelled as 0+0i IQ samples since there is no knowledge of the signal structure). Even more leakage between different CS would be visible if considering a multi-path channel with a delay spread.
The performance has also been evaluated in a 3-user scenario (where each user is allocated 4 sequences, i.e. format 1b, “QPSK” modulation), comparing the performance to the single user case. Only the case of no transient period and the case of 10us transient period is considered (if using the current 20us transient period in 3GPP TS 36.101 [8], an error floor above 1% is seen, and hence the performance target is not met). Two cases are simulated; the paired users are received at the same power as the wanted user (0 dB), or, where the two paired users are received at 3 dB higher power (-3 dB).
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Figure 4: Impact of lost orthogonality comparing single user (left bars) and 3-user (right bars) scenario
As can be seen, with no transient period impacting the transmission, the performance degradation is limited to 0.1‑0.2 dB. But when applying a transient period of 10us, a performance degradation of 1.4‑3.0 dB is seen. As stated above, a transient period of 20 us was also simulated but resulted in an error floor exceeding the target error rate, and hence if the current LTE requirement is kept 3 simultaneous users would not be possible to allocate, according to the simulations.
Observation 3 The loss of orthogonality from the transient period in case of 2os sPUCCH with frequency hopping has a severe impact on multi-user performance. Simulations indicate that if keeping the current LTE requirement, 3 user multiplexing cannot be supported for a sequence based design
2.1.4 Implementation aspects
The different design options will have different impact on the implementation effort. Design option 1 is based on reusing the current design and hence is a simple extension of the design used today. The drawback with the design is the loss of frequency diversity which cannot be exploited due to the DMRS based demodulation. 
However, the gain from frequency diversity is questionable with design options 2 and 3, provided the results in 2.1.2 and 2.1.3. Design option 4 (IFDMA based design) does not have the problem with transient effects on the frequency hopping, but instead a wider allocation is used to provide a more robust design in terms of frequency diversity. The channel that the signal propagates through will however significantly impact the gain, as already seen in [9].  No gain is seen for an EPA channel, while a rough 2 dB gain is observed for an EVA propagation. Furthermore, the resource allocation of design option 4 will consume more frequency resources, making it unavailable for sPUSCH usage (in case sPUCCH is transmitted). This resource loss gets lower the more users that are simultaneously using the sPUCCH, comparing with for example design option 1 (where multiple PRBs also must be allocated in high load scenarios). However, using an IFDMA based design spanning multiple PRBs is not an efficient usage of resources at low to medium load scenario. It is also not possible to multiplex the design with the legacy PUCCH design, which is possible with design option 1. Also, when spreading out the transmission in frequency, the power per RE is reduced and for coverage limited scenarios, it could have a negative impact to synchronization/channel estimation.
Observation 4 In most scenarios, resource usage is inefficient in case of IFDMA based design spanning multiple PRBs
Observation 5 The frequency hopping gain with an IFDMA design is, to a large extent, dependent on the propagation channel

2.1.5 Payload and coding options

In current LTE, different PUCCH formats exist, carrying different number of payload bits. For 2os sPUCCH, the number of bits carried by the format is limited to 24 (12 sub-carriers, 2 bits per QPSK constellation point). Hence, formats used on PUCCH to carry a larger payload size than that is not of interest. It is proposed to reuse format 1 functionality for 2/3os sPUCCH as well as adopting a format 3-like design using a Reed-Muller block code.
Observation 6 With a maximum payload of 24 bits for 2os sPUCCH the format options from LTE can be limited to format 1 (BPSK/QPSK modulated sequence) and format 3 (Reed-Muller block coding)
2.1.6 Way forward
Based on the observations above the following proposals are made:
Proposal 4 Adopt a 2/3os sPUCCH design with one DMRS symbol and 1 (in case of 2os) or 2 (in case of 3os) symbols carrying the payload
Proposal 5 Define an sPUCCH format based on PUCCH Format 1/1a/1b of length 2/3 symbols up to 2 bit HARQ and 1-bit channel selection to indicate SR.

Proposal 6 Define an sPUCCH format based on PUCCH Format 3 (Reed-Muller block code) of length 2/3 symbols up to 22-bit payload, including 1-bit SR.
2.2 7 symbol sPUCCH

2.2.1 Formats
In addition to the shorter sPUCCH solution described above, a longer sPUCCH is needed for improved coverage (for more information see [11]). For TDD operation and for CA support, also higher payloads are required. 

By reusing the channel code of PUCCH format 3 and adopting an OCC of length 2, the design allows for multiplexing of 2 UEs with the use of an OCC over the 2(3) data symbols transmitted in each frequency region in case of frequency hopping. For a more flexible deployment, also an option of not performing frequency hopping is proposed, see more details [12]. In case of not using frequency hopping, an OCC of 5 or 4 (if SRS is included or not), as in legacy LTE can be used.
For even higher payload requirements, the OCC can be dropped, and the channel coding scheme of PUCCH format 4/5 can be used with the same reference symbol and data symbol pattern.
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Figure 5. 7 symbol sPUCCH with (left) and without (right) frequency hopping
2.2.2 Performance over payload sizes

Some performance is shown in Figure 6 for format 3 and format 4-like sPUCCH design, using different coding options. The RM code supports up to 22 bits (as in current LTE) by using two block codes interleaved over the 5 payload symbols. Also Tail biting convolutional code is investigated by including an 8-bit CRC or not. As can be seen, the TBCC outperforms the RM code over the payload sizes where they overlap (although it should be noted that no OCC is supported for TBCC). For larger payload sizes the use of CRC for TBCC (as the payload size grows, the overhead by including a CRC diminishes) is showing superior performance. 
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Figure 6: Performance of different channel coding options for 7os sPUCCH

Based on the finding above, the following is proposed:
Proposal 7 Define an sPUCCH format based on PUCCH Format 1/1a/1b of length 7 symbols up to 2 bit HARQ and 1-bit channel selection to indicate SR.
Proposal 8 Define an sPUCCH format based on PUCCH Format 3 (LTE Reed-Muller block code) of length 7 symbols up to 22-bit payload, targeting the use case of enhanced coverage, FS2 and CA support
Proposal 9 Define an sPUCCH format based on PUCCH Format 4/5 (TBCC) of length 7 symbols, targeting the use case of enhanced coverage, FS2 and CA support. If CRC is to be adopted or not is left FFS
2.2.3 CSI reporting 

In case channel state information (CSI) would be included in the message sent over sPUCCH, the maximum payload would have to be increased further. It is important for the network to be able to collect CSI from the UE, but the added benefit of periodic CSI reporting compared to aperiodic reporting can be questioned. In case of aperiodic reporting the network can request the CSI report on a per-need basis, in which case the UCI would be transmitted over sPUSCH. Not including the UCI frequently in sPUCCH would also improve sPUCCH performance, which is already negatively impacted by the shorter transmission interval. It is therefore proposed to not support CSI over sPUCCH.
Proposal 10 sTTI operation supports only aperiodic CSI reporting
3 Conclusion

References in the text [1].
Here there are two lists, one listing observations, and one listing proposals. Listing observations are not always needed, but listing proposals are always useful. To update a list, place the cursor inside the list and press F9. 

In section 2 we made the following observations:
Observation 1
The performance loss for 2os sTTI using a frequency hopping design depends on the transient period duration and will, in a single user scenario, exceed the expected FH gains with the current LTE requirement
Observation 2
A sequence based design will reduce the overall multiplexing capacity of sPUCCH
Observation 3
The loss of orthogonality from the transient period in case of 2os sPUCCH with frequency hopping has a severe impact on multi-user performance. Simulations indicate that if keeping the current LTE requirement, 3 user multiplexing cannot be supported for a sequence based design
Observation 4
In most scenarios, resource usage is inefficient in case of IFDMA based design spanning multiple PRBs
Observation 5
The frequency hopping gain with an IFDMA design is, to a large extent, dependent on the propagation channel
Observation 6
With a maximum payload of 24 bits for 2os sPUCCH the format options from LTE can be limited to format 1 (BPSK/QPSK modulated sequence) and format 3 (Reed-Muller block coding)


Based on the discussion in section 2 we propose the following:
Proposal 1
Use existing PUCCH format designs as basis for sPUCCH format design.
Proposal 2
sPUSCH and sPUCCH follow the same sTTI start and stop pattern in a subframe
Proposal 3
The UCI is always sent with data on sPUSCH (if assigned) if it overlaps with sPUCCH in time.
Proposal 4
Adopt a 2/3os sPUCCH design with one DMRS symbol and 1 (in case of 2os) or 2 (in case of 3os) symbols carrying the payload
Proposal 5
Define an sPUCCH format based on PUCCH Format 1/1a/1b of length 2/3 symbols up to 2 bit HARQ and 1-bit channel selection to indicate SR.
Proposal 6
Define an sPUCCH format based on PUCCH Format 3 (Reed-Muller block code) of length 2/3 symbols up to 22-bit payload, including 1-bit SR.
Proposal 7
Define an sPUCCH format based on PUCCH Format 1/1a/1b of length 7 symbols up to 2 bit HARQ and 1-bit channel selection to indicate SR.
Proposal 8
Define an sPUCCH format based on PUCCH Format 3 (LTE Reed-Muller block code) of length 7 symbols up to 22-bit payload, targeting the use case of enhanced coverage, FS2 and CA support
Proposal 9
Define an sPUCCH format based on PUCCH Format 4/5 (TBCC) of length 7 symbols, targeting the use case of enhanced coverage, FS2 and CA support. If CRC is to be adopted or not is left FFS
Proposal 10
sTTI operation supports only aperiodic CSI reporting
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5 Annex A
Simulation assumptions

Table 1: Link-level simulation assumptions.

	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	2, 7 symbols

	Channel model
	EPA

	UE speed
	3 km/h

	Antenna configuration
	1 Tx, 2 Rx

	CP length
	Normal

	Receiver type
	MMSE

	Channel estimation
	Practical

	Channel coding
	RM

TBCC with CRC (8 bit)

TBCC without CRC

	Performance metrics
	ACK missed detection probability 1%, 
NACK-to-ACK error probability 0.1 %, 
DTX-to-ACK probability 1%

Failed CRC check treats all bits as NACK

Registered SNR is where all metrics are fulfilled.

	Frequency Hopping
	Yes

	2os design
	Sequence based

	7os design
	DMRS based


6 Annex B
2/3 os sPUCCH design options
6.1 Shortened PUCCH

The shortened PUCCH design basically keeps the design of the 14 symbol PUCCH but limits the duration to 2 symbols due to the shorter sTTI.

Apart from that, the design is the same as in PUCCH, using for example DMRS based demodulation, and reusing the orthogonal sequences defined for PUCCH.

Since there are only 2 symbols used to transmit the sPUCCH, frequency hopping cannot be supported within the sTTI.

The mapping could however shift frequency after each slot for better multiplexing with legacy PUCCH as well as provide diversity between sPUCCH blocks, see Figure 7.


[image: image8.emf]R D R D R D D

R D R D R D D

PRB B:

PRB A:

sTTI#0 sTTI#1 sTTI#2 sTTI#3 sTTI#4 sTTI#5

S

R

D

Slot border

sTTI border

Reference symbol

Data symbol

S

Sounding ref. symbol

(optionally replaing D)


Figure 7: Shortened PUCCH (illustrating UL pattern [2,2,3,2,2,3])
6.2 Sequence based

The sequence based design does not make use of DMRS based demodulation, but instead relies on a sequence detector. This means that coherence need not be supported between the two symbols, and hence frequency hopping can be supported. Multiple sequences are allocated to a single UE, and the selection of a certain sequence signals the content of the sPUCCH by resource selection. For example, a UE is allocated Cyclic Shift (CS) [0,3,6,9] and using CS0 would indicate [Ack, Ack] while using CS4 could indicate [Nack, Nack], for example.
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Figure 8: Sequence based sPUCCH (illustrating UL pattern [2,2,3,2,2,3])
6.3 Superposed DMRS and data

In this design the data and DMRS are superposed to be able to perform channel estimation on each frequency used by the sTTI. The DMRS sequences is designed so that the superposed signal possesses good PAR properties.
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Figure 9: Superposed DMRS and data (illustrating UL pattern [2,2,3,2,2,3])
6.4 IFDMA based
The IFDMA based design uses a sparser, but wider, frequency allocation to gain frequency diversity.

Each user is allocated a “comb“ and a reference signal to be used in the allocated comb. The data is also transmitted with a comb structure (not necessarily the same as the reference signal).
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Figure 10: IFDMA based sPUCCH (illustrating UL pattern [2,2,3,2,2,3])
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