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1
Introduction

At the recent meetings (i.e., at the RAN1 #38bis meeting and at the joint RAN1 #38 and RAN2 #43 meeting), different contributions regarding the E-DCH HARQ protocol have been discussed. Different options regarding the signalling overhead that is required for the HARQ operation have been outlined. The Annex A of this document provides an analysis of a number of possible error cases for two of those options: (1) using a single RSN value [5], combining the new data and the redundancy version indications in one field, and, (2) using separate NDI and RV fields [1] for the new data and the redundancy version indications. The same analysis was submitted to the RAN1 #38bis meeting for discussion [3]. It is hereby provided also to the RAN2 for discussion.

In the analysis, assumptions are made regarding the expected HARQ receiver operation. A number of error cases are outlined and the expected receiver behaviours for the two options are analysed, respectively. Certain conclusions from that analysis are provided in the in the Annex A, section A-4. The results of the analysis are commented below.

2
Comments of the analysis

In case the RSN option is used, the Annex A discusses the possibility of using either a two-bit or a three-bit RSN. The three-bit RSN option was used for the analysis, because it was considered more robust versus certain error cases (i.e., in the "dropout" scenarios). Three bits were assumed also in case the NDI/RV option is used, two bits for the NDI (which is a minimum for reasonable performance in soft handover) and one bit for the RV indicator. Hence, the two options were considered to require the same amount of HARQ signalling overhead.

Regarding the robustness versus the various error cases, the two options perform similarly. Both of the RSN and the NDI/RV options were found to handle most of the identified error cases without any severe problem. Typically, the HARQ receiver fully recovers from any preceding error when the UE starts to transmit the next SDU and the affected Node B detects that either the RSN was reset or the NDI was incremented to a new value.

When the UE is in soft handover, the RNC must be able to handle SDU duplications. It is assumed that this will be part of the SDU reordering function in the RNC. There is no difference between the RSN and the NDI/RV options in this respect. (Note: SDU duplication might occur also when the UE is not in soft handover, depending on how the requirements on the Node B are settled.)

There are certain additional benefits by using the RSN option, for instance, in order to support the E-DCH outer loop power control. A contribution discussing that possibility is provided to this meeting [6].

3
Conclusion from the RAN1 discussion

3.2
Tentative conclusion in RAN1

At the RAN1 #38bis meeting (Korea, 20 – 24 September), a proposal from Siemens was raised [4], trying to settle the different HARQ signalling options. The proposal suggests that the RSN is used and it could be summarized as follows:

–
To signal the RSN from the UE to the Node B, two bits are used.

–
The RSN value for each initial transmission is 0. The RSN value for the first retransmission is 1; for the second retransmission it is 2; for the third retransmission and for each further retransmission it is 3.

–
For RSN values less than 3, the RV is given as a function of the RSN value.

–
For RSN values equal to 3, the RV is given as a function of the CFN, e.g., as described in [2].
There was no firm conclusion in RAN1 about the proposal, but it seemed to gain support from a large number of companies. An e-mail discussion on the subject was set out on the RAN1 e-mail reflector, to be concluded by the 6 October.

3.2
Comments

The proposal in [4] could be seen as a variant of the RSN option that is analysed in the Annex A, with the characteristics that: (1) a two-bit (instead of a three-bit) RSN value is used; and, (2) that the RV when RSN = RSN_max is determined by a function of the CFN instead of the internal RSN count (RSN_internal). 

Regarding the error cases in Annex A: reducing the number of RSN bits could lead to a somewhat higher subjectivity to the error case described in the table 8 [the "RSN dropout (1)" case]. A loss of three subsequent RSN values [RSN = 0…2] could lead to a failure in the Node B to flush the soft combiner buffer. It should be noted that the failure is fully recovered when the UE starts to send the next SDU and when the Node B then receives an RSN ( RSN_max. Besides, RSN dropouts are not expected to be very frequent during normal operation. The HARQ signalling information should be sent with sufficient code power to reduce the risk to a minimum, otherwise the code power spent on the payload is wasted. Therefore, reducing the number of RSN bits to two is not seen as a problem for the reliability.

Neither is the proposal to determine the RV based on the CFN, instead of the internal RSN count (RSN_internal) when the RSN = RSN_max, seen as a problem. As a consequence, self-decodable RVs need to be sent within this part of the sequence [2]. Non-systematic RV(s) may still follow the first transmission at RSN = 1 and/or at RSN = 2.

4
Proposal

It is proposed that the tentative conclusion from the RAN1 #38bis meeting is technically endorsed by the RAN2. It seems to provide a good selection of the alternatives proposed so far.

Regarding the function defining the RV on the basis of the RSN and the CFN values, it is something that should be defined by the RAN1.
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Annex A
HARQ operation

A-1
Option 1: Using RSN as a combined NDI and RV indication

In [5], it is proposed that the new data and the redundancy version indications are combined, using a common retransmission sequence number (RSN). Each new transmission of an SDU starts with the RSN = 0. The RSN is then incremented by one for each retransmission, up to the maximum RSN value (RSN_max). 

An encoding of the RSN using three bits was proposed, allowing an RSN_max = 7. Other values of the RSN_max could be considered. Using an RSN_max = 3 would allow a representation of the RSN by only two bits, thereby further reducing the HARQ overhead.

So far, it has not been clearly defined how the RSN shall be handled if the number of required retransmissions exceeds RSN_max, which would be possible if the maximum number of transmissions N is greater than RSN_max ( 1. A straightforward approach would be to continue transmitting SDUs using RSN = RSN_max, for all of the remaining retransmissions. Using that approach, the complete RSN sequence would be:

RSN = 0, 1, 2, … RSN_max ( 1, RSN_max, RSN_max, … RSN_max; 

where the value RSN = RSN_max is repeated up to N ( RSN_max times.

The redundancy version used for each transmission is associated with the RSN value. For the RSN values less than the RSN_max, the redundancy version is given as a function of the RSN value. 

When the transmitted RSN value reaches RSN_max, there are different options. One possibility is to use the same redundancy version for all of the remaining transmissions (RSN = RSN_max). Another option is that the HARQ transmitter and the HARQ receiver both keeps an internal representation of the RSN, which can continue being incremented for each transmission, also when RSN_max is reached (RSN_internal = 0, 1, … N(1). In this way, the redundancy version can always be derived from the RSN_internal. The restrictions regarding the redundancy version associated with the RSN = RSN_max could be removed. The internal representation of the RSN, which is stored by the receiver, is synchronized with the transmitter each time an RSN ( RSN_max is received. An example is given in table 1 (for RSN_max = 7 and N = 10). 

The sequence of redundancy versions indicated in the table 1 is not explicitly defined. Essentially any sequence of redundancy versions could be supported.

Table 1: Example of mapping between the RSN and the redundancy version

	RSN 
(RSN_max = 7)
	0
	1
	2
	3
	4
	5
	6
	7
	7
	7
	…

	RSN_internal 
(N = 10)
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	…

	Redundancy version
	… Sequence defined as a function of 'RSN_internal' …


Based on this approach, certain behaviour of the HARQ receiver could be assumed. The basic behaviour is summarized in table 2 below. The assumed behaviour is used for the analysis of potential error cases in the sections below.

Table 2: Basic behaviour of the HARQ receiver (RSN)

	-- The different HARQ processes are all independent.

-- There are 'm' parallel HARQ processes: each HARQ process handles a sequence of L1 frames, where 

-- the L1 frames are received periodically from the lower layers equally spaced by 'm' TTI.

-- The following (pseudo coded) procedure illustrates the basic behaviour of each HARQ receiver:

RSN_internal := RSN_max

LOOP
-- For every 'm' TTI

RSN_internal := RSN_internal + 1


IF (a valid RSN cannot be obtained from L1 frame) THEN



(send NACK)


ELSE



RSN := (RSN obtained from L1 frame)



IF (RSN < min(RSN_internal, RSN_max)) OR (RSN > RSN_internal) THEN




(flush the soft combiner buffer for this HARQ process)




RSN_internal := RSN



ENDIF



(perform soft combining and decoding of L1 frame using RV obtained from 'RSN_internal')



IF (the decoding is successful) THEN




(send ACK)

-- A successful decoding is verified by a correct CRC


ELSE




(send NACK)



ENDIF


ENDIF

ENDLOOP




Regarding the HARQ receiver behaviour described in the table 2, it might be noted that essentially the same procedure is used by the receiver at the reception of a new SDU, a retransmitted of SDUs and also to cover certain error cases. The differentiation of the behaviour is controlled by the RSN value that is obtained from the received L1 frame and the RSN_internal value stored by the HARQ receiver in the NB.

The soft combiner buffer is flushed whenever the RSN value obtained from the received L1 frame is different from the expected RSN value, which can be derived from the RSN_internal value managed by the receiver.

A-2
Option 2: Using separate NDI and RV indications

An alternative to the arrangement with the RSN combining both the NDI and the RV is to use an arrangement with separate NDI and RV indications [1]. For the analysis, it is assumed that the NDI is a two-bit field (values: 0…3). It is considered that a two-bit NDI field is needed to provide reliability during soft handover. 

The RV is a one-bit field. A one-bit RV field is sufficient if only two redundancy versions are needed.

The basic behaviour of the HARQ receiver in this case is summarized in table 3. The assumed behaviour is used for the analysis of potential error cases in the sections below.

Table 3: Basic behaviour of the HARQ receiver (NDI and RV)

	-- The different HARQ processes are all independent.

-- There are 'm' parallel HARQ processes: each HARQ process handles a sequence of L1 frames, where 

-- the L1 frames are received periodically from the lower layers equally spaced by 'm' TTI.

-- The following (pseudo coded) procedure illustrates the basic behaviour of each HARQ receiver:

(flush the soft combiner buffer for this HARQ process)
-- As a start-up procedure

NDI-internal := 0
-- Arbitrary choice
LOOP
-- For every 'm' TTI

IF (a valid NDI cannot be obtained from L1 frame) THEN



(send NACK)


ELSE



NDI := (NDI obtained from L1 frame)



IF (NDI != NDI-internal) THEN




(flush the soft combiner buffer for this HARQ process)




NDI-internal := NDI



ENDIF



(perform soft combining and decoding of L1 frame using RV obtained from L1 frame)



IF (the decoding is successful) THEN




(send ACK)

-- A successful decoding is verified by a correct CRC


ELSE




(send NACK)



ENDIF


ENDIF

ENDLOOP




Similar to the RSN option, essentially the same procedure can be used by the receiver at the reception of a new SDU, a retransmitted of SDUs and also to cover certain error cases. The differentiation of the behaviour is controlled by the NDI value that is obtained from the received L1 frame and the NDI-internal value stored by the HARQ receiver in the NB.

The soft combiner buffer is flushed whenever the NDI value obtained from the received L1 frame is different from the last NDI value obtained from a preceding L1 frame (stored as the NDI-internal within the receiver).

A-3
Analysis of operation during soft handover

A-3.1
General

The most interesting operational scenarios are related to the soft handover scenario, i.e., when the UE is transmitting and there are two or more cells (Node Bs) in the active set. The different NBs are receiving independently of each other. They are also sending ACK/NACK independently of each other.

In the following sub-clauses, a number of operational scenarios using two NBs are listed, including a number of "error cases", where (at least) one of the two fails to receive the transmitted SDU. HARQ configurations using both the RSN and the separated NDI and RV indicators are investigated and compared.

A-3.2
Typical retransmission

The typical retransmission scenarios in the tables 4 and 5 are not error cases in the usual sense. They should rather be regarded as the normal HARQ operation during soft handover. 

In these examples, both the NB1 and the NB2 fail to correctly decode the SDU (a) at the first transmission. At the second transmission, the NB1 succeeds and acknowledges the reception of the SDU (a) to the UE.

The NB2 fails also at the second attempt and expects a third transmission of the SDU (a). However, the UE transmits the SDU (b). In the RSN case, this is signalled by resetting the RSN to RSN = 0. An RSN < RSN_internal is detected by the NB2, which implies that the soft combiner buffer is flushed and the SDU (b) can be received normally.

Table 4: Typical retransmission (RSN)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), RSN = 0

NACK received
	SDU fails, RSN = 0

Send NACK
	SDU fails, RSN = 0

Send NACK
	–
	RSN < RSN_internal: soft combiner is flushed (both NBs)

	SDU (a), RSN = 1

ACK received
	SDU (a), RSN = 1

Send ACK
	SDU fails, RSN = 1

Send NACK
	SDU (a) received (NB1)
	RSN = RSN_internal: soft combining and successful decoding (NB1)

	SDU (b), RSN = 0

ACK received
	SDU (b), RSN = 0

Send ACK
	SDU (b), RSN = 0

Send ACK
	SDU (b) received (both NBs)
	RSN < RSN_internal: soft combiner is flushed (both NBs)


In the NDI/RV case, the UE signals the transmission of the SDU (b) by an increment of the NDI value. An NDI ( NDI-internal is detected by the NB2, which implies that the soft combiner buffer is flushed and the SDU (b) can be received normally.

Table 5: Typical retransmission (NDI/RV)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), NDI = 1, RV = 0

NACK received
	SDU fails, NDI = 1

Send NACK
	SDU fails, NDI = 1

Send NACK
	–
	NDI ( NDI-internal: soft combiner is flushed (both NBs)

	SDU (a), NDI = 1, RV = 1

ACK received
	SDU (a), NDI = 1

Send ACK
	SDU fails, NDI = 1

Send NACK
	SDU (a) received (NB1)
	NDI = NDI-internal: soft combining and successful decoding (NB1)

	SDU (b), NDI = 2, RV = 0

ACK received
	SDU (b), NDI = 2

Send ACK
	SDU (b), NDI = 2

Send ACK
	SDU (b) received (both NBs)
	NDI ( NDI-internal: soft combiner is flushed (both NBs)


There is no particular difference between the RSN and the NDI/RV options in the typical retransmission scenarios. They are very similar. As long as the respective RSN and NDI/RV indictors are obtained and decoded correctly by the receiving HARQ entities, the operation is performed as expected.

A-3.3
SDU duplication

The scenarios shown in the tables 6 and 7 are two examples where SDU duplication occurs. SDU duplication may happen in different ways:

–
The SDU (a) is first received correctly by the NB1 and sent to the RNC. However, the UE does not receive the acknowledgement sent from the NB1. The UE determines an "implicit NACK" and retransmits the SDU (a). At the second transmission, the NB2 receives the SDU (a) and deliver it to RNC. Consequently, the RNC receives the SDU (a) twice, first from the NB1 and then, a few TTIs later, from the NB2.

–
The SDU (b) is successfully received by both NBs. Both NBs send the SDU (b) to the RNC independently and more or less simultaneously.

During soft handover, it is not possible to prevent the SDU duplication, because the different NBs are acting independent of each other. A mechanism is thus needed in the RNC to detect and remove duplicates of an SDU. It is assumed that this will be part of the SDU reordering function, performed by the RNC (e.g., by the MAC‑es entity [TBD]).

There is no difference between the RSN and the NDI/RV options in this respect. The same kinds of SDU duplication occur in both cases (tables 6 and 7).

Table 6: SDU duplication (RSN)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), RSN = 0

ACK not received: (implicit NACK)
	SDU (a), RSN = 0

Send ACK
	SDU fails, RSN = 0

Send NACK
	SDU (a) received (NB1)
	RSN < RSN_internal: soft combiner is flushed (both NBs). Successful decoding (NB1). UE does not receive ACK

	SDU (a), RSN = 1

ACK received
	SDU (a), RSN = 1

Send ACK (Note 1)
	SDU (a), RSN = 1

Send ACK
	Duplicate of SDU (a) received (NB2)
	RSN = RSN_internal: soft combining and successful decoding (NB2).

RNC receives duplicate of SDU (a)

	SDU (b), RSN = 0

ACK received
	SDU (b), RSN = 0

Send ACK
	SDU (b), RSN = 0

Send ACK
	SDU (b) received (both NBs)
	RSN < RSN_internal: soft combiner is flushed (both NBs).

Both NBs send SDU (b) to RNC.

	Note 1:
The NB1 should repeat the ACK of SDU (a). The fact that the UE retransmitted the SDU (a) indicates that the UE did not receive the previous ACK and, therefore, a repetition is needed. However, sending a second SDU (a) to the RNC is unnecessary.


Table 7: SDU duplication (NDI/RV)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), NDI = 1, RV = 1

ACK not received: 
(implicit NACK)
	SDU (a), NDI = 1

Send ACK
	SDU fails, NDI = 1

Send NACK
	SDU (a) received (NB1)
	NDI ( NDI-internal: soft combiner is flushed (both NBs). Successful decoding (NB1). UE does not receive ACK

	SDU (a), NDI = 1, RV = 0

ACK received
	SDU (a), NDI = 1

Send ACK (Note 1)
	SDU (a), NDI = 1

Send ACK
	Duplicate of SDU (a) received (NB2)
	NDI = NDI -internal: soft combining and successful decoding (NB2).

RNC receives duplicate of SDU (a)

	SDU (b), NDI = 2, RV = 0

ACK received
	SDU (b), NDI = 2

Send ACK
	SDU (b), NDI = 2

Send ACK
	SDU (b) received (both NBs)
	NDI ( NDI-internal: soft combiner is flushed (both NBs).

Both NBs send SDU (b) to RNC.

	Note 1:
The NB1 should repeat the ACK of SDU (a). The fact that the UE retransmitted the SDU (a) indicates that the UE did not receive the previous ACK and, therefore, a repetition is needed. However, sending a second SDU (a) to the RNC is unnecessary.


A-3.4
Dropout of HARQ control information

The next set of error cases is concerned with the dropout of HARQ control information. 

If the received signal is too weak, or interference is present, the receiving entity could be unable to perform a reliable detection of the HARQ control information. It is assumed that some kind of threshold is applied, such that the receiver can determine when reliable header information can be obtained and not. A dropout of the header information implies that the NB is unable to determine how to process the L1 frame that was received. The SDU cannot be obtained. It is assumed that a NACK is sent to the UE in that case. Note that more advanced receiver strategies can be considered as well, exploiting the correlation between retransmissions in the control signalling information to obtain a soft combining gain.

In the table 8, a sequence is shown where the NB2 is unable to obtain the RSN for a number of subsequent L1 frames. In parallel with that, the NB1 is also unable to decode the SDUs that are received. Although the NB1 is able to detect the RSN, the UE is required to retransmit the SDU (b) a large number of times, because an ACK of SDU (b) is not received. Eventually, the RSN value reaches RSN = RSN_max.

In this example, the NB1 is able to perform soft combining, because the NB1 has detected that the RSN sequence was reset when the UE started to send the SDU (b). Consequently, the NB1 should be able to succeed with the decoding of the SDU (b), if only sufficient signal is received.

The NB2, on the other hand, did not obtain any of the RSN values in the range: 0 … RSN_max ( 1. Although the RSN = RSN_max is received, the NB2 is unable to detect the shift from SDU (a) to SDU (b) and, consequently, that the soft combiner buffer needs to be flushed. The NB2 therefore performs an incorrect soft combining of SDU (a) and SDU (b). The decoding of SDU (b) is more or less bound to fail.

The NB2 recovers from this situation when the UE starts to transmit SDU (c) and when the NB2 obtains an RSN value different from the RSN_max (RSN < RSN_max). In that moment, the NB2 detects that the UE has started to transmit a new SDU. The soft combiner buffer is flushed.

The UE may start to send the SDU (c) because of either of two possible events:

–
The UE receives an ACK of SDU (b). That is possible in the soft handover scenario, if the NB1 receives the SDU (b) correctly and sends an ACK to the UE. This is also a successful case, because it does not result in an SDU loss in the RNC.

–
The UE has transmitted the SDU (b) the maximum number of times (N) without receiving an ACK. The UE then discards the SDU (b) and starts to transmit the SDU (c). This is thus an unsuccessful case, because the SDU (b) is lost and cannot be delivered to the RNC.

In order to lessen the risk of an RSN dropout, where the transmitted RSN value reaches RSN_max, the value RSN_max should not be chosen too low.

Table 8: RSN dropout (1)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), RSN = 0

ACK received
	SDU (a), RSN = 0

Send ACK
	SDU fails, RSN = 0

Send NACK
	SDU (a) received (NB1)
	RSN < RSN_internal; soft combiner is flushed (both NBs)

	SDU (b), RSN = 0

NACK received
	SDU fails, RSN = 0

Send NACK
	RSN not obtained

Send NACK
	–
	(NB1 RSN = 0) RSN < RSN_internal: the soft combiner is flushed.

(NB1 RSN = 0…6) SDU decoding fails: retransmission of SDU (b) continues.

(NB2 RSN = 0…6) RSN is not obtained.

	SDU (b), RSN = 1

NACK received
	SDU fails, RSN = 1

Send NACK
	RSN not obtained

Send NACK
	–
	

	SDU (b), RSN = 2…5
	SDU fails, RSN = 2…5
	RSN not obtained
	:

–

:
	

	SDU (b), RSN = 6

NACK received
	SDU fails, RSN = 6

Send NACK
	RSN not obtained

Send NACK
	–
	

	SDU (b), RSN = 7

NACK received
	SDU fails, RSN = 7

Send NACK
	SDU fails, RSN = 7

Send NACK
	–
	RSN = RSN_max (NB2): 
NB2 fails to flush soft combiner: an incorrect combining of SDU (a) and SDU (b) is performed (NB2)

	SDU (b), RSN = 7

ACK received
	SDU (b), RSN = 7

Send ACK
	SDU fails, RSN = 7

Send NACK
	SDU (b) received (NB1)
	Soft combining of SDU (b) (NB1); RV determined by RSN_internal = 8

	SDU (c), RSN = 0

ACK received
	SDU (c), RSN = 0

Send ACK
	SDU (c), RSN = 0

Send ACK
	SDU (c) received (both NBs)
	RSN < RSN_internal; soft combiner is flushed (both NBs). NB2 recovers


A similar sequence is shown in the table 9. Also in this case, the NB2 is unable to obtain the RSN for a (possibly long) sequence of L1 frames. However, the NB1 performs normally and receives a sequence of SDUs (SDU (b) to SDU (e) in this example) during the sequence of non-obtained RSN values in the NB2.

This might be a quite frequent scenario during soft handover, because the UE power control should be able to ensure that (at least) one NB performs well, whereas other NBs within the active set might receive rather weak signals. Those NBs receiving a weak signal might have problem to obtain the RSN from every L1 frame.

In this case, the RSN dropout does not result in a problem, because when the NB2 eventually obtains an RSN, the RSN value is less than RSN_max (RSN < RSN_max). The NB2 has kept incrementing the RSN_internal during the dropout and, consequently, the NB2 detects that new data is received and that a flush of the soft combiner is needed, because the RSN < RSN_internal. The NB2 is then able to perform soft combining and receive the subsequent SDUs normally.

Table 9: RSN dropout (2)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), RSN = 0

ACK received
	SDU (a), RSN = 0

Send ACK
	SDU fails, RSN = 0

NACK
	SDU (a) received (NB1)
	RSN < RSN_internal; soft combiner is flushed (both NBs)

	SDU (b), RSN = 0

NACK received
	SDU fails, RSN = 0

Send NACK
	RSN not obtained

Send NACK
	–
	SDU (b) … SDU (e) are received via NB1 using a number of SDU transmissions (and retransmissions).

NB2 does not obtain the RSN for a (long) sequence of frames.

RSN_internal is incremented to RSN_max or beyond:
RSN_internal (NB2) ( RSN_max

	SDU (b), RSN = 1

ACK received
	SDU (b), RSN = 1

Send ACK
	RSN not obtained

Send NACK
	SDU (b) received (NB1)
	

	:

SDU (c) … SDU (e)

ACK received

:
	:

SDU (c) … SDU (e)

Send ACK

:
	:

RSN not obtained

:
	:

SDU (c) … SDU (e) received (NB1)

:
	

	SDU (f), RSN = 0

NACK received
	SDU fails, RSN = 0

Send NACK
	RSN not obtained

Send NACK
	–
	

	SDU (f), RSN = 1

ACK received
	SDU (f), RSN = 1

Send ACK
	SDU (f), RSN = 1

Send ACK
	SDU (f) received (both NBs)
	RSN < RSN_internal (NB2): i.e., the soft combiner is flushed correctly.


In the tables 10 and 11, two NDI dropout scenarios are shown for the HARQ option using the separate NDI and RV indications. The NDI dropout (1) scenario (table 10) is similar to the RSN dropout (1) scenario discussed before (table 8). The NB2 does not obtain the NDI during a sequence of L1 frames. In parallel with that, the NB1 fails to receive the SDU (b), which the UE consequently has to retransmit a number of times.

Unlike the RSN dropout (1) scenario, the NB2 in this scenario is able to flush the soft combiner buffer, if the NDI associated with the SDU (b) is eventually obtained. Soft combining based on the last transmissions of the SDU (b) would then be possible. However, as the SDU (b) is retransmitted a large number of times, the scenario could also end by the UE performing a pre-emption of the SDU (b) after the maximum N transmissions, in which case the SDU (b) is lost. 

Consequently, comparing the RSN and NDI dropout (1) cases, there is a certain advantage for the NDI/RV option, if the dropout in the NB2 lasts for a number of k consecutive frames, and RSN_max ( k ( N (maximum number of SDU transmissions). If those inequalities are not fulfilled, e.g. by selecting RSN_max sufficiently large, there is no essential difference between the RSN and NDI/RV options.

Table 10: NDI dropout (1)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), NDI = 1, RV = 0

ACK received
	SDU (a), NDI = 1

Send ACK
	SDU fails, NDI = 1

Send NACK
	SDU (a) received (NB1)
	NDI ( NDI-internal; soft combiner is flushed (both NBs)

	SDU (b), NDI = 2, RV = 0

NACK received
	SDU fails, NDI = 2

Send NACK
	NDI not obtained

Send NACK
	–
	NDI ( NDI-internal (NB1); soft combiner is flushed (NB1)

	SDU (b), NDI = 2, RV = x
	SDU fails, NDI = 2
	NDI not obtained
	:

–

:
	NB1: SDU decoding fails (NDI = 2): retransmission of SDU (b) continues.

NB2: NDI is not obtained.

	SDU (b), NDI = 2, RV = x

NACK received
	SDU fails, NDI = 2

Send NACK
	SDU fails, NDI = 2

Send NACK
	–
	NDI ( NDI-internal (NB2); soft combiner is flushed (NB2)

	SDU (b), NDI = 2, RV = x

ACK received
	SDU (b), NDI = 2

Send ACK
	SDU (b), NDI = 2

Send ACK
	SDU (b) received (both NBs)
	Soft combining of SDU (b) 
(both NBs)


Like with the RSN option, the typical scenario during soft handover and the NDI/RV option is probably that (at least) one of the NBs is performing within the active set reasonably well. Although other NBs within the active set might suffer from long (RSN or) NDI dropouts, the transmission of SDUs may anyhow progress via those NBs performing better. This scenario, applied to the NDI/RV option, is shown in the table 11.

In this case, there is a certain risk (up to 25%) that when the NB2 eventually obtains the NDI after the dropout, the UE transmits an SDU using the same NDI value as was used before the dropout. In that case, the NB2 does not detect that new data is sent. The NB2 fails to flush the soft combiner buffer and it might thus perform an incorrect combining of the SDU (a) and the SDU (e), as shown in the example in the table 11.

The NB2 always recovers when the UE starts to transmit the SDU (f) in the example, and the NDI is incremented one step more. Still, comparing the RSN and NDI dropout (2) cases, there is a certain advantage for the RSN option, if the dropout in the NB2 lasts for a number of consecutive frames, whilst the transmission of SDUs progresses via the NB1 (or other NBs within the active set).

Table 11: NDI dropout (2)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), NDI = 1, RV = 0

ACK received
	SDU (a), NDI = 1

Send ACK
	SDU fails, NDI = 1

Send NACK
	SDU (a) received (NB1)
	NDI ( NDI-internal; soft combiner is flushed (both NBs)

	SDU (b), NDI = 2, RV = 0

ACK received
	SDU (b), NDI = 2

Send ACK
	NDI not obtained

Send NACK
	SDU (b) received (NB1)
	NDI ( NDI-internal (NB1); soft combiner is flushed (NB1)

	SDU (b), NDI = 3, RV = 0

NACK received
	SDU fails, NDI = 3

Send NACK
	NDI not obtained

Send NACK
	–
	NDI ( NDI-internal (NB1); soft combiner is flushed (NB1)

	SDU (c), NDI = 3, RV = 1

ACK received
	SDU (c), NDI = 3

Send ACK
	NDI not obtained

Send NACK
	SDU (c) received (NB1)
	NDI = NDI-internal (NB1): soft combining and successful decoding

	SDU (d), NDI = 0, RV = 0

ACK received
	SDU (d), NDI = 0

Send ACK
	NDI not obtained

Send NACK
	SDU (d) received (NB1)
	NDI ( NDI-internal (NB1); soft combiner is flushed (NB1)

	SDU (e), NDI = 1, RV = 0

ACK received
	SDU (e), NDI = 1

Send ACK
	SDU fails, NDI = 1

Send NACK
	SDU (e) received (NB1)
	NDI = NDI-internal (NB2): 
NB2 fails to flush soft combiner: an incorrect combining of SDU (a) and SDU (e) is performed (NB2)

	SDU (f), NDI = 2, RV = 0

ACK received
	SDU (f), NDI = 2

Send ACK
	SDU (f), NDI = 2

Send ACK
	SDU (f) received (both NBs)
	NDI ( NDI-internal; soft combiner is flushed (both NBs). NB2 recovers.


To summarize the dropout scenarios:

–
The NDI option has a certain advantage, if the progress of the SDU transmission is very poor via all of the NBs within the active set.

–
The RSN option has a certain advantage, as long as the transmission of the SDUs progresses reasonably well via (at least) one of the NBs within the active set.

If the overall progress of the SDU transmission is very poor (via all of the NBs), the UE might be forced to do pre-emption of SDUs. That results in SDU losses, which may require retransmission of data at a higher layer. Both options (the RSN and the NDI/RV options) have similar abilities to flush the soft combiner buffer and recover HARQ operation after an SDU pre-emption.

A-3.5
Incorrectly decoded HARQ control information

Although it has been assumed that a threshold should be applied, preventing a random decoding of the HARQ control information in the presence of a weak input signal, there is always a certain risk that the HARQ control information is incorrectly decoded. In this section, the error cases caused by an incorrect decoding of the HARQ control information are analysed.

The tables 12 and 13 shows two sequences where the RSN is incorrectly decoded by the NB2 (the UE sends RSN = 1, RSN ( 1 is received). In both cases, that leads to the soft combiner buffer being flushed incorrectly. The RV determined by the received RSN value might also be wrong. Both of these circumstances means that the SDU reception in the NB2 is likely to fail.

If the UE retransmits the same SDU (a) in the next frame (table 13) and the RSN in that frame is received correctly, the NB2 should flush the soft combiner buffer again, because the soft combiner buffer was likely compromised by the fact that the RV in the previous frames might have been wrong. The IR gain is lost and the SDU reception might fail also this time.

The NB2 fully recovers when the UE starts to transmit the SDU (b) in these examples (tables 12 and 13) and the soft combiner buffer in the NB2 is flushed because of that. None of these two examples is seen as particularly severe for the overall performance.

Table 12: Incorrectly decoded RSN (1)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), RSN = 0

NACK received
	SDU fails, RSN = 0

Send NACK
	SDU fails, RSN = 0

Send NACK
	–
	RSN < RSN_internal; soft combiner is flushed (both NBs)

	SDU (a), RSN = 1
ACK received
	SDU (a), RSN = 1

Send ACK
	SDU fails, RSN ( 1
Send NACK
	SDU (a) received (NB1)
	NB2 decodes RSN incorrectly (RSN ( RSN_internal): soft combiner is flushed; SDU reception fails (NB2 has incorrect RSN)

	SDU (b), RSN = 1

ACK received
	SDU (b), RSN = 2

Send ACK
	SDU (b), RSN = 0

Send ACK
	SDU (b) received (both NBs)
	RSN < RSN_internal; soft combiner is flushed (both NBs). NB2 recovers


Table 13: Incorrectly decoded RSN (2)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), RSN = 0

NACK received
	SDU fails, RSN = 0

Send NACK
	SDU fails, RSN = 0

Send NACK
	–
	RSN < RSN_internal; soft combiner is flushed (both NBs)

	SDU (a), RSN = 1
NACK received
	SDU fails, RSN = 1

Send NACK
	SDU fails, RSN ( 1
Send NACK
	–
	NB2 decodes RSN incorrectly (RSN ( RSN_internal): soft combiner is flushed; SDU reception fails (NB2 has incorrect RSN)

	SDU (a), RSN = 2

ACK received
	SDU (a), RSN = 2

Send ACK
	SDU fails, RSN = 2

Send NACK
	SDU (a) received (NB1)
	RSN ( RSN_internal (NB2): soft combiner is flushed again.

NB2 SDU reception likely to fail

	SDU (b), RSN = 1

ACK received
	SDU (b), RSN = 2

Send ACK
	SDU (b), RSN = 0

Send ACK
	SDU (b) received (both NBs)
	RSN < RSN_internal; soft combiner is flushed (both NBs). NB2 recovers


The tables 14 and 15 shows two sequences where the NDI is incorrectly decoded by the NB2. The consequences are an incorrect management of the soft combiner buffers in NB2 and a loss of receiver performance because of that.

In the first example (table 14), the incorrectly decoded NDI value results in a situation where the NB2 fails to flush the soft combiner buffer in the next frame, where the UE starts to transmit the SDU (c). An incorrect combining of the SDU (b) and the SDU (c) is performed. The NB2 fails to receive the SDU (c) because of that.

Table 14: Incorrectly decoded NDI (1)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), NDI = 1, RV = 0

ACK received
	SDU (a), NDI = 1

Send ACK
	SDU (a), NDI = 1

Send ACK
	SDU (a) received (both NBs)
	NDI ( NDI-internal; soft combiner is flushed (both NBs)

	SDU (b), NDI = 2, RV = 0

ACK received
	SDU (b), NDI = 2

Send ACK
	SDU (b), NDI = 3
Send ACK
	SDU (b) received (both NBs)
	NB2: Incorrectly decoded NDI. NDI ( NDI-internal: soft combiner is flushed correctly (both NBs)

	SDU (c), NDI = 3, RV = 0

ACK received
	SDU (c), NDI = 3

Send ACK
	SDU fails, NDI = 3

Send NACK
	SDU (c) received (NB1)
	NB2: NDI = NDI-internal due to previous fault. NB2 fails to flush soft combiner: incorrect combining of SDU (b) and SDU (c).

	SDU (d), NDI = 0, RV = 0

ACK received
	SDU (d), NDI = 0

Send ACK
	SDU (d), NDI = 0

Send ACK
	SDU (d) received (both NBs)
	NDI ( NDI-internal; soft combiner is flushed (both NBs). NB2 recovers.


In the next example (table 15), the NDI is incorrectly decoded when the UE retransmits the SDU (a). As a result of that, the NB2 flushes the soft combiner buffer incorrectly. Consequently, the IR gain is lost and the SDU reception might fail.

In the first example (table 14), the NB2 will recover when the UE starts to transmit the SDU (d) and, in second example (table 15), the NB2 will recover when the UE starts to transmit the SDU (b). The soft combiner buffer is flushed when the NDI is stepped (NDI ( NDI-internal) and the NB2 receiver performance recovers back to normal. Like in the RSN case, none of these two examples is seen as particularly severe for the overall performance.

Table 15: Incorrectly decoded NDI (2)

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), NDI = 1, RV = 0

NACK received
	SDU fails, NDI = 1

Send NACK
	SDU fails, NDI = 1

Send NACK
	–
	NDI ( NDI-internal; soft combiner is flushed (both NBs)

	SDU (a), NDI = 1, RV = 1

ACK received
	SDU (a), NDI = 1

Send ACK
	SDU fails, NDI = 3
Send NACK
	SDU (a) received (NB1)
	NB2: Incorrectly decoded NDI, NDI ( NDI-internal: soft combiner is flushed (NB2);

NB2: SDU reception likely to fail

	SDU (b), NDI = 2, RV = 0

ACK received
	SDU (b), NDI = 2

Send ACK
	SDU (b), NDI = 2

Send ACK
	SDU (b) received (both NBs)
	NDI ( NDI-internal; soft combiner is flushed (both NBs). NB2 recovers.


The table 16 shows a sequence where the NB2 decodes the RV value (NDI/RV option) incorrectly. Such an error should result in an SDU reception failure. Moreover, the soft combiner buffer is compromised, which means that the SDU reception might continue to fail, until the soft combiner buffer is flushed the next time. 

The fact that the soft combiner buffer might not be restored before the UE starts to send the next SDU (the SDU (c) in this example) could be of a certain disadvantage for the separated NDI/RV option, compared to the RSN option. A similar error using the RSN option should result in a second flush of the soft combiner buffer, when the correct RSN is received in the next frame (cf. the example in the table 13). In particular, if the UE is not in soft handover, a delay of the restoration of the soft combiner buffer could lead to an SDU pre-emption and loss of an SDU.

Note, however, that the decoding of the NDI and the RV are not independent. A certain correlation could be expected. If there is a simultaneous decoding error of both the NDI and the RV, similar results could be expected, as when the RSN is used and when the RSN is incorrectly decoded (e.g., table 13).

Table 16: Incorrectly decoded RV

	UE
	Node B1
	Node B2
	RNC
	Comment

	SDU (a), NDI = 1, RV = 0

ACK received
	SDU (a), RV = 0

Send ACK
	SDU (a), RV = 0

Send ACK
	SDU (a) received (both NBs)
	NDI ( NDI-internal; soft combiner is flushed (both NBs)

	SDU (b), NDI = 2, RV = 0
NACK received
	SDU fails, RV = 0

Send NACK
	SDU fails, RV ( 0
Send NACK
	–
	NB2: incorrectly received RV: SDU reception fails

	SDU (b), NDI = 2, RV = 1

NACK received
	SDU (b), RV = 1

Send NACK
	SDU fails, RV = 1

Send NACK
	SDU (b) received (NB1)
	NB2: soft combiner compromised by the previous fault: SDU reception fails

	SDU (b), NDI = 2, RV = 0

ACK received
	SDU (b), RV = 0

Send ACK
	SDU fails, RV = 0

Send NACK
	SDU (b) received (NB1)
	

	SDU (c), NDI = 3, RV = 0

ACK received
	SDU (c), RV = 0

Send ACK
	SDU (c), RV = 0

Send ACK
	SDU (c) received (both NBs)
	NDI ( NDI-internal: soft combiner is flushed (both NBs). NB2 recovers.


To summarize: the potential decoding errors of the HARQ control information are generally not seen as particularly severe for the overall performance. Typically, the soft combiner recovers when correct HARQ control information is received in the following frame.

There might be a certain disadvantage for the separate NDI/RV option, if only the RV field is affected by a decoding error. The soft combiner buffer would be compromised and not restored before the UE starts to send the next SDU. In particular, if the UE is not in soft handover, such an error might thus lead to an SDU pre-emption and a loss of data because of that.

A-4
Conclusions

A number of error cases have been identified and analysed regarding the HARQ operation during soft handover. Both options, using either the combined RSN or the separate NDI/RV indicators to convey the HARQ control information, have been analysed. Some of the error cases could be of interest also when the UE is not in soft handover, but that has not been the main focus in this paper.

The general conclusion is that both the RSN and the NDI/RV options should provide a robust HARQ operation, which is able to manage the various errors cases that could be expected:

–
There is no particular difference between the two options regarding the operation during the typical HARQ retransmission cases. (The HARQ retransmission is not an error case. It is part of the normal HARQ operation.)

–
SDU duplication (as seen from the RNC) may occur during soft handover. The RNC must be able to handle that. There is no difference between the RSN and the NDI/RV options in this respect.

–
There are certain differences between the RSN and the NDI/RV options with respect to the dropout of HARQ control information: 

–
During soft handover and as long as at least one NB within the active set performs normally, a certain advantage for the RSN option is noted.

–
If there is no progress in the SDU transmission from the UE (i.e., if all the NBs within the active set performs poorly, or the UE is not in soft handover), a certain advantage for the NDI/RV option is noted.

–
In general, if there are decoding errors within the HARQ control information, certain disturbances in the operation can be noted. However, the overall effect on the performance is not seen as particularly severe. Similar effect could be expected using either the RSN or the NDI/RV option. However:

–
A certain difference is noted regarding decoding errors of particularly the RV information when using the NDI/RV option, compared to the general case regarding decoding errors within the HARQ control information. There might be a certain disadvantage for the NDI/RV option in this respect, in particular when the UE is not in soft handover.

It has been assumed that the NDI/RV option requires three bits of HARQ overhead. Two bits for the NDI value and one bit for the RV value. That puts a restriction on the number of redundancy versions that can be supported. If more than two redundancy versions are needed, an additional bit would be needed for the RV value.

Regarding the RSN option, either two or three bits could be used. Three bits would allow an RSN_max = 7. Two bits would restrict the RSN_max to RSN_max = 3. The higher value (RSN_max = 7) seems preferable, because it provides a better robustness in some of the HARQ dropout scenarios. 

The RSN option does not restrict the number of redundancy versions that can be used in the HARQ operation.
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