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1
Introduction
Over the past few meetings, several agreements regarding the interaction between the occurrence of measurement gaps and UL HARQ operation were reached and are now captured in [2]. Since the resulting UE behaviour is rather complex, the purpose of this contribution is to review the overall mechanism to spot possible inconsistencies and errors.

2
Measurement Gap

A measurement gap allows the UE to make inter-frequency and inter-RAT measurement. With the exception of the RACH procedure that always has priority when started, no UL/DL activity on SCH takes place in the serving cell during a measurement gap so that the UE can freely look elsewhere if it wishes to. A measurement gap is always 6ms in DL, 7ms in UL and occurs with a periodicity of 40 or 80 ms [7] [8]. 
3
HARQ Feedback
A measurement gap disturbs the HARQ feedback reception in two different ways: either the transmission of the previous feedback could not take place because of the measurement gap or the previous transmission itself could not take place because of the measurement gap. Those two cases are respectively handled by the two following rules [2]:
1)
if a previous transmission took place but its HARQ feedback could not be received because of a measurement gap: consider the HARQ feedback as an ACK;
2)
if the measurement gap occulted the previous transmission itself: refer to the last received HARQ feedback.
NOTE:
while the 1st rule is explicitly captured in 36.321 [2], the 2nd one is hidden in the pseudo-code itself.

The main benefit of the 2nd rule is that if a non-adaptive retransmission collides with a measurement gap, it can be postponed by one RTT.  Let us analyze how often it can happen. Figure 1 below depicts all cases of a measurement gap disturbing the analysis of the HARQ feedback at the time of a retransmission. There are 7 different cases for re-transmission C:

1)
Transmission B takes place but the HARQ feedback cannot be received at point 1. The first rule applies and the HARQ feedback of transmission B is considered as an ACK. Nothing can be sent at point C, data is kept in the retransmission buffer, and may be retransmitted after one HARQ RTT if so ordered by PDCCH.
2-3)
Transmission B cannot take place, the second rule applies and the previous HARQ feedback is used: the HARQ feedback of transmission A at point 0. If a NACK was sent for transmission A, a non-adaptive retransmission occurs at C, if an ACK was sent for transmission A, nothing can be sent at C but data is kept in the retransmission buffer.
4-5)
Transmission B cannot take place, the second rule applies and the previous HARQ feedback is used: the HARQ feedback of transmission A at point 0. If a NACK was sent for transmission A, a non-adaptive retransmission occurs at C, unless a PDCCH is sent after the gap at point 1. If an ACK was sent for transmission A, UE follows PDCCH sent at point 1, i.e., either retransmits or transmits new data.
6-8)
Transmission B cannot take place, the second rule applies and the previous HARQ feedback is used: the HARQ feedback of transmission A at point 0. But since the very same measurement gap also occulted that HARQ feedback at point 0, an ACK is used for transmission C. Since an ACK is considered for transmission A, UE follows PDCCH sent at point 1, i.e., either retransmits or transmits new data at C.
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Figure 1: Measurement Gaps Affecting the HARQ Feedback
In summary, when a measurement gap disturbs an HARQ feedback (either by occulting it, or by occulting the corresponding transmission), an ACK is used in 50% of the cases (1, 6, 7 and 8). In the other 50% (2, 3, 4, 5), the UE refers to a previous feedback that was actually received and could therefore be something else than an ACK. 
The description above assumed a smart scheduler without PHICH errors. To ensure reliable UE operation, a more detailed analysis is unfortunately required. All possible cases are listed in Table 1 below.
Table 1: Measurement Gaps Affecting the HARQ Feedback
	Case
	PHICH0
	PDDCH0
	PHICH1
	PDCCH1
	UE Behaviour at Point C

	1
	ACK/NAK
	0/TR/RT
	GAP
	GAP
	Keep data in buffer, no retransmission.

	2,3
	ACK
	0
	GAP
	GAP
	Keep data in buffer, no retransmission.

	2,3
	ACK
	TR
	GAP
	GAP
	Not always clear what the last feedback is. Keep data in buffer, no retransmission.

	2,3
	NAK
	TR
	GAP
	GAP
	Not always clear what the last feedback is. Does the UE assume an ACK to NACK error and Keep data in buffer, no retransmission?

	2,3
	ACK
	RT
	GAP
	GAP
	Not always clear what the last feedback is. Keep data in buffer, no retransmission.

	2,3
	NAK
	RT
	GAP
	GAP
	Not always clear what the last feedback is. Does the UE assume an ACK to NACK error and Keep data in buffer, no retransmission?

	2,3
	NAK
	0
	GAP
	GAP
	Non-Adaptive Retransmission.

	4,5
	ACK
	0
	0
	0
	Keep data in buffer, no retransmission.

	4,5
	ACK
	TR
	0
	0
	Not always clear what the last feedback is. Keep data in buffer, no retransmission.

	4,5
	NAK
	TR
	0
	0
	Not always clear what the last feedback is. Does the UE assume an ACK to NACK error and Keep data in buffer, no retransmission?

	4,5
	ACK
	RT
	0
	0
	Not always clear what the last feedback is. Keep data in buffer, no retransmission.

	4,5
	NAK
	RT
	0
	0
	Not clear what the last feedback is. Does the UE assume an ACK to NACK error and Keep data in buffer, no retransmission?

	4,5
	NAK
	0
	0
	0
	Non-Adaptive Retransmission.

	4,5
	ACK/NAK
	0/TR/RT
	0
	TR
	 First Transmission.

	4,5
	ACK/NAK
	0/TR/RT
	0
	RT
	 Adaptive Retransmission.

	6,7,8
	GAP
	GAP
	0
	0
	Keep data in buffer, no retransmission.

	6,7,8
	GAP
	GAP
	0
	TR
	 First Transmission.

	6,7,8
	GAP
	GAP
	0
	RT
	 Adaptive Retransmission.

	 0: no PDCCH or PHICH / TR: transmission / RT: retransmission / GAP: cannot be received because of gap


In UL HARQ operation [2], only when a PDCCH is not received, the PHICH is looked at to generate a non-adaptive retransmission. PHICH errors in combination with PDCCH are therefore not visible. However with the 2nd rule, and as highlighted in red in the table above, such errors become visible and should be dealt with.
Observation 1: referring to the “last received feedback” makes PHICH errors in combination with PDCCH visible.

Furthermore, when coming out of long DRX (for which the “last received feedback” can be quite old), when measurement gaps are reconfigured (since we do not have any activation time, measurement gaps could follow each other), and when SPS is used (for which a new transmission does not require any HARQ feedback) the meaning of “last received feedback” is not clear and would need to be clarified in the specification.

Observation 2: there exist a few cases where the meaning of “last received feedback” is still unclear.

Based on the 2nd observation, fixing the 2nd rule could be challenging. Thus, let us see if there are simpler alternative available.

3
First Alternative

For cases 4 and 5, since the PDCCH and HARQ feedback can be received before and after the gap at point 0 and point 1 respectively, it is reasonable to assume that a smart scheduler would never schedule a dynamic (re)transmission at point B so that it intentionally collides with the measurement gap. For cases 5 and 6, the scheduler can therefore either rely on the 2nd rule to postpone a non-adaptive retransmission from point B to C by sending a NACK at point 0, or dynamically schedule a retransmission at point C with a PDCCH at point 1. Because a PDCCH can always be received a point 1, we can observe that even if we force the HARQ feedback to be a NACK at point 1, the scheduler can still choose between a non-adaptive or adaptive retransmission at point C.

Observation 1: for cases 4 and 5 the “last received feedback” can be fixed to NACK.

For cases 2 and 3, since the PDCCH and HARQ feedback cannot be received at point 1, forcing a non-adaptive retransmission is the only way to ensure that something is retransmitted at point C. If we assume that forcing a non-adaptive retransmission at point C is the best behaviour, we can observe that as for cases 4 and 5, forcing the HARQ feedback to a NACK leads to the same result as the 2nd rule.

Observation 2: for cases 2 and 3 the “last received” feedback can be fixed to a NACK.

Based on those two observations, a simple alternative to the 2nd rule would be to force the “last received feedback” to be a NACK whenever the corresponding transmission cannot take place due to a measurement gap. 
First Alternative: when a measurement gap occults a (re)transmission, consider its HARQ feedback as NACK.

To avoid propagating PHICH erros, an ACK should also be forced whenever a PDCCH is correctly received. The three rules to apply for each (re)transmission are then:

0)
if a new transmission or adaptive retransmission is initiated set “last received feedback” to ACK;

1)
if a measurement gap occurs at the time of (re)transmission, set “last received feedback” to NACK;

2)
if the transmission takes place but the HARQ feedback cannot be received, set “last received feedback” to ACK;
UE’s actions on “last received feedback” are left unchaged: only if it is a NACK, a non-adaptive retransmission takes place. The resulting behaviour is summarized in Tabe 2 below:

Table 2: First Alternative
	Case
	PHICH0
	PDDCH0
	PHICH1
	PDCCH1
	UE Behaviour at Point C

	1
	ACK/NAK
	0/TR/RT
	GAP
	GAP
	Keep data in buffer, no retransmission.

	2, 3
	ACK
	0
	GAP
	GAP
	Keep data in buffer, no retransmission.

	2, 3
	ACK/NAK
	TR/RT
	GAP
	GAP
	Non-adaptive retransmission using the parameters received on PDCCH in point 0 (postponed adaptive (re)transmission).

	2, 3
	NAK
	0
	GAP
	GAP
	Non-Adaptive Retransmission.

	4, 5
	ACK
	0
	0
	0
	Keep data in buffer, no retransmission.

	4, 5
	ACK/NAK
	TR/RT
	0
	0
	Non-adaptive retransmission using the parameters received on PDCCH in point 0 (postponed adaptive (re)transmission).

	4, 5
	NAK
	0
	0
	0
	Non-Adaptive Retransmission.

	4, 5
	ACK/NAK
	0/TR/RT
	0
	TR
	 First Transmission.

	4, 5
	ACK/NAK
	0/TR/RT
	0
	RT
	 Adaptive Retransmission.

	6,7,8
	GAP
	GAP
	0
	0
	Keep data in buffer, no retransmission.

	6,7,8
	GAP
	GAP
	0
	TR
	 First Transmission.

	6,7,8
	GAP
	GAP
	0
	RT
	 Adaptive Retransmission.

	 0: no PDCCH or PHICH / TR: transmission / RT: retransmission / GAP: cannot be received because of gap


4
Second Alternative
Looking at Figure 1, when a measurement gap disturbs an HARQ feedback (either by occulting it, or by occulting the corresponding transmission), an ACK is used in 50% of the cases (1, 6, 7 and 8). In the other 50% (2, 3, 4, 5), the UE refers to a previous feedback that was actually received and could therefore be something else than an ACK. Taking FDPS properties into account the usefulness of postponing a non-adaptive retransmission is not always obvious. If we assume – as a rough estimate – that it is useful to postpone 50% of the non-adaptive retransmissions when a measurement gap occurs, the probability of having the 2nd rule referring to something else than an ACK decreases to 25%. If we now factor in the probability of measurement gaps occurring, the probability of having a useful 2nd rule (or similar) to trigger a non-adaptive retransmission falls to ≈ 2%. 

Fixing the HARQ feedback to an ACK always not only leads to a similar behaviour in 98% of the cases but it also avoids all problems related to referring to something past - that may either not exist or be erroneous – which is inherent to the 2nd rule.

Second Alternative: when a measurement gap occults a (re)transmission, consider its HARQ feedback as ACK.

NOTE:
One may claim that for VoIP, it would be important to avoid cancelling two retransmissions in a row (cases 2 and 3 above). With a measurement gap cycle of 40 or 80ms and a VoIP cycle of 20ms, such cases can easily be avoided with proper configuration

Table 3: Second Alternative
	Case
	PHICH0
	PDDCH0
	PHICH1
	PDCCH1
	UE Behaviour at Point C

	1
	ACK/NAK
	0/TR/RT
	GAP
	GAP
	Keep data in buffer, no retransmission

	2, 3
	ACK/NAK
	0/TR/RT
	GAP
	GAP
	Keep data in buffer, no retransmission

	4, 5
	ACK/NAK
	0/TR/RT
	0
	0
	Keep data in buffer, no retransmission

	4, 5
	ACK/NAK
	0/TR/RT
	0
	TR
	 First Transmission

	4, 5
	ACK/NAK
	0/TR/RT
	0
	RT
	 Adaptive Retransmission

	6, 7
	GAP
	GAP
	0
	0
	Keep data in buffer, no retransmission

	6, 7
	GAP
	GAP
	0
	TR
	 First Transmission

	6, 7
	GAP
	GAP
	0
	RT
	 Adaptive Retransmission

	 0: no PDCCH or PHICH / TR: transmission / RT: retransmission / GAP: cannot be received because of gap


5
Conclusion
A measurement gap disturbs the HARQ feedback reception in two different ways: either the transmission of the previous feedback could not take place because of the measurement gap or the previous transmission itself could not take place because of the measurement gap. Those two cases are respectively handled by the two following rules [2]:

1)
if the previous transmission took place and the measurement gap occulted the previous HARQ feedback: consider the HARQ feedback as an ACK;

2)
if the measurement gap occulted the previous transmission itself: refer to the last received HARQ feedback.

The main problem with the 2nd rule above is its complexity as it is not always clear what the last received feedback refers to. Besides when taking the RTT and measurement gap length into account, the 2nd rule could easily be replaced by either one of those two alternatives:
First Alternative: when a measurement gap occults a (re)transmission, consider its HARQ feedback as NACK.

Second Alternative: when a measurement gap occults a (re)transmission, consider its HARQ feedback as ACK.

The main difference between those two lies in the behaviour when a measurement gap occults both a transmission and the following PHICH/PDCCH occasion. The second alternative prohibits a retransmission while the first alternative allows a non-adaptive one (retransmission can be prohibited by sending ACK alone before the gap). The first alternative allows non-adaptive retransmission also in the case when the measurement gap occults only the transmission. It is therefore believed that the first alternative is closer to the original intention of referring to the “last received feedback”. 
Proposal: when a measurement gap occults a (re)transmission, consider its HARQ feedback as NACK.

A companion contribution gives the corresponding changes to 36.321.
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