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1
Introduction
The RLC SN field size is expected to be minimized to reduce the PDU header overhead.  However, the sequence number space should be large enough to avoid transmission stalling at the transmitter, and to avoid the ambiguity at the receiver.  This document analyzes the above requirements quantitatively for UM and AM mode respectively.  Basic criteria are identified in general, and appropriate SN field sizes are suggested under common scenarios. 
2
Discussion
2.1
Notations and Assumptions
For discussion simplicity, several symbols are defined as follows:

τmin : minimum delay for a RLC PDU transmitted from sender to receiver;

τmax : maximum delay for a RLC PDU transmitted from sender to receiver without RLC ARQ retransmission;

Nwin: AM mode entity transmission window size, which is the same as receiving window size;
GNPDU(Δt): the maximum number of new RLC PDUs that can be generated/transmitted in Δt interval per radio bearer.  Assume Δt is in unit of TTI.  If Δt ≥0, then GNPDU(Δt) = Δt for non-MIMO case, and GNPDU(Δt) = 2Δt for MIMO case. Otherwise, GNPDU(Δt)=0.
ΔT: the timer value which is used by the receiver to detect a missing received RLC PDU and decide that the PDU is lost.  The timer is started when a PDU of SN (N+1) is received without getting PDU of SN N first.  If a PDU with SN N is not received within ΔT interval, the receiver determines that the PDU of SN N is lost, forward all data with SN>N  to upper layer up to the next outstanding PDU, and move lower edge of receiving window beyond N;
tHARQ : HARQ cycle latency, i.e., from the time a TB is transmitted on one HARQ process to the time it is retransmitted on the same HARQ process.  For the ideal case, tHARQ is assumed to be 8 TTIs. It may be larger due to transmission interruption such as abort or other scheduling decision;
RTXHARQ : maximum number of HARQ transmissions allowed (including the first transmission) for one TB transmission attempt.  We assume RTXHARQ = 4 for UM mode, and RTXHARQ = 5 for AM mode;

RTXARQ : maximum number of RLC ARQ transmissions allowed (including the first transmission) for one RLC PDU, for AM mode only.  Assume RTXARQ​ = 3.
2.2
UM PDU Sequence Number
Since no RLC ARQ error correction is supported in UM mode [1], the transmitter does not need to wait for ACK/NACK to move the transmission window. Therefore, at the sender side, a sequence number can be reused as long as it is different from the current PDU SNs which are transmitted over other HARQ processes. At the receiver side, however, a sequence number may be in use for longer time due to the reordering and in-sequence delivery procedure.  Because of the possibility of out-of-sequence delivery due to HARQ process, the receiver may decide to wait for ΔT interval upon receiving an out-of-order PDU [2][3][8]. Any PDU received during the ΔT interval with the same SN is considered to be the missing one expected. To avoid the ambiguity at the receiver, the SN of the received PDU should not be the same as any pending SNs in the receiver buffer. The quantitative analysis is given in the Annex, and the conclusion is:

UM SN Requirement: SN space should be no smaller than GNPDU(ΔT+( τmax- τmin)) +2.
For UM mode, a proper ΔT should consider extra delays due to HARQ retransmissions. Therefore, ΔT shall be set close to (τmax- τmin).  Assume that ΔT= τmax- τmin, then SN space is no smaller than GNPDU(2ΔT) + 2.  Note that ΔT can be as small as (RTXHARQ -1) tHARQ, which is 24ms, or can be much larger because of the transmission interruption due to abort or other scheduling decisions. We evaluate the case with ΔT = 50ms and 200ms, according to the T1 timer range in [4]. 
If ΔT=24ms, 6bit UM SN field is needed for non-MIMO case, and 7 bits for MIMO case.

If ΔT=50ms, 7bit UM SN field is needed for non-MIMO case, and 8 bits for MIMO case.
If ΔT=200ms, 9bit UM SN field is needed for non-MIMO case, and 10 bits for MIMO case.
The required UM SN filed size can be reduced by defining a receiving window operation for the UM entity and limiting the receiver window size.  However, this may be achieved at the expense of discarding PDUs that arrive late. The receiver may decide to move the receiving window because of the arrival of a packet with larger SN, while the PDU with smaller SN outside the new receiving window is still in the HARQ retransmission process.
2.3
AM PDU Sequence Number

Selective-Repeat ARQ is assumed to be supported in AM mode [1]. The following constraint shall be satisfied to avoid the receiver ambiguity due to selective repeat ARQ operations:
AM SN Requirement 1: SN space should be no smaller than 2Nwin+GNPDU(τmax- τmin -1).

Note that the sequence number space required is more than just “double the window size” analysis [5], because RLC PDUs can be received out-of-order due to HARQ retransmissions.  Therefore, the derivation of the SN range is modified accordingly, as given in Annex.

The constraint because of the reordering and in-sequence delivery procedure remains the same as the UM mode, just that ΔT value of AM entity may be different from UM entity considering the permission of ARQ retransmission.  Thus,
AM SN Requirement 2: SN space should be no smaller than GNPDU(ΔT+ τmax- τmin).
At the transmitter side, the SN space should be big enough to allow the transmission window size Nwin to be large enough to avoid window stalling.  Assume the maximum lifetime of a RLC PDU at the sender side is ΔTmax, then a sequence number should not be reused in ΔTmax interval. Consequently,

AM SN Requirement 3: Transmission window size Nwin should be no smaller than GNPDU(ΔTmax).
For AM mode, the re-ordering operation related timer ΔT should account for both HARQ retransmission and ARQ retransmission. Also it is reasonable to make ΔT = ΔTmax and assume (τmax- τmin)<ΔT. Therefore, Requirement 1 becomes the dominant constraint.
Assume ΔTmax = 2RTXARQRTXHARQ tHARQ =240ms, then transmission window size Nwin should be 240 for non-MIMO case and 480 for MIMO case at least, to avoid window stalling effect.
If (τmax- τmin) =32ms, 9bit AM SN field is needed for non-MIMO case, and 10 bits for MIMO case.
If (τmax- τmin) =50ms, 10bit AM SN field is needed for non-MIMO case, and 11 bits for MIMO case.
If (τmax- τmin) =200ms, 10bit AM SN field is needed for non-MIMO case, and 11 bits for MIMO case.
Note that the actual ΔTmax may be larger or smaller than 240ms, depending on the system configuration, which results in different requirement of AM SN field size.
3
Conclusions

The analysis in this contribution establishes the requirements for sequence number space based on the goal to avoid any sequence number ambiguity due to ARQ and HARQ retransmissions.  For the sake of clarity it should be noted that the link speed does not play any role in the analysis.  What is important to consider, is the generation rate of new PDUs and the scheduler role in terms of number of retransmission attempts, abort operation, discard operation, etc..

In this contribution, the following criteria are proposed in general to determine the SN field size for UM and AM mode respectively, with symbols defined in Section 2.1.

For UM mode, SN space should be no smaller than GNPDU(ΔT+ (τmax- τmin)) +2.
For AM mode, SN space should be no smaller than 2Nwin+GNPDU(τmax- τmin), where transmission window size Nwin should be GNPDU(ΔTmax) at least.

Note that the sequence number space needed for AM entity is more than just “double the window size”, because RLC PDUs may be received out-of-order due to HARQ retransmissions. The exact SN field size needed is determined by various factors, such as MIMO implementation and maximum retransmission attempts of HARQ and RLC ARQ.  To guarantee the system performance over wide range of scenarios while not being over-conservative, we propose to adopt 8 bits for UM SN field, and 11 bits for AM SN field.
If a smaller AM SN field is to be supported, e.g., 10bits due to other constraints, the transmission and reception window size needs to be configured accordingly to avoid receiver ambiguity as suggested in [7].  However, the disadvantage of doing that is the potential stalling of transmission due to smaller window size.

If a smaller UM SN field is to be supported, e.g., 7bits due to other constraints, a reception window operation needs to be defined and the window size needs to be set properly to avoid SN ambiguity at the receiver.
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Annex

Notations

For the representation simplicity, some more symbols are defined in addition to those already defined in previous context:

SNmin (t): minimum RLC PDU sequence number that is allowed to send at time t from the transmitter;
SNmax (t): maximum RLC PDU sequence number that is allowed to send at time t from the transmitter, i.e., SNmax(t) = SNmin(t)+ Nwin-1;
SN (t): the RLC PDU sequence number that is sent at time t from the transmitter, SNmin (t)≤ SN (t) ≤ SNmax(t);

RN(t): the RLC PDU sequence number that is expected at time t at the receiver, which is the lower edge of the receiving window.
Derivation of UM SN Requirement
Consider the transmission of an arbitrary PDU from the sender with sequence number SN(t1) at time t1, which arrives at the receiver at t2.  To avoid any ambiguity, the sequence number SN(t1) cannot overlap with any sequence number that is already detected as missing.  The worst case scenario is illustrated in Figure 1.  
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Figure 1
UM SN Requirement: worst case scenario
Thus, the sequence number range should cover [SN(t0)-1, SN(t1)] at least, where SN(t0) is the sequence number of the PDU received at t2-ΔT . Given that (t2-ΔT) – t0 ≤ τmax and that t2-t1 ≥ τmin, we know that:


SN(t1) – (SN(t0)-1)+1≤ GNPDU( t1- t0 )+2 ≤ GNPDU(ΔT+ τmax- τmin)+2.

Therefore, UM SN space should be no smaller than GNPDU(ΔT+ τmax- τmin) +2.
Derivation of AM SN Requirement 1

Consider the transmission of an arbitrary PDU from the sender with sequence number SN(t1) at time t1, which arrives at the receiver at t2.
Following the definition of transmission window, we have


SNmin(t1) ≤ SN(t1) ≤ SNmin(t1)+Nwin – 1,


















(A-1)

Since SNmin(t1) is increased upon the ACK of a successful receipt of PDUs with SN<SNmin(t1), and that RN(t) indicates the next expected sequence number at the receiver at time t, the following inequalities can be obtained:

SNmin(t1) ≤ RN(t2) ≤ SNmin(t1)+Nwin+ GNPDU(τmax- τmin -1),













(A-2)
The derivation can be better illustrated in Figure 2: 
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Figure 2
AM SN Requirement 1: Inequality (A-2)
The left inequality of (A-2) is readily shown from SNmin(t1)= RN(t0) ≤ RN(t2).
The right inequality of (A-2) is derived as follows. Since (SNmin(t1)+Nwin-1) is the upper edge of the transmission window at time t1, no PDUs of sequence number higher than (SNmin(t1)+Nwin-1) has been transmitted before t1. In addition, GNPDU(t3- t1) is the maximum number of PDUs that can be transmitted in (t1, t3] interval, and the transmitter sends PDUs in sequence except retransmissions. Therefore, no PDUs of sequence number higher than (SNmin(t1)+Nwin-1+ GNPDU(t3- t1)) has been transmitted before t3. Consequently,

RN(t2) ≤ SNmin(t1)+Nwin+ GNPDU(t3- t1) ≤ SNmin(t1)+Nwin+ GNPDU(τmax- τmin-1).
From (A-1) and (A-2), it can be shown that:

RN(t2) - Nwin- GNPDU(τmax- τmin -1)≤ SN(t1) ≤ RN(t2)+Nwin – 1.
Therefore, to avoid the sequence number space ambiguity, AM SN space should be no smaller than 2Nwin+GNPDU(τmax- τmin -1).
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