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1. Introduction

The new mobile multi-hop relay-based (MMR) netwaakchitecture imposes a demanding performance
requirement on relay stations. These relays wilcfionally serve as an aggregating point on bebfalhe BS

for traffic collection from and distribution to theultiple MSs associated with them, and thus néyura
incorporate a notion of “traffic aggregation”. Hewer, the packet construction mechanism in IEEEXR)26e
standard, which was designed for handling traf@ilely on a per-connection basis, cannot apply enrédtay
link directly, as it may render a potential botdek and preponderantly limit the overall networkaeity.

In this contribution, we propose two enhancemealated to MAC level concatenation and packing, Wwhic
incarnate the inherent notion of “aggregation” afidviate the dismal efficiency degradation onrtblay links.
As confirmed by the preliminary performance evatuatthe enhanced concatenation and packing scheames
achieve significant overhead reduction, and thutebgrepare the 802.16e protocol for its adoptioMMR
network.

2. Summary of Proposal

In the current point-to-multipoint (PMP) networkptiogy, resource allocation is performed by BS opea
connection basis, and all the MSs are treated motess equally. This is a sensible design fornglethop
PMP network, but by no means the most efficient dnéeed, it has already been shown in [3][4] tsthe
number of connections increases, the overheadeththiereby can cost as much as over DX efficiency
degradation. The primary culprits of the performeadeterioration are twofold:

= Dataplane
Usually, the resource allocated to each individuanection cannot be fully consumed, because thmlac
data bits do not map exactly to the assigned OFD#¢abols and subchannels. Due to timapping
inefficiency variable number of padding bits will be appendédhe end of the data, leading to resources
waste as depicted Figure 1.

= Management plane
In the current management plane, one downlink M#fBrmation element (DL MAP IE) normally contains
the schedule for one connection only. This desigeomes cumbersome and inefficient as the number of
connections grows large.
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Figure1: OFDMA framestructurein current 802.16/16e.

The aforementioned problem is exacerbated wheouhent IEEE 802.16e OFDMA protocol is applied ba t
relay link between a BS and a RS, or between agfaRSs, as significant number of connections Wwél
logically or physically aggregated therein.

To curb the waste and improve the performance oot IEEE 802.16e protocol on relay links, we e to
enhance the legacy concatenation scheme, whichtlgir@ddresses the problem in the data and manageme
planes. In addition, we also introduce an extensiaie current packing mechanism, intending to glement
the highly restrictive original version definedthre current 802.16.

2.1 Enhanced Concatenation

IEEE 802.16 [1] has defined an operation calledcatenation, whereby multiple MPDUs can be concageha
into a single transmission burst in either uplimkdownlink direction, regardless of whether theseDWs are
belonging to the same connection or not. In essdk&E 802.16 concatenation is equivalent to amegggion
at MPDU level.

IEEE 802.16e [2] has further extended the DL MAPdElegacy IEEE 802.16 [1] in order to carry the
identifiers of multiple connections (CIDs) in a gi@ information element (IE). The last missingklito
enabling efficient concatenation on relay link lie tcapability of supporting multiple connectionsngsone
uplink information element. In the uplink, alloaats for regular data traffic are specified as danain slots,
whereas the starting point for allocation is detaad based upon the prior allocation appearingéendL-MAP.

For those situations where backward compatibilitthiegacy MSs has to be honored, the UL MAP IEsthu
shall be modified in such a fashion that thesedgddSs are still able to derive their own assigseldedule

based on the new UL MAP IE. Thus, we propose terekthe UL MAP IE for relay link as portrayed in
Figure 2 and Figure 3, where the support to multiple connections canabeomplished while backward
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compatibility is also maintained. For the sakddvity, all the ensuing discussions apply for camivations
occurring on relay links only, unless otherwiseeabt

UL_MAP_IE() {
cib
uiuc

if (UIUC == 11) {

}else {

Duration

Repetition coding indication
if (AAS or AMC UL Zone) {
Slot offset
}

Figure2: UL_MAP_IE 1.

UL_MAP_IE() {

CID

UIUC (set to 11)

if (UIUC ==11){
Extended-2 UIUC (set to 0x09)
Length
N_CID (8 bits)
for(n=0;n <N_CID; n++) {

CID;

}

Figure3: UL_MAP_IE 2.

Whenever a relay station deems appropriate andssagge it can aggregate a set of connections o$dinee
QoS requirement from multiple MSs into a single idad) connection. To convey resource allocation
information associated with this set of connectighe UL MAP IE shown irError! Reference source not
found. should appear first in the UL-MAP message. Its @ contains the identifier of the corresponding
new logical connection established on the relay dina CID that the intended destination simply oegognize,
while its duration covers the total resources git@mll the connections belonging to this logical. All the
MSs that communicate with the BS directly can sfillderstand the UL MAP IE 1, and thus calculate the
starting point of the resource given to itself. eTHL MAP IE 1 should be followed by UL MAP IE 2
immediately, which indicates the identifier of #ile individual connections that the preceding UL MA 1

5
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covers. Since UL MAP IE 2 follows the ULMAP extemd2 IE format specified in IEEE 802.16e, all the
legacy MSs simply skip this information element mpeception, and thus the backward compatibilitpams
intact.
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Figure4: OFDMA frame structure with MPDU concatenation and UL_MAP_|E extension.

The newly defined UL_MAP_IE, in conjunction with rcent DL_MAP_IE can provide necessary and
sufficient signaling support to accommodate mudtiglonnections. Thus, MPDU concatenation initially
introduced in [1] now can be enabled in the daan@lto achieve higher efficiency on the relay links
qualitatively illustrated inFigure 4, the total management plane overhead (e.g., UL_MBPetc.) and
overhead caused by mapping inefficiency experiemcappreciable reduction, thus resulting in MACtgcol
efficiency improvement.

2.2 Enhanced packing

The packing mechanism defined in IEEE 802.16/168ermdsally is an MSDU aggregation. However, it coag
its scope to MSDUs from the same connection ontys poses a highly restrictive constraint partidylan a
relay link, as MSDUs of different CIDs or even fradifferent MSs may be transported over a singleckig
connection between the BS and RS, given the coiomeaggregation capability described before.

In order to relax the restriction imposed by leggmcking mechanism and extend the applicability of
aggregation at MSDU level, we propose an enhanee#tipg (EP-SH) for communication on relay link. As
illustrated inFigure 5, the whole packed MPDU is started with a generAlQvheader (GMH), followed by
enhanced-packing subheader, various legacy suhtse@deH), and the individual MSDU. The enhanced-
packing (i.e., EP) subfield, which once was a nesghit in the generic MAC header, will be usednmicate
that the current MPDU contains packed MSDU usingaeced packing.
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Figure 6: Enhanced packing with fragmentation

It is evident that the proposed EP-SH and the gem®AC header bear appreciable resemblance. Indbed,
only subfields that EP-SH can eliminate from theegee MAC header are header checksum (HCS) andccycl

redundancy check (CRC). All other subfields haveb&o retained, as many configurations (e.g., securit

protection, encryption key, MSDU length, and Clig.pmay vary on a per MSDU basis. It is worthwhib
note that any concern of potential compromise btéldity can be dismissed, as similar overheaduotidn
approach was pursued in the legacy packing scheme.

The output of a legacy packing process, namelyckggthMSDU, can again participate in the enhancettipg
process. In this case, one EP-SH will be placeecty in front of the first packing subheader (BSH the

packed MSDU. As a result, an MPDU may contain lpatbking subheaders and enhanced-packing subheader.

7
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Enhanced packing can also co-exist with fragmeottatiAs shown in Figure 6, EP-SH appears only docan
MSDU to be fragmented, and should be inserted mgfront of the fragmentation subheader (FSH)thar first
fragment.

The relation between EP-SH and FSH described abtseeapplies for an ARQ-enabled connection, as such
connection should be managed as if fragmentatiaemabled, regardless of whether fragmentationtisally
enabled or not in reality [1].

Since there is only one bit of reserved field iefthe IEEE 802.16e generic MAC header, it is delyaa piece
of highly scarce resource that many other poteptialocol extensions may vie for. Alternativelye wan use
the most significant bit (i.e., bit #5) of the tyfield in generic MAC header to indicate the presemf

enhanced-packing subheader. As another optioignalshe existence of EP-SH is to use a combinataiue

of the six-bit long type field that is impossibtedppear if using IEEE 802.16e standard interpret,

Moreover, as the enhanced-packing subheader cerdacomprehensive set of information, it is possiiol
support a rich set of additional functions, suclatasching CRC on a per MSDU basis, etc.

3. Performance Results

To perform a more quantitative evaluation, we defhAC protocol efficiency Eff and efficiency impremnent
Eff. as:

Eff :Exlme%
T R

Eff. = Eff (schemel) — Eff (scheme 2) x100%

Eff (scheme 2)

Equation 1

where B, T, and R denote the total number of MSOX, hime to transmit these bits, and the actugispal
layer transmission rate, respectively. To conegaton the proposed schemes, an error-free chaandition

is assumed. The network under investigation ontjutles one BS and one RS, and all the connectimns a
established on the relay link. Moreover, supposh eannection has infinite traffic supply, and tlahsays has
packets to transmit during the slots assigned. Otiter key PHY and MAC parameters used in evalnadire
summarized in Table 1.

Table 1: Key PHY and MAC parameters

DL/UL FFT size Channel MCS MCS (MAP and | Cyclic prefix
permutation bandwidth (data) preamble) (G)
PUSC/PUSC 1024 20 MHz 64 QAM  QPSK 1/2 1/32

3/4
Sampling Period for Frame Number of UL BW/RNG RTG/ITTG
factor (n) UCD/DCD duration subchannels

28/25 Every 10 20 ms 6 1Qs

frames
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3.1 Enhanced concatenation

First of all, the size of UL-MAP message is depidie Figure 7 as a function of number of conneditor both

the legacy IEEE 802.16e and the proposed extemditt. MAP IE. Evidently, the adoption of new UL MAP
IE format always results in smaller managementeglarerhead, as compared to the legacy schemeditioad

the overhead reduction becomes more pronouncdatdeasumber of parallel connections grows. For examp
the saving achieved can reach as high as 50%, wienelay station has to simultaneously support 55
connections or more.

Figure 8 further illustrates the relation betweeA®/efficiency and number of connections. It carobserved
in Figure 8 that MPDU concatenation in conjunctwith the extended UL MAP IE can sustain a stable@/A
efficiency, while the legacy protocol yields sescefficiency degradation as the number of connestgrows.
This highly desirable feature of insensibility iarpcularly indispensable for 802.16f MMR netwods the
relay links will experience magnitude of increase¢hie number of connections.

T T T T
802.16e
Proposed UL_MAP_IE]|

N
o
o

[N
a
o

Size of UL-MAP message (bytes)
5
o

a1
o

5 10 15 20 25 30 35 40 45 50 55
Number of CIDs

Figure7: Size of UL_MAP message
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Figure 8. MAC efficiency (MPDU = 1000 bytes)
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Figure 9 portrays the same relation as Figure 8,fteus on MPDUs of smaller size (i.e., 500). A glen
comparison between these three figures suggestsbtita the MAC efficiency and the corresponding
improvement enabled by the proposed MPDU concatendieavily rely on the packet size. A closer
examination of the performance results reveals éisathe MPDU size decreases, it becomes more likely
occupy most of the allocated slots by fitting inadnpackets, thereby lowering the waste caused agpimg
inefficiency to a lesser but still appreciable lleve

Enhanced concatenation
802.11e

/s R e

o
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|
|
|

MAC Efficiency (percentage)
~ o)
o o

T T
| |
| |
| |
| |
|
|
|
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|

[o2]
o
T
|
|
|
|
|
|
|
|
|

50 — — — — — —
30
Number of CIDs

Figure 9: MAC efficiency (MPDU = 500 bytes)

3.2 Enhanced packing

Given the non-negligible impact of packet size, peeformance of enhanced packing is evaluated avithde
variety of MSDU length, and results suggest thahhmacking and the proposed enhanced packing as¢ mo
effective in the short packet region, which is astent with the finding made in [4]. An empirigahcket size
distribution plotted in Figure 10 [6] is used tarther evaluate enhanced packing in a more realisti
environment. The traffic collected in [6] assumesimodal pattern, where packets generated by MAC
management/control and TCP handshak2Q0 bytes) and by Ethernet data (= 1500 bytes)mka Although
the distribution is specifically for IEEE 802.11 \AN traffic, it is reasonable to assume that simpattern
also applies for IEEE 802.16e traffic.

Under the empirical traffic model, the efficienapprovement reaped in by enhanced packing is orageer
approximately66% of that by packing mechanism. On the other harelptioposed enhanced packing enjoys a
much wider applicability than the legacy packingjtacan handle MSDUs of different CIDs. Therefdhe two
schemes are recommended to be deployed togetlibe oalay links, thanks to their complementary reatu

10
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Figure 10: Empirical packet size distribution (IEEE 802.11)

4. Proposed Text Changes
6. MAC common part sublayer
6.3.2 MAC PDU formats

6.3.2.1 MAC header formats
Change Table 4 as indicated:

Table 4 — MAC header format

Syntax Size Notes
MAC Header () {
If (HT ==0) {

EKS

EP 1 bit Indicate the presence of enhancexkipg
EP = 1: enhanced packing subheader is present
EP = 0: enhanced packing subheader is abs¢nt

LEN

Replace Figure 19 with the following figure:

11
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HT (1) | EC (1) Type (6)
ESF (1) c1 (1) EKS(2) |EP@)] LEN (3)
LEN LSB (8)
CID (MSB) (8)
CID (LSB) (8)
HCS (8)

Figure 19 — Generic MAC header format

Change the following row into Table 5:

Table 5 — Generic MAC header fields

Name Length (bits) Description
EP 1 bit Indicate the presence of enhanced packing
EP = 1: enhanced packing subheader is pregent
EP = 0: enhanced packing subheader is abs¢nt

Insert the following to the end of 6.3.2.1.1:

The EP bit in the Generic MAC header indicates thatenhanced packing subheader is present.

Insert the following new subclause after 6.3.2.2.7:

6.3.2.2.8 Enhanced packing subheader

When enhanced packing is used, the MAC may packipteulSDUs with different CID numbers into a single
MAC PDU, with an enhanced-packing subheader pregedach individual MSDU. The enhanced packing
subheader (EPSH) is shown in Table 13m.

Table 13m — Enhanced packing subheader format

Syntax Size (bit) Notes
MAC Aggregation Subheader ()|{
HT 1 Set be setto O
EC 1 Encryption control

0 = payload is not encrypted

1 = payload is encrypted

Type 6 Indicate the presence or absencertding
subheaders and other features.

On the relay link, the most significant bit
shall be interpreted as indication pf
enhanced packing.

ESF 1 Extended subheader field.

0 = Extended subheader is absent
1 = Extended subheader is present
Cl CRC indicator

12
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1 = CRC is included in the MPDU
0 = CRC is not included
EKS 2 Encryption key sequence
The index of
Rsv 1 Reserved
LENGTH 11 The length in bytes of the MPDUuding
the MAC header and the CRC if present
CID 16 Connection identifier
}

6.3.3 Construction and transmission of MAC PDUs

6.3.3.4 Packing
Insert the following to the end of 6.3.3.4:

If enhanced packing is turned on for a connectioa, MAC may pack multiple MAC SDUs with differentiz
numbers into a single MAC PDU. The transmittindeshas full discretion as to whether or not to packoup

of MAC SDUs in a single MAC PDU. The capability efipacking MPDU generated by enhanced packing is
mandatory.

Insert the following new subclause after 6.3.3.4.3:

6.3.3.4.4 Enhanced packing

A MAC PDU constructed using enhanced packing isssh Figure 27a. If more than one MAC SDU is
packed into the MAC PDU, the indication of the mmese of enhanced-packing subheader will be provikled
the generic MAC header (e.g., EP bit, or MSB oé¢ type field, etc.). Note that unfragmented MACLS&nd
MAC SDU fragments may both be present in the satACNDU (see figure 28b).

MPDU that contains enhanced packing subheader

G E Vlafiaz'le E Variable E Variable

M eng #2 length | ..-... length

HI S #1| MsDuU #1 ﬁ MSDU #2 s# | mspu #k
H H

Figure 27a — MPDU generated as an output of enhadgeacking

Simultaneous fragmentation and enhanced packingresgguidelines to be followed so it is clear whMAC
SDU is currently in a state of fragmentation. Tez@mplish this, when an enhanced-packing subheader
present, the fragmentation information for indhatt MAC SDU or MAC SDU fragment is still containeal the
corresponding fragmentation subheader.

13
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MPDU = Packed MSDU

o c| = x| Last E | Unfrag- | E | Unfrag- E o 1st
Type field in GMH = 000010b M3 T',’ ; fragment| P mented P mented | ...... P |Z T | fragment
SRUUEIE o s | msou | s [ msou s Loz
b H H H r
© - ‘;_‘: ond © - E 3rd & - _,3 nth
Type field in GMH=000100b |y |5 u | fragment] | |&  u| fragment| M E.. it| fragment
iald = i s =
EP field=0 H E% H E% H Em
L L [
MFDU = Packed MSDU
(8] % = Last E Unfrag- E Unfrag- E Unfrag-
Type field in GMH = 000010b |y = “: 5 fragment P mented P mented | ...... P mented
EP field=1 H % S * S MSDU S MSDU S MSDU
e H H H

Figure 28a — Enhanced packing with fragmentation

The use of enhanced-packing subheader for ARQ-edabbnnections is similar to that for non-ARQ
connections, except that ARQ-enabled connectioaB sét the Extended Type bit in the generic MAGder
to 1.

The ARQ-enabled connections, when enhanced-packibbeaders are in use, fragmentation information fo
each individual MAC SDU or MAC SDU fragment is camted in the associated fragmentation subheader.
When the enhanced-packing subheader is not infregnentation information for the MAC PDU'’s single
payload (MAC SDU or MAC SDU fragment) is containgdthe fragmentation subheader appearing in the
message.

8PHY
8.4.5 Map message fields and IEs

8.4.5.4 UL_MAP IE format

Insert the following before the beginning of subsk 8.4.5.4.1;

When the in the UL_MAP IE corresponds to a logagdregate connection established between the RB&nd
the Duration fieldshould indicate the duration, in unit of OFDMA tsloof the allocation for all the connections
indicated in the immediately succeeding UL_MAP extied-2 IE with extended-2 type code 0x09.

8.4.5.4.4.2 UL_MAP extended-2 IE format

Change Table 290c as follows:

Table 290c — Extended-2 UIUC Code Assignment folddl = 11

14
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Extended-2 Type (hex) Usage

09 UL enhanced concatenation

Insert new subclause 8.4.5.4.29:

8.4.5.4.29 UL enhanced concatenation IE format

UL enhanced concatenation IE should immediatelfofolthe UL_MAP_IE it is associated with. It shall
include all the CIDs, for which the resource indéchin the immediately preceding UL_MAP_IE has been
allocated. It is up to the implementation whetaiICIDs have to be included in this IE or only atml list is
provided. It is under the discretion of RS asaavho divide the allocated resources among theesaeamiions,
whose CID is not listed in the corresponding ULamted concatenation IE.

Table 302w — UL enhanced concatenation |IE format

Syntax Size (bit) Notes
UL enhanced concatenation IE () {
Extended-2 UIUC 4 UL enhanced concatenatiof) E0x09
Length 8 Length in bytes of following fields
N_CID 8 Number of CIDs included
For (n=0; n<N_CID;n++) {
CID; 16 CID of the connection, to which Te
resource has been allocated to in the
immediately preceding UL_MAP_IE
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