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Abstract—n order to support quality-of-service (QoS) for
real-time data communications such as voice, video and inter-
active services, multiaccess networks must provide an effective
priority mechanism. The context of this work is the IEEE 802.14
standard for hybrid fiber coaxial (HFC) networks which has

Wide-Area
Network

a shared upstream channel for transmissions from stations to Headend
the headend. This work presents a multilevel priority collision Station
resolution scheme, which separates and resolves collisions between |
stations in a priority order, thereby, achieving the capability for Fiber
preemptive priorities. We present a set of simulation scenarios Node
which show the robustness and efficiency of the scheme, such as its | T

ability to isolate higher priority traffic from lower priorities and

to provide quick access to high-priority requests. In March 1998,
a framework for handling priorities in the collision resolution
process, which adopts a semantics similar to the semantics of our
scheme, was included in the 802.14 standard.

Index Terms—tocal area networks, quality-of-service. % ; éa 4 4 % Cable Moder.
g Stations
I. INTRODUCTION é g g él g

EXISTING community cable television systems ar@iy 1. HEC architecture.
evolving into bidirectional hybrid fiber coaxial (HFC)

networks [18], [22] that can support interactive broadband . o

telephony, and Internet access. HFC is only one among s&¥Pscribers’ homes (see Fig. 1). The fiber node has a fiber con-
eral competing residential broadband access technologfegCtion to the so-calledeadendwhich terminates the HFC net-
including digital subscriber line (xDSL), fiber to the homeavork. All data coming from the subscribers is directed to the
(FTTH), fiber to the curb (FTTC), fiber to the building (FTTB),headend. . .
local multipoint distribution service (LMDS), and wireless 1he frequency spectrum on the coax wire portion of the net-
in the loop (WITL) [8], [10], [17], [22]. HFC networks are work is divided into a downstream region and an upstream re-
attractive as they can take advantage of the installed resider@&0- The downstream spectrum typically ranges from 50 to 750
coax network's extensive coverage area. In comparison M1z, divided into channels of fixed width, e.g., 6 MHz in North
xDSL, which takes advantage of installed telephone lines, HFgNerica, and 8 MHz in Europe. The upstream spectrumis in the
networks have significantly higher transmission capacity. ~ range from 5 to 40 MHz with variable size channels typically
The residential cable network architecture uses a hierarchif@m 1 to 3 MHz. At any time, a subscriber transmits only on
tree-and-branch topology with as many as 2000 subscribersQfté upstream channel and receives data only on one downstream

tached at the leaves of the tree. The coaxial wire portion of thBannel. Data rates on the channels are approximately 3 Mbps

and 30 Mbps in the upstream and downstream directions, re-

. . o ) slpectively. Synchronization at the physical layer ensures that all
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The headend acknowledges the successful request, schec Headend
a time slot on the upstream channel for data transmission, ¢ 0 Giaf“_lclme”e
sends the stationgrant messageo inform the station when it s ") -
can transmit. Since the grant message never allocatesthes T ! o lision 3
time slot to more than one station, all transmission of dataisct ~ E & Empty §
lision-free. The IEEE 802.14 working group (WG) [6], [19] is g . Feed Back 2
currently standardizing the multiple access control (MAC) pr¢ £ I nformation §
tocol for communication on an upstream channel. The MA 4 g Downstream Data: Q
protocol is based on an-ary stack resolution algorithm [3], 5§ ¢ e
[15]. g =
In this paper, we investigate the ability of the 802.14 MA( §
protocol to provide priority access to stations. An effective pr g

ority system is needed to provide quality-of-service (QoS) |

HFC applications and services such as voice, video, and int E=F et e ek e

active data services [5], [13]. While, from the outset, the cap Gontention slot (CS) Stations

bility to support priority-based data transmissions was presen % Data slot (DS)

the IEEE 802.14 draft standard, priorities for contention-pror.c=

transmission requests were not considered. In this paper we i

demonstrate that the absence of priority support during the co

lision resolution process has a negative impact on the effective-

ness of the priority scheme. It will be shown that, in order to prére prone to collisions, which occur when more than one station

vide effective handling of priority traffic on a reservation-basedttempts to transmit a request in the same slot. Data slots are ex-

System, like thm-ary stack resolution a|gorithm' one needs t@llCltly allocatedto a SpeCiﬁC station by the headend and are col-

support priorities throughout all transmission phases, includifigion-free. The headend controls the use of contention slots by

both the request phase and the actual data transmission phaggigning request queue values (RQ values) to each contention

We present a scheme that can support priorities during cé#ot:

tention resolution for tree-search (stack) contention-resolutionThe headend's control of the MAC protocol uses a logical

algorithms. It is worth noting here that the 802.14 WG has agtouping of several CS and several DS infeeane(see Fig. 2).

commodated a framework for the handling of priorities of conthe set of CS in a frame, called@S cluster are located at

tention-prone request transmissions. The framework in the dré¥e beginning of the frame. After the headend has completely

standard enables our priority scheme by simply changing tiReeived a CS cluster, it uses the downstream channel to send

syntax of our scheme, without Changing its semantics. feedback on each CS to the stations. The feedback indicates
The remainder of the paper is organized as follows. In Se¢hether a CS was empty, successful, or contained a collision.

tion Il we discuss the 802.14 MAC protocol without prioritiesAlSo, the feedback contains, for each CS, an RQ value assigned

In Section 11l we show why a priority scheme which does ndty the headend.

differentiate priorities during the collision resolution process is For subscriber stations, the 802.14 MAC protocol specifies a

not effective, and we describe a new MAC level priority schemB1ulti-step procedure for gaining access to the upstream channel.

In Section IV we present a set of simulation scenarios that shéwstation with a new request for bandwidth, calledeswcomer

the performance of our priority scheme. In Section V we offétation, transmits a request for bandwidth using a so-céftsd

some conclusions. In the Appendix, we describe the prioriiansmission rule (FTR]R]. The FTR specifies that the station

mechanism adopted by the 802.14 WG, in the terms of our piiluist wait for a group of contention slots Wity = 0 (A slot
ority scheme. with RQ = 0is called anewcomer slgt The station then picks a

numberp, between 0 and a range paramédtelf the CS cluster
has more thap slots withRQ = 0, the station transmits the re-
quest in thepth slot. Otherwise, the station waits for the next
In this section we review the operation of the IEEE 802.1duster of newcomer slots and tries again. The range of the ini-
MAC protocol. Since our priority mechanism, to be describeghl backoff, R, is used to avoid a physical layer complication,
in Section ll, is developed within the the context of the 802.1dalled laser clipping, which occurs when a large number of sta-
MAC [19], an understanding of the protocol is essential for thgons transmit in the same slot [7], [9]. Clearly, the backoff also

llt_lgl. 2. Media access control in HFC networks.

Il. THE 802.14 MAC GNTENTION RESOLUTION PROTOCOL

description of our priority system. reduces the likelihood of a collision in the case of multiple new-
comer stations.
A. MAC Operation If two or more stations transmit requests in the same con-

An HFC upstream channel (see Fig. 2) is divided into digention slot, the headend executes a CRP, which, in the case of

crete time slots, called minislots. The headend designates sdffe802-14 MAC, is a blocking ternary-tree algorithm [3], [4],

of the minislots as contention slots (CS) and some as data sigtal-* *Blocking refers to the restriction that newcomer sta-
(DS). Contention slots, which are one minislot long, are used #gns may nottransmit in CS designated by the headend for the

transmit requests for bandwidth. Data slots, which are severalne protocol is actually a variabte-ary stack algorithmThe default value
minislots long, are used to transmit data. Only contention slaiis: is 3, and for simplicity of presentation, we will use the default value.
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resolution of collisions [2]. Ternary treé refers to a three-way Contention slots gf;ﬁ

splitting of each collision. A complete review of this and other gq

collision resolution schemes can be found in [2], [20]. : R 01000 9 0 z
The headend maintains a tree data structure, catiéidion (a) Bl cl-|-|F|- S

treg to maintain state information on the collision resolution — —& =

process. *When a frame arrives at the headend, the header 1 Colfsion

performs the following operations for each collision in the
frame.

It assigns an RQ number to the collision, set to one larger the
the currently highest RQ value. This RQ value will be assigne

A

to all stations involved in the collision. Then the headend addgpe: [31272[11111]0

three nodes to the collision trete(nary spli) and labels the D|F[H 2
nodes with the collision's RQ value. The labeling of the node “1Bl-lela)1 2 M]
in the collision tree is used to obtain the RQ assignment fgp) 1=Collision X
slots in the next CS cluster. The headend sends feedback to (RQ=3)
stations on the status=empty, no collision, collisionof the Z'ZR%"Z"SZ’;’”
slots, the RQ values assigned to stations, and the RQ values 3 Collision
the slots in the next CS cluster. The combination of RQ value T ma=1)
assigned to stations and to slots in the next CS cluster allows t )

headend to control access to the CS. The process is describer g, y ’

further detail in an example in Section II-B. We refer to [16] for 31313/2/212/1 Z

a complete description of the protocol. © |D|-|E|F|G|-|H

B. Collision Resolution Example

Fig. 3 shows an example of the collision resolution proces
for a network with nine stations, labeled A through I. On the
left-hand side of Fig. 3(a) we depict a frame that arrives at th
headend. The frame contains 7 contention slots and an unspe ReT{Tlol0l0l0
fied number of data slotsEach contention slot is marked with
an RQ value and the labels of stations that attempt to transmit(®)
this slot. Initially, all slots are set tBQ = 0, meaning that all
.SIOtS are avallabl.e to newcomer stations. If '_10 Statlon Fran.s . % 3. Ternary tree collision resolution. (a) Arrival of Frame 1 at headend and
in a slot, the slot is labeled “—". A slot contains a collision if itresulting collision tree. (b) Arrival of Frame 2 at headend and resulting collision
is marked with more than one letter. tree. (c) Arrival of Frame 3 at headend and resulting collision tree. (d) Arrival

In Frame 1, shown in Fig. 3(a), stations A and B both send®sFrame 4 at headend and resulting collision tree.

requestin the first slot, thus, causing a collision. Station C makes

a successful request in the third slot, and stations D, E, F\&lues assigned to the collisions. Thus, stations A and B will

collide in the sixth contention slot. Starting at the last collisiore assigne®Q = 2, and D, E, F, and G are assigng@) = 1.
each collision is assigned an RQ value. The RQ value assigne

is one larger than the currently highest RQ value. TR§3,— 1
is assigned to the second collision, @@ = 2 is assigned to

v

-—
E
E
{4

AMAAAAAN
VWA

g\fter building and labeling the collision tree, the headend
uses the collision tree to assign RQ values to the slots of the
CS cluster in the next frame, Frame 2. The first slot in Frame 2

the_fl_rst collision. The nght-han_d side of Fig. 3(a) depicts thFeceives the RQ value of the leftmost leaf node in the collision
collision tree after the frame arrived at the headend (We assume, o second slot is given the RQ value of the second leaf

that the collision tree is empty before the frame arrives). Fz%de, and so forth. Fig. 3(b) shows the result of the RQ value

each collision, a group of three nodes has been added to ignment for Frame 2. The first three slots are assiBee:
collision tree, and the nodes are labeled with the RQ value ot | " o assign&l) = 1. The remaining slots, one in

the collision. . : -
When the headend sends feedback for the CS cluster in Fralf'rl% 3(b), are assignellQ = 0.

1 on the downstream channel, the feedback contains the RQ he 802.14 MAC protocol enforces that a station can only
transmit in a contention slot if the RQ value of the slot matches
its own RQ value. (During contention resolution after a colli-

2We emphasize that this tree is a data structure used by the headend tos!’:%p’ a station can use a contention slot with an RQ value equal

sign RQ values, and isotrelated to the tree-and-branch topology of the cabl0 OF I€ss than its RQ value.) If several slots match the RQ value,

system. the station makes a random selection. In Frame 2, shown in
3As an alternative to a tree, the collision resolution can be performed with=iq . 3(b), stations A and B could select any of the slots with

stack data structure. One can show that collision resolution with tree and st . - : :

are isomorphic to each other [15]. # = 2. Here, they selec’F the first and third slot, _respectlvely.
4The number of contention slots in a frame is not specified by the 802.§‘at'0nS D and E, both witRQ = 1, both transmit and col-

MAC. An algorithm for determining this number can be found in [12] and [21]lide in the fifth slot, and F and G collide in the sixth slot. The
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seventh slot is still open for newcomer statigi€) = 0) and There are two fundamental shortcomings with this scheme.
newcomer stations H and | collide in it. The first shortcoming is that the FTR treats all stations equally,
The RQ values assigned to the collisions B¢ = 3 for the regardless of their priority. Therefore, a high-priority request
first collision, RQ = 2 for the second collision, anBQ = 1 may be blocked due to an ongoing collision resolution of low-
for the third collision. Thus, when the headend sends feedbamfiority requests. The problem can be illustrated in the example
for Frame 2, stations D and E will be setRé) = 3, stations F shown in Fig. 3. Recall that each collision splits across three CS
and G will be set tRRQ = 2, and stations H and | will be set toin the next frame. Consider a situation as in Frame 3, where all
RQ = 1. contention slots are used for resolving collisions, and, therefore,
The right-hand side of Fig. 3(b) depicts the collision tree aftero newcomer slots witlR() = 0 are available. In such a situ-
Frame 2 has arrived at the headend. Any leaf that correspomtisn, the absence of newcomer slots blocks the station with a
to a slot which does not contain a collision is consideted high priority from transmitting the request.
minated labeled with a “T”, and eliminated from the tree. Leaf The second problem with the priority scheme results from the
nodes that contain a collision are considenetterminatedla-  fact that the MAC does not resolve collisions in a priority order.
beled with “NT”, and obtain three children nodes. If a collisionhjs problem, too, can be illustrated in Fig. 3. Consider Frame 3
occurred in a slot wittRQ = 0, three leaf nodes are split fromand suppose that station D is requesting bandwidth for high-pri-
the root. _ _ ority traffic, while station E is requesting bandwidth for low-pri-
The RQ values for the CS in Frame 3 are assigned accordigy traffic. Here, station D has to send its request in contention
to the labels of the leaf nodes in the collision tree: slots 1gh the low-priority station E. Since there is no consideration
are assignekQ = 3, slots 4-6 are assign&l) = 2, and the priorities during collision resolution, it may happen that the

remaining slotis assignetlQ = 1 [see left picture in Fig. 3(C)]. oquest by the low-priority request from station E is completed
Note that the number of not terminated leaf noge8) is larger be?‘(l;re thghigh-pv;oﬁitly rleyqueqsl: from stationlD I P

than the number of available contention slots7). Thus, wo The lack of priority support for contention-prone transmis-

(Sjlg]}esr\r’:éhli%;r;r\:]vglzh do not it into the next frame will be sion requests in the 802.14 MAC is reflected in the MAC de-
The left-hand side of Fig. 3(c) shows that Frame 3 has no c!ﬁys of statpns n _the HFC netwo?k?l’o demonstrate this, we
gRLesent a simulation experimentin the simulated scenario,

lision. Thus, all nodes of the collision tree, except the two no . . ) .
with RQ = 1 for the deferred slots, are terminated. To acconilf€€ 9roups of stations are present, each with a different pri-

modate the deferred slots, two contention slots it = 1 ority level. We use the convention that a lower priority index in-
are allocated in Frame 4 [see Fig. 3(d)]. The remaining coflicates a lower priority. The three groups are comprised of the
tention slots in Frame 4 are set®) = 0, meaning that they fo.IIowmg stations and loads: a group of 20 prlorlty—g stations
are available to newcomer stations. In Fig. 3(d), one of the sId¥ih an aggregate load of 5% of the upstream capacity, a group
with RQ = 1 is randomly selected by station | to transmit it®f 80 priority-1 stations with a load that is varied from 0-32%,
request. After Frame 4, all leaf nodes are terminated, hence,2d1F @ group which consists of 100 priority-0 stations with an ag-
collisions are resolved. In the subsequent frame (not shown),@fegate load of 20%. In the simulation experiment, we measure
CS slots will be labeled witlRQ = 0. the 95th percentile of the MAC delay.
In Fig. 4, we show the MAC delays for the 802.14 MAC

IIl. M ULTIPRIORITY ACCESSSCHEME FORHEC NETworks  Which uses a priority scheduler at the headend, but which does
) . hot use priorities for the FTR and CRP. Fig. 4 clearly shows that
The IEEE 802.14 MAC protocol provides three possiblg s yac delays increase for all priorities as the priority-1 sta-

places that can be used to implement a priority scheme: tions increase their load. Higher priorities do no receive smaller

1) use priorities for the FTR; MAC delays.

2) use priorities in the CRP; ~ For comparison, we show the same simulation scenario using

3) use priority scheduling at the headend when grantingyr priority system (presented in the next subsection). Fig. 5
transmission of data slots. shows that our scheme separates traffic from different priority

Originally, the 802.14 MAC only used priority scheduling at théevels. As the load from priority-1 traffic is increased to more
headend. We first motivate the need for a better priority systefian >15% of the upstream capacity, the delay of priority-0
by showing that headend scheduling alone is not sufficient. Theaffic increases drastically, while the delays for priority-1 and
we propose our solution, which employs prioritization also ipriority-2 traffic is controlled. When the load of priority-1 traffic

the FTR and the CRP. Throughout this work we maintain pris further increased, beyoned30% of the upstream capacity, the
ority scheduling at the headend. priority-1 traffic is practically preempted, without affecting the

delay of priority-2 traffic.
A. Motivation for a Priority System

In earlier versions of the IEEE 802.14 draft specifications, SMAC delayis the time from the arrival of data to the station until the suc-

. .o . . . ssful transmission of the data. We assume that data that arrives at the MAC
stations indicate the priority of their traffic type through a quel‘ffyer of a station is small enough to fit into a single data slot. The MAC delay

identifier (QI) field in the contention slot. The headend usesigludes the waiting time for a newcomer slot, delays due to collision resolution,
priority scheduler for the transmission queue of grant messagel@ﬁdtéling dlelay of the grant message at the headend, and transmission delay
for those stations which have indicated a high-priority in the (5[; edaaslot - o ,

field. With priority scheduling. a station which has transmitted The experiment is similar to the simulations in Section IV. Refer to Sec-
1eld. With priority uling, ation whi Itt€A @ 1v for a complete discussion of the simulation parameters and the simu-
successful priority request can gain faster access to the chaniaeid network.
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Fig. 4. The 95% percentile of MAC delays (without our priority MACFig. 5. The 95% percentile of MAC delays (with our priority MAC protocol).
protocol).

Priori

Remark: We want to point out that the outcome of the exper- Priorigg
. . . . . L Priority 1
iment in Figs. 4 and 5 is dependent on the relative capacities ¢ ‘ | T Priority 0
the reservation channel and the data channel. If the reservatit
channel capacity is large, a backlog will build at the headencR@vave: |-3 |-2(-110 /0 /0|0 :
rather than in the stations. In such a case, the headend scht -] -1-1-F7 / g
uling algorithm has a larger impact on the effectiveness of traffic ' -
prioritization. Note that in the depicted scenario, the reserva “PNAsiots
tion channel capacity is small relative to the capacity of the dat N CGontention slots " Data slots
channel.

Fig. 6. Priority frame layout.
B. Priority Protocol Description

We propose a priority scheme which addresses the problem#§Ve define a new FTR which enforces that stations with prior-
of the 802.14 MAC pointed out in the previous subsection. Bties >0 must use their PNA slot for all newcomer station access.
allowing high-priority stations to bypass the blocking feature dfhe original FTR is used only by stations of the lowest priority
the CRP and by separating the first transmission rule and coll=0). With the new FTR, stations with higher priority requests
sion resolution for different priorities, we show that contentionan immediately transmit requests for bandwidth in the PNA
can be confined to the set of stations in the same priority levellots. A station with a new request waits for a PNA slot with a

New Frame Format: In Fig. 6 we suggest a new framepriority that matches its own priority, and transmits the request
format. Several contention slots at the beginning of the framagth probability 1.
are converted for exclusive use by priority stations. Each of Note that the new FTR always runs into a collision if two
these contention slots, referred to asPeority Newcomer or more stations from the same priority levet0) transmit a
Access (PNA¥lots, correspond to a single priority level. Theequest in the same frame. Seemingly, this is a disadvantage
headend identifies a PNA slot with a negative RQ value, wheas the necessary collision resolution increases the MAC delay.
the RQ value- N is reserved for priority levelN.” We assume In reality, however, a high-priority collision is a fast method to
that a larger priority index indicates a higher priority, withsignal to the headend that more contention slots are needed for
“0"denoting the lowest priority. For example, an RQ value oéxclusive use by high priorities. Additionally, in Section IV we
—3 indicates that the slot is reserved for priority level 3. Witlshow that the availability of additional PNA slots does not lead
the PNA slots, we can ensure that each priority level (othtr improved delay performance for high-priority traffic.
than level “0”) can send transmission requests to the headen&eparate Collision Resolution for Each Priority: We
without interference from other priorities. Thus, higher prioritgompletely separate the collision resolution at each priority
stations are never completely blocked from transmitting lavel. Newcomer stations with priority reque$ts0) transmit
request for bandwidth. requests only in slots which exactly match their priority level.

New First Transmission Rule: The 802.14 MAC uses a Therefore, the headend knows that all stations involved in a
blocking FTR to prevent newcomer stations from interferingarticular collision are of the same priority level. In case of
with an ongoing collision resolution. Newcomer CS are des-collision at a certain priority level, the headend attempts to
ignated with an RQ value set #®Q = 0. Using parameteR, allocate three slots in the next frame for each collided slot; each
stations distribute their requests randomly over the numberarie of these slots is reserved exclusively for requests from the
available newcomer CS. same priority as the collision. Hence, requests only collide with
“In the 802.14 draft, RQ values are represented by an 8-bit integer. If tﬁéher requ.eStS from the S.ame priority. .

‘ ' ' Contention Slot Allocation: The number of contention slots

number is interpreted as a two's complement quantity, we can still support more™~ h o
than 100(=27) priorities. available in a frame may not be sufficient to accommodate all
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the slots needed for ongoing collision resolution and newcom Contention slots QD;:_
access. We have seen such a scenario in the single-priority s PNA slots e
nario in Fig. 3(c), where two needed contention slots could n¢Priority: (3 [2 1110 (0 [0

be accommodated and had to be deferred to a later frame. In¢ ~ A%|-3]-2]-1101010
prioritized slot allocation scheme, the headend follows a priorit (a) -lcl-1-|PE].
order when determining which slots are allocated in the ne:

frame, and which are allocated in a later frame. Given that E.{.ﬁcoﬂisjm (no="2;":- U .@@@ @ Priority

o >
L)
AMAAAAAN
vy
| @

the highest priority, the order is as follows: (1) Collision resolu- : S :
tion slots for priority stations at leve?, (2) PNA slot for level 209 Collision (RQ = 1) iy’ 0 “RQ
P, (3) Collision resolution for leveP — 1, (4) PNA for level SGeferred

P —1, and so on. Any leftover slots are allocated Wiy = 0, . '
to be used by lowest priority newcomer stations. This orderin _
gives highest priority to the collision resolution of the highes PNAsots , ».

priority level. If the number of contention slots is not sufficient, " Sf ,:.f 313121110
o . . 2(2121]-3[-2]-1(1

lower priority collision resolution slots are preempted, and de D z
ferred to later frames. ® |Al-1BI-|-|E 2

Note that the complexity of the described priority algorithm =
is very small. A newcomer of a certain priority class simply use L % Goision
the slots designated for the priority of its class. Also note the TTRe=2
the presented priority collision resolution algorithm is orthog:
onal to the selection of the priority scheduling algorithm at the ;
headend. Our priority algorithm does not restrict the selectio JNAsots s v
of the priority scheduling algorithm at the headend. Priority:) 312(1/0/0/01{0

The scheme as described here integrates priority slots direc  "&|=3]-2|-1121212 1 .
into the 802.14 frame format. The use of an extra slot to indi -|-|-|D|-lEIF
cate high-priority traffic was first proposed for XDQRAP [14], © =
however, not in the context of the ternary tree algorithm of th:
802.14 MAC. As opposed to the fixed frame format found ir
XDQRAP, the flexible frame size of the 802.14 standard allow. PNA slots [
our protocol to allocate more contention slots to each priofit piy: (3 T2 17107010 0
level when needed. Ra:|-3]|-2{-1|1 (0 0
C. Example Priority Collision Resolution @ =] |G]-] | E

We demonstrate the collision resolution process using our pri-
ority scheme with an example. The scenario is depicted in Fig./g. 7. Priority collision resolution. (a) Arrival of Frame 1 at headend and
We assume four priority levels, where “3” is the highest prioritygsulting collision tree. (b) Arrival of Frame 2 at headend and resulting collision

and “0” is the lowest priority We use seven stations. labeled t&e. (c) Arrival of Frame 3 at headend and resulting collision tree. (d) Arrival
. ' ! of Frame 4 at headend and resulting collision tree.
through G, with

priority level 3 for stations A and B, the right-hand side of Fig. 7(a), we show the collision tree for
priority level 1 for station C, and Frame 1. For each collision, three new nodes are created, and
the nodes are labeled with an priority index and an RQ value.
The priority index of a node is identical to the priority index of
Each frame consists of seven contention slots and an unsp#tg slot where the collision occurred. The RQ values are set as
fied number of data slots. Assuming that the system has bdeihe uni-priority case, that is, the RQ value is incremented for
idle long enough, so no previous collision is currently being r@ach collision.
solved, the headend will set the RQ values in the priority frame In the second frame [Fig. 7(b)] we see how the headend assigns
as shown in the left picture of Fig. 7. Recall that a negative RRQ values and priorities to the next CS cluster. Each collision is
value — P designates the contention slot as a PNA slot of préplitacross three slots, each with the same priority as the collided
ority level P. The first three contention slots with RQ valueslot they are generated from. The PNA slots for each priority
—3, -2, —1 are PNA slots for priority levels 3, 2, and 1, respedevel are still allocated to provide newcomers from higher prior-
tively. The remaining slots are assigned a priority level of 0. ities access to a request slot. Note that there are not enough slots
In Frame 1, in Fig. 7(a), newcomer stations A and B botin the CS cluster to accommodate all slots needed for collision
transmit requests at priority level 3. Thus, they transmit theiesolution. Thus, two slots, corresponding to the two rightmost
first request in the PNA slot witRQ = —3, causing a collision. leaf nodesinFig. 7(b), will be deferred to a later frame.
Station C transmits a successful request for priority 1 traffic in In Frame 2, stations A and B select different contention slots
the PNA slot withRQQ = —1. Stations D, E, F, and G all transmitwith RQ = 2. Stations D and E both transmit in the priority-0
a request for priority level 0 in the same slot wRit) = 0. On slot with RQ = 1, and experience another collision. Stations

priority level O for stations D, E, F, and G.
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F and G have randomly selected one of the deferred slots, and,
therefore, do not retransmit their request in Frame 2. The col-
lision tree for Frame 2 shows that the collision wil6) = 2

is resolved and is labeled as terminated. Due to the collision of
stations D and E, three more nodes are created in the tree. Since
the collision withRQ = 1 is still not resolved, the nodes are
labeledRQ = 2.

The priority and RQ value assignment for Frame 3, shown
in Fig. 7(c), is directly obtained from the collision tree. Due to
the PNA slots, only 4 slots are available for the 5 nodes in the
collision tree. Thus, the rightmost leaf node in Fig. 7(c) is again
deferred to the next frame. The retransmission of requests in
Frame 3, by stations, D, E, and F shows that there is no collision.
As a result, all nodes, except the deferred node, are labeled as
terminated. In the last frame, shown in Fig. 7(d), all stations
complete their requests and the system returns to the idle state.

The IEEE 802.14 WG followed a proposal by [1] and adopted
a general framework for a priority collision resolutiow scheme,
which is now part of the draft standard [19]. The standardized
framework uses similar semantics for resolving priority colli-
sions as the scheme just presented; but it takes a more general
form and uses a different syntax. For example, the standard-
ized scheme does not use RQ values to designate the priority
of CS in the system. Rather, it uses CS/DS allocation messages
to designate certain newcomer CS to one of eight priority levels.
Also, the adopted version does not give guidelines for allocating
priority newcomer slots. (Our scheme allocates them in every
frame.) The standardized version is discussed in the Appendix.

IV. PERFORMANCE EVALUATION

We have built a simulation program to evaluate the perfor- *
mance of the priority system. The simulation program was cre-
ated as an HFC module for the NIST ATM simulator [11]. We
used the configuration and system parameters for the HFC net-
work shown in Table I.

We present the results from six different simulation exper-
iments that measure the effectiveness of the priority system
using average request delay in Experiments 1-4, and transient’
throughputs in Experiment 5-6. The request delay is the time it
takes a transmission request to successfully reach the headend
from the time the request arrives at the station. Different from
the MAC delay, as defined in footnote 5, the request delay
does not measure delays that are incurred after the successful
transmission of a request, i.e., scheduling delay of the headend®
and transmission time of data slots are not included.

In all simulations, the maximum number of priority levels is
setto three. Priority O is the lowest priority level, and priority 2 is
the highest priority level. In each experiment we have groups of *
stations which transmit at a given priority level. A summary of
the number of stations in each priority group, and the load from

pacity, is shown in Table II. Traffic arrivals to a station are fol-

slot. If multiple data slots arrive before a station can transmit a
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TABLE |
SIMULATION PARAMETERS
Simulation Parameter Values
Distance from near- | 25/80 km
est/furthest  station to
headend
Downstream data transmis- | Not considered
sion rate limiting
Upstream data transmission | 3 Mbps
rates (only one upstream
channel is used)
Propagation delay 5§ ps/km for coax
and fiher

Length of simulation run 10 sec
Length of run prior to gath- | 10% of simu-
ering statistics lated time
Guard-band and pre-amble | Duration of 5
between transmissions from | bytes
different stations
Data slot size 64 bytes
Payload in a data slot 48 bytes
CS size 16 bytes
DS/CS size ratio 4:1
Frame size 52 minislots
Size of CS cluster Fixed 18 slots
Round trip 1 Frame
Maximum request size 32 data slots
Headend processing delay 1 ms

priorities. Experiment 1 varies the priority-1 load, and Ex-
periment 2 varies the priority-2 load. As the traffic from a
particular priority is increased, traffic from lower priorities
is expected to be preempted. At the same time, high-pri-
ority traffic should not be affected.

In Experiment 3, we attempt to quantify the overhead
caused by the allocation of PNA slots in each frame in a
network with only one priority level. We compare the re-
quest delay for low-priority traffic in a system with PNA
slots to a system without PNA slots. Since no high-priority
traffic is present, this experiment evaluates the overhead

due to the priority system.

In Experiment 4, we evaluate the bandwidth that should
be reserved for priority newcomer stations. We verify that
our selection of only one PNA slot per frame is sufficient.
Note that priority-1 and priority-2 stations are given only
one newcomer slot, the PNA slot, while priority-0 stations
are given the remaining slots withQ = 0 in the frame.

In Experiment 5, we evaluate how fast our priority scheme
can preempt lower priority traffic when higher priority
traffic becomes active. We also verify that the priority
system is fair within the same priority level.

In Experiment 6, we show how the preemptive priority
scheme can be relaxed by using a different scheduling al-
gorithm in the grant queue of the headend. Specifically,

each priority group, expressed in percentage of the upstream ca- We demonstrate the implementation of a rate-proportional
bandwidth sharing scheme which allocates bandwidth to

lowing a Poisson process and each arrival requires a single data Priority levels in a specified ratio.

request, a station will issue a request for multiple data slots. A. Experiment 1: Varying Priority-1 Load

* In Experiments 1 and 2, we show the impact of increasing Our goal is to investigate the impact of increasing the load of
the load of one priority on the request delays of the otharparticular priority level on the other priority levels. In the ex-
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TABLE 1
SIMULATION SCENARIOS (THE LOAD |S EXPRESSED INPERCENTAGE OF THEUPSTREAM CAPACITY)
fContinuous backlog50 in Group 1 and 50 in Group 2
Priority 0 Priority 1 Priority 2
(low priority) (medium priority) (high priority)
# | Experiment Stations Load Stations Load Stations Load
1 | Vary Priority-1 Traffic 100 20% 80 [10%,45%) 20 5%
2 | Vary Priority-2 Traffic 50 12.5% 50 12.5% 100 [10%,45%)
3 | Protocol Scheme Over- 80 [5%,45%) 0 0 0 0
head
4 | Varying Number of PNA 50 [2.5%,35%)] 50 [2.5%,35%) 0 0
Slots
5 | Transient Throughput 50 100%! 100 100%! 50 100%!
6 | Transient Throughput 50 100%" 100¢ 100%! 50 100%!
50 T T 50 T T
g 45 ) g 45 -
E ! ) 4 E soh . ions.
2 sl Priority 0, 100 Stations | ES 3(5) Priority 0, 50 Stations
o = - |
Q 30 - 7 3 30 - 4
8 a5t 1 2 sl
% ol | % 25
& 15} 1 g 27 Priority 1, 50 Stations
o .. P 15
S w0} Priority 1, 80 Stations ... e ] ?3:0 ol A e
S sern — s e " Priority 2, 20 Stations - 3 - e @
< T G e oo S T R ] < 39 Priority 2, 100 Stations|
Total [035 04 045 05 055 06 065 0.7 ‘ ' ' ‘ ' ‘
High 005 005 005 005 005 005 005 005 Total 035 04 045 05 035 06 065 0.7
Medium [0.10  0.15 02 0.25 0.30 035 04 0.45 High 01 015 02 0.25 0.30 0.35 040 045
Low 02 02 02 02 02 02 02 02 Medium |0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.12
- Low 0125 0125 0125  0.125 0125 0125 0125 0.123
Traffic Load (% of Upstream Capacity) “Traffic Load (% of Upstream Capacity)
Fig- 8. Experiment 1. Varying priority-1 load. Fig. 9. Experiment 2: Varying priority-2 load.

periment, a total of three priority levels are used. There are 20 . . .

priority-2 stations which contribute 5% of the channel capacigeases sharply, yet, the priority-2 stations receive low request
to the load and 100 priority-O stations which transmit a tot elays.

!oad 0f 20% of the upstream capa_cny. 80 prlorlty-_l stat!ons o Experiment 3: Overhead of the Priority Scheme

introduced to the system generating a load that is varied from

10% to 45%. In Fig. 8, we plot the request delay versus load forlf no high-priority traffic is present, the presence of PNA slots
each priority level. We observe that, as the priority-1 traffic inh each frame is consuming bandwidth that cannot be used by
creases, the delay of the priority-0 stations rises sharply, whildhie lowest priority class. In this experiment, we quantify the
increases moderately for the priority-1 traffic. Since during copystem overhead in a system that sends all traffic at the same
lision resolution, the headend allocates more contention slots {west) priority level. We compare two cases. In the first case,
the priority-1 contention and less for the priority-0 stations, tHé€ PNA slots are not present and the priority-0 stations can use
delay of priority-0 traffic increases while the delay of priority-1the entire range of contention slots. In the second case, three
traffic remains relatively flat. As the priority-1 traffic is furthercontention slots in each frame are marked as PNA slots for
increased, the delay for priority-1 stations rises. The delays figher priorities. We plot the average request delay versus traffic
high-priority stations, however, remain nearly constant at a Id@ad in Fig. 10. The figure shows that the reserved PNA slots
level. cause only a slight increase in request delay.

B. Experiment 2: Varying Priority-2 Load D. Experiment 4: Overhead of Low Load Performance

Similar to Experiment 1, we vary the load of stations from In Experiment 4, we compare the performance of traffic from
one priority level. Here, we show the effect of varying the loagriorities 0 and 1 when we vary the number of PNA slots. Note
of high-priority traffic on the other traffic classes. The groupthat for newcomer stations from higher priorities, only one PNA
of priority-0 and priority-1 stations each consist of 50 stations|ot per frame is available. In contrast, the lowest priority level
generating each a traffic load equal to 12.5% of the upstream can use all slots witliRQ = 0 for newcomer stations. At low
pacity. The third group of stations consists of 100 high-prioritgystem loads, the lack of slots for newcomer stations may cause
stations, generating a load varied from 10% to 45% of the caquest delays for high-priority stations to be larger than the de-
pacity. Fig. 9 shows that, as the load from high-priority statiodays of low-priority stations. In Fig. 11 we show the result of
increases, the priority-0 stations are delayed. When the loadiisexperiment with 50 priority-0 stations and 50 priority-1 sta-
increased further, the request delays for priority-1 stations itiens. We observe that the priority-1 traffic has slightly higher
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Fig. 10. Experiment 3: PNA overhead-average request delay. Traffic Load (% of Upstream Capacity)
50 ' ' ' Fig. 12. Experiment 4: Low load performance—5 PNA's for priority-1.
- 45 1
§ 40| 1 i a) Priority 0, 50 Stations
= s 1 1t 1
2 50 Priority 0, 50 Stations | 030
§ 25 L 4 = 1,% L T—Ligriority 1, 50 Stations, Group 1 -
(= o, r o
o 20| § L -
I § 0.5 %
qb)l) 15+ ] :/ 2
§ 10 2 s} o) Priority 1, 50 Stations, Group 2 |
o r ) 1
> Ty
< sp SR e g 03] . : ]
Priority 1, 50 Stations _EE
1 1 ! 1 1 | 2 < — T
Total 0.1 0.2 0.3 0.4 0.5 0.6 0.7 1.5 - d) Priority 2, 50 Stations |
High 005 o0l 015 02 025 03 033 bl 1
Low 0.05 0.1 0.15 02 0.25 0.3 0.35 ; )
» - 100 150 200 250 300 350
Traffic Load (% of Upstream Capacity) Round Trips
Fig. 11. Experiment 4: Low load performance—1 PNA for priority-1. Fig. 13. Experiment 5: Transient throughput.

request delays than the priority-0 traffic (about 1 ms betweentstanding request. The experiment measures the throughput
5% and 45% load). This can be attributed to the fact that psialues over a total length of 350 round-trips.

ority-1 newcomer stations are confined to only one PNA slot, Initially, the upstream channel is idle. After 122 round-trip
while the remaining contention slots are used by the priorityd®lays, a group of priority-0 stations begins to transmit, oc-
traffic. Since at low loads, collisions are infrequent, the requesttipying the entire available bandwidth [see Fig. 13(a)]. Note
delay is mostly comprised of the time to transmit the first réhat, even though the upstream bandwidth is 3 Mbps, the usable
guest. At higher loads (above 45%), the request delay is modigndwidth is less than 1.7 Mbps. At time 152, a group of 50 pri-
attributed to collision resolution. For comparison, in Fig. 12 werity-1 stations begins to transmit. As shown in Fig. 13(b), the
show the same simulations where we allocate five PNA slgusiority-1 stations completely preempt priority-0 traffic within

to priority-1 traffic in each frame. With this modification, thel—2 round-trip delays. After 183 roundtrip delays, a second
higher priority traffic never has higher delays than the lowegroup of priority-1 stations begins to transmit. A comparison
priority traffic. However, with multiple PNA slots per priority, of Fig. 13(b) and (c) shows that the two groups of priority-1
more capacity is wasted if no high-priority traffic is used (sincgtations divide the bandwidth evenly. At time 213, a group of
the PNA slots cannot be used by the lowest priority). Ideall$0 priority-2 stations becomes active. Fig. 13(d) shows that all
one would dynamically adjust the number of PNA slots; but lawer priority traffic is preempted within 1-2 round-trip delays.
comparison of Figs. 11 and 12 shows that the potential bendfihen the high-priority traffic ceases transmission, after 264

of such an adaptive scheme is rather small. round-trip times, the priority-1 stations again grab the available
_ _ bandwidth. The experiment illustrates that the priority scheme
E. Experiment 5: Transient Throughput reacts fast to changes in the traffic load. Low priority traffic is

In Experiment 5, we show the transient performance §PMPpletely preempted within one or two round-trip delays.
the protocol. In this experiment, we measure the throughput ) ) ) )
attained by station groups per roundtrip delayi60 km). We F. Experiment 6: Rate—Proportional Bandwidth Sharing
assume that each station group is permanently backloggedThe objective of this paper is the presentation of a MAC pro-
that is, there is always a station in the group which has &wcol for HFC networks with preemptive priorities, that is, lower
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15 . a) Priority 0, 50 Stations scheme. We proposed a priority scheme which provided
handling of priorities during both the request phase and the
actual data transmission phase. Specifically, we presented a
priority scheme which supports priorities during contention
resolution for the ternary-tree contention-resolution algorithm
employed by the IEEE 802.14 MAC protocol. The 802.14 WG
has accommodated a framework for the handling of priorities
of contention-prone request transmissions, which has a similar
semantics as the scheme presented in this paper. In fact, our

o o~
=

=4

Throughput (Mbps)

1§ scheme can be exactly implemented in the framework of the
1 standard (see the Appendix).
0'51 e While the priority scheme presented in this paper was devel-

Round Trips oped within the context of the IEEE 802.14 standardization ef-
fort, the proposed algorithm is applicable to a general setting
Fig. 14. Experiment 6: Transient throughput with rate-proportional prioritieef multiaccess protocols with a contention/reservation approach
[3].
priority traffic is completely preempted if the demand for band-
width from high-priority traffic is sufficiently high. APPENDIX
In this experiment, we demonstrate that our MAC protocol IEEE 802.14 SANDARD PRIORITY SYSTEM
can also implement less stringent priority schemes. We have
implemented a rate-proportional bandwidth sharing scheme,!he priority scheme, as presented in this paper, was first de-
where bandwidth is allocated to different priorities in a fixe§€loped in July 1997. In November 1997, a proposal was made
ratio. Specifically, the ratio of bandwidth allocated to PrioritietP the IEEE 802.14 WG [1] for enabling priorities during col-
2,1, and 0, is set to 3:2:1. This means that, under conditiofgon resolution. In April 1998, this proposal has since been
of high network load, priority-2 traffic receives three timedncorporated into the 802.14 draft standard. It is important to
as much bandwidth as priority-1 traffic, and priority-1 trafficd0te that the standardized version only provides a framework for
receives twice the bandwidth allocated to priority O. supporting priorities, so that vendors can implement a priority
We wish to emphasize that the collision resolution protoc§Fheme, and does not explicitly state guidelines for a specific
in Experiment 6 is the same as in the previous experimen$§heme.
The only modification for this experiment consists in a different The standardized priority mechanism uses semantics for re-
scheduling algorithm for the grant queue at the headend. spegﬁlving collisions of priority transmission requests similar to the
ically, we replaced the static priority scheduler at the headefi@mantics of our scheme. In particular, our priority scheme from
with a rate-proportional scheduling algorithm. Section I, which was shown to be able to preempt all low-pri-
The results of the experiment are summarized in Fig. 14. K&ty traffic, can be implemented within the framework of the
in Experiment 5, time is measured in round trip delays. At timgandard.
122, a group of 50 priority-0 station takes the whole channel for Nextwe discuss some of the key differences between the stan-
transmission. At time 152, a group of priority-1 stations starfirdized priority framework and the scheme presented earlier in
transmission. The figure illustrates that bandwidth is shared!fiS Paper.
aratio of 2:1, that is, on the average, two priority-1 packets areOne difference between the scheme in Section Il and the
sent for each priority-0 packet. At time 183, a second group giandardized version is the method used to allocate newcomer
priority-1 stations starts to transmit. As before, the priority-$l0ts to stations. Recall, that our scheme used special request
stations share the bandwidth with the priority-0 stations in a 2810ts, so-called PNA slots, for high-priority newcomer stations,
ratio. At the same time, the two groups of priority-1 stations spfnd used slots witikQ = 0 for access by newcomer stations
the bandwidth available to priority-1 traffic evenly. At time 213from the lowest priority. The standardized version does not have
a group of 50 priority-2 stations becomes active. Fig. 14 showgdicated PNA slots. Rather, the headend explicitly designates
that the different priorities share the bandwidth in a 3:2:1 ratif?r €ach frame which newcomer slots can be used by a given
Attime 264, the priority-2 stations become inactive. As a resuRriority. Another difference from the scheme presented in Sec-

the priority-1 and priority-0 stations again divide the bandwidt#on !l is that newcomer slots, if so designated by the headend,
in a 2:1 ratio. can be used by more than more than one priority. (This, however,

may have an adverse effect on the effectiveness of the priority
scheme.)

As in Section Ill, the standard uses the downstream feedback

In this paper we have shown that the implementation of amessages from the headend, so-called request minislot alloca-
preemptive priority scheme for transmissions on the upstredion elements (RMAE), to designate RQ values and priorities
channel in an HFC network requires support of prioritie® the slots in the next upstream CS cluster. However, different
throughout all phases of the transmission. We showed ttiaim the scheme in Section lll, the feedback also contains the
the lack of priority support during the collision resolutiorpriority assignment for newcomer slots in the next CS cluster.
process has a negative impact on the effectiveness of a priofiitye format of an RMAE message is shown in Fig. 15; only

V. CONCLUDING REMARKS
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1. ] there are 3 newcomer groups following the CRPP field. Our
omer |E |E € | nawol crep | & | 2 =<| priority-5 station can only use thems; minislots in the third
Information | - | g &~ c|E £ group (with time boundary parametgy). The slots in the first
' group are reserved for priorities 1 and 2, and the slots in the
RS e o i second group are reserved for priorities 3 and 4. Priorities 6, 7,
Collision groups Newcomer groups

and 8 will use the same newcomer group information as priority
Fig. 15. Request minislot allocation element. Collision groups: One group 8¢ €+ (11111_53 : ta).

each value RQ>0 for which slots are allocated in the next CS cluster. NewcomerEach priority level can only use one newcomer group. For
groups: One group for each bit set to “1” in bitfield CRPP. priority-k, this is the group that corresponds to tlgghtmost*1”

at or to the left of bit-positiork. For example, if the CRPP is set

fields that are relevant to the priority scheme are shown. THO0 001001, all newcomer stations with priorities 5 or higher
message informs the stations of the number of CS of each Rt§ admitted. The slots that correspond to bit-posifios: 5
value and provides information about priority newcomer slot§2n be used by priorities 5, 6, 7, and the slots that correspond to
Each RMAE message contains a number of so-caifision pn—posnmnk =8are ll‘or'the exclusive use b_y priority 8. Thus,
groups There is one collision group for each valB& > 0 for N the next frame, a priority-5 newcomer station can use the slots
which slots are allocated in the next frame. Recall @t 0 for positionk = 5, but not the slots fok = 8.

implies that there was a collision in an earlier frame. THe _ With this mechanism, a large set of priority schemes can be
collision group is given by a tupléq,, nms;), with the inter- |mplementeq. To achieve a preemptive priority scheme, e, a
pretation that the next frame will hawens; (Number of Minis- Scheme which completely preempts low-priority traffic from
lots) fields designated &Q) = rq,. thg netwqu if the traffic load from high-priority trgfflc is suf-

In [1], newcomer stations from all priorities must use slotéiciently high, the headend must ensure that collisions are re-
with RQ = 0 for sending a request. (Again, in Section 111, wes©Ived in a priority order. This can be done if the headend al-
used PNA slots for high-priority newcomer stations.) The a¥/2ys assigns higher RQ values to higher priority collisions, and
signment of slots wittRQ = 0 to priorities is done as follows. If the headend resolves collisions in the order of RQ values.
Each RMAE message has a CRPP field that dictates which pri/t iS not hard to see that our priority scheme from Section I
orities can transmit their request. A newcomer station with &N be implemented in this framework if, in addition to collision
priority-k message will be allowed to transmit a request in tH&Solution in priority order, the following options are selected:

next frame only if CRPP has a “1” in bit positidnor higherg » The CRPPfieldis settb111 111. This ensures that new-
For example, ifc = 5, then any of the following 8-bit CRPP comer slots never contain collisions from different priori-
fields will allow transmission of a priority-5 request: ties. (If the next frame does not have a sufficient number
of CS, the CRPP is modified appropriately.)
12345678 12345678 12345678 « For each but the lowest priority, the NMS value of the new-
xxxxlxxx  xxx10xxx  xx100xxx comer group is set tams;, = 1, that is, there is exactly
12345678 12345678 one newcomer slots for each priority (other than the lowest
x1000xxx 10 000xxx priority). This slot replaces the PNA slots shown in Fig. 6.

For the lowest priority level, we seains;, to the remaining
number of contention slots in the next frame.

* For all but the lowest priority:, the time boundary param-
eter is set td;, = oo, that is, a newcomer station from
priority k& selects the available slot with probability 1. For
the lowest priority, we satms;, to the remaining number
of contention slots antl, = co.

wherex's are either “0” or “1.”

For each bit position in the CRPP field with a “1,” the RMAE
message has a so-calleewcomer groupwhere each group is
represented by a pditns, ¢). For thei-th “1” in the CRPP field,
say in thegth bit, the pair(ums;, ¢;) indicates that the next CS
cluster hasuns; slots for use by prioritieg or higher. Param-
etert; is a time boundary which indicates that only newcomers
generated at timg or earlier are admitted in thens; slots?
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