PCUP : Pipelined Cyclic UpstreamProtocol over Hybrid Fiber Coax

Ying-Dar Lin Chia-Jen Wu Wei-Ming Yin

Department ofComputer and Infor mat ion Science

National Chiao Tung Universit y, Hsinchu, Taiwan

E-mail : ydlin@cis. nctu.edu.tw

Abstract

In order to span NII (National Information

Infrastructure) into the homes, the community cable TV networks have to be re-engineered to support two-way interactive services. In thiswork, we propose PCUP

(Pipelined Cyclic Upstream Protocol) as the upstream

MAC (MediumAccess Control) protocol forHFC (Hybrid

Fiber Coax) community access

� network. PCUP is

designed with the intention of pipelining the upstream

channel. This is achieved by properstation positioning,

which measures the station propagation offset fromthe

headend, and transmission scheduling, which assigns each

station the transmission starting time and duration in a

cycle. By taking into account the propagation offsets and

the transmission times, transmitted cellscan appearback-

to-back, i.e. pipelined, at the headend. Since only the

active stations are scheduled to transmit in a cycle, a

membership control mechanism, which runsa contention-

based tree walk algorithm, isexecuted periodically to

allowthe stationsto join or leave. We also compare

PCUP with various schemes proposed to IEEE 802.14

committee.

1. Introduction

Cable companies have become the leading players in

the search for wa ys to expand the ATM-based NII

backbone network into the homes [1,4,5]. However, the

communitynetworks must support two-wa yasymmetric

traffic patternsand arbitrate multiple accesses for

available bandwidth. HFC [6,7] isgraduallybecoming the

standard for manycable companies. We address the

challenge of data communication over HFC and propose a

suitable MAC-layer protocol in upstream for HFC.

Fig. 1-1 represents a piece of a HFC system.

Clusters of homes, 500 to 2000 subscribers, are served by

a fiber that comes from theheadend. Thesignal is

distributed to homes within the serving area of a fiber

node via an amplified tree-and-branch feeder cable,

perhaps as short as 3 miles in total length. Each branch

serves 125 to 500 subscribers. One of the limitationshere

�

� This work wa s su pported in part by National Science Council,

Taiwan, and Mentor Data System Inc., Hsinchu Science-based Industrial

Park, Taiwa n, u nder a joint project, NSC85 -2622-E-009-006R.

�

is that thestation can not listen directlyto the upstream transmissionsfrom other stations; hence, theyare incapable of detecting collisionsand coordinating their transmissionsall bythemselves. A multiple access technologyother than carrier sensing isrequired so that all subscribers within a branch can share theavailable reverse bandwidth.

S e rv er

C TU

. . AM -fibe r (<35mi)

C oa x ( < 3m i)

T ap

H E

.. ..

.. ..

C TU

.. ..

.. ..

.. ..

F N

5 00-2000 h omes a rea

1 25-500 h omes a rea

H E H ead end

F N F ibe r N ode

C TU C oaxial Te rm ina l U nit

Figure 1-1 The architecture of HFC. Subscribers in the feeder cable can only listen to the downstream from the headend and transmit in the allocated upstream.

In practice, the analog band from a station to its headend isrelativel ynarrowand of poor quality. In downstream, channel bandwidth is more abundant with less noise. Atypical frequencyspectrum for the subscribers to use is given in Fig. 1-2. Assume that a total bandwidth of at least 800 MHz is available on all the coaxial cable links. A400 MHz band, from 150 MHz to

550 MHz, maybe used to carryconventional analog broadcast programs, while digital downstream services such as VoD programs aretransmitted in therange from

550 MHz to 750 MHz. A 18.5 MHz band from 8 to 26.5

MHz can be divided into multiple upstream digital channels. These upstream channels are called ^ multiaccess channels ~ and used to carrysignaling and data. A larger bandwidth in downstream, 70 to 130 MHz, is used as thedownstream counterpart for those upstream multiaccess channels . Other constant bit rate services, such as voice and video telephony, use 27 MHz to 54 MHz in upstream and 750 MHz to 800 MHz in downstream.

It is theupstream multi-access channel that this articles is addressing. The rest of the article is organized as follows. In section 2, we surveyand compare the proposed

MAC schemes. Our PCUP is presented in section 3 where protocol mechanisms and messages are defined. Section 4 evaluates PCUP and compares it with one distributed protocol, R-ALOHA, and, onecentralized protocol,

UniLINK. Finally, section 5 concludes the article.

9 0 0 M H z

U p s t re a m D o w n s t re a m

1 0 0

0 8 0 07 0 06 0 0

5 0 0

4 0 0

3 0 0

2 0 0

A n a lo g b ro a d c a s t v i d e o D i g ita l v i d e o T e le p h o n y

. . .

1 1 0 M H z 1 0 0 1 0 09 08 0 7 0 4 0 3 0 2 0

D o w n s tre a m c o u n te rp a rt fo r u p s tre a m m u l tip le a c c e s s c h a n n e l U p s tre a m m u l tip l e a c c e s s c h a n n e l U p s tre a m te l e p h o n y

Figure 1-2 Spectrumallocation of HFC.

2. MAC Alternatives

The main goal of IEEE 802.14 Cable TVLAN

MAC/PHY committee is to provide interactive multimedia services over HFC networks. To meet this target, the MAC protocol should satisfythe following requirements:

· Dynamic bandwidth allocation to CBR(Constant

Bit rate), VBR(Variable Bit Rate) and

ABR(Available Bit Rate) traffic t ypes

· High channel throughput

· Lowaccess delay

· Support for a large number of stations

· Metropolitan area coverage

ManyMAC protocols have been proposed and studied. Theycan be classified into two categories :

distributed protocols and centralized protocols. There is no central controller in distributed protocols, like CSMA/CD and R-ALOHA[14] protocols. The centralized protocols provide better timing mechanisms in avoiding collisions.

Thiskind of protocols, proposed bymanyorganizations, include MLAP(MAC Level Access Protocol) of IBM

Corp.[22], XDQRAP(Extended Distributed Queuing

Random Access Protocol) of Scientific-Atlanta, Inc.[23],

ADAPt (Adaptive Digital Access Protocol) of AT&T Bell

Lab.[21], UniLINK protocol of LANcit ycorp.[17],

FPP(Framed Pipeline Polling) protocol of NEC corp.[19],

CPR (Centralized PriorityReservation) protocol of

Georgia Institute of Technology[20], traditional TDMA

(Time Division Multiple Access), etc. We also present our

CATV MAC protocol, PCUP, which will be detailed in the next section.

Both PCUP and MLAP support integrated services, and flexible contention andreservation modes of operation, where newl yactivated stations contend to establish themselves and then transmit on reserved time slots until theyemptytheir queues.[22] FPP works similarlyto them besides that thestation transmits its data immediatelyafter the headend polls it.[19] In CPR protocol, a station sends a

request to the headend using a contention channel. The headend acknowledges the request and then schedules the request in a FCFS fashion, informing the station bythe means of a grant message about when to transmit.[20]

XDQRAP works similarlyto CPR. It also provides an immediate transmission mode allowing a single cell message to be transmitted without requests.[23] ADAPt and UniLINK all support a mixtureof isochronous, reservation and contention bandwidth. Theisochronous bandwidth is established bya setup process and exists before being released. Thereservation bandwidth means that slots are on a per-request basis granted according to requests. And the contention bandwidth is randomly accessed.[17,21]

In order to characterize these protocols, we make a comparison summarized in table 2-1. The entryof scheduling disciplinemeanshowconnections ` bandwidth requests are processed. These requests areeither granted in a FCFSfashion or fairlyallocated at the end of a cycle.

From table 2-1, we see that conventional MAC protocols can not meet the multi-media requirements. For example, the R-ALOHA protocol can not support isochronous due to its random access control. Although R-ALOHA can handleburstytraffic, it hastheproblem of unfairness and no QoS.

In order to satisfyQoS requirements, centralized protocols with hybrid bandwidth allocation mechanism are more feasible. Although ADAPt and UniLINK protocols are centralized and hybrid, contention-based bandwidth will be the bottleneck of throughput under heavybesteffort traffic. We also see that PCUP, FPP and MLAP protocols behave in a similar way. Theygather all bandwidth requests and schedule them together. Among these three, something different can be observed. In

MLAP protocol, the headend uses the n-arySTAck

ResolutTion (START-n) algorithm to ensure that a station can transmit in a chain of contention-free transmissions for a long message. In FPP protocol, theheadend maypoll ever ystation three times for CBR, VBR and ABR traffic types in a frame. This intensive polling increases the headend processing load. Another difference bet ween FPP and PCUP isthat in a FPP frame, a station transmit its

CBR, VBR and ABR traffic in three different regions, while in a PCUP frame, a station transmit these three consecutivel y. Furthermore, delayadjustment, which is also called positioning or ranging, is done bystations both in MLAP and FPPprotocols. This adds up the station complexity. In CPR protocol, there are two factors that limitsthe performance. First, all bandwidth requests are contention-based. This scheme will lead to unfairness bet ween stations and throughput degradation under heavy traffic. Second, an individual station must wait one roundtrip delaybefore sending each message[20]. Given these observations, our PCUP stands out well in various aspects.

Isochronous bandwidth

Reservation bandwidth

Contention bandwidth

Scheduling discipline

QoS

Timing implemented by

Headend complexity

Station complexity

R-ALOHA MLAP XDQRAP ADAPt

Centralized

X

X X X

X

X X X X

X X X

X X X

H/E H/E & STU H/E H/E

. . . . . . . . . . . . . .

. . . . . .

Distributed none fair scheduling FCFS FCFS

Isochronous bandwidth

Reservation bandwidth

Contention bandwidth

Scheduling discipline

QoS

Timing implemented by

Headend complexity

Station complexity

UniLINK CPR FPP PCUP

Centralized X X X X

X

X X X X

X

X X X X

H/E & STU H/E H/E & STU H/E

. . . . . . . . . . . . . .

. . . . . . .

Distributed

FCFS FCFS fair scheduling

fair scheduling

H/E = Headend STU = Set T op Unit (station)

Table 2-1 Features comparison of proposed MAC protocols

3. Pipelined Cyclic Upstream Protocol

3.1 System overall description

Stations, each with a propagation delayfrom the headend, are scattered randomlyover theHFC network.

We can neutralize stations’ propagation offsets by synchronizing them. The synchronization process, sorting the on-line stationsaccording to their propagation offsets from the headend, is called station positioning . A membership control is doneperiodicallyto update theset of on-line stationsand the channel usagestatus. An efficient transmission scheduling algorithm is then applied, in each cycle, to schedule the transmission starting time and duration of each station so that cellsappear to be pipelined, i.e. back-to-back, at theheadend. These three mechanisms, namely, station positioning, membership control, and transmission scheduling, constitute PCUP.

We divide the PCUP operations into two modes:

cyclic transmission mode and negotiation mode asshown in Fig. 3-1. In Fig. 3-1, the condition to switch between the modes is triggered bya timer . PCUP runsa tree walk

contention-based algorithm of the membership control in the negotiation mode so that stationsmayjoin, to be online, or leave, to be off-line, the PCUP operations. This process is essential in keeping the system statusupdated.

S ta t io n p o s it io n in g

C h a n n e l u s a g e c o n t ro l

O n -lin e s e t c o n s tr u c tio n c o llis io n re s o lv e d

T r a n s m is s io n s c h e d u lin g P ip e lin e d c y c le

n e g o t ia t i o n m o d e c y c li c t r a n s m i s s io n m o d e

m em b er s h ip co n t ro l

p o sit io n e d tim eo u t sc h e d u le d cy c le r e q u e s t

Figure 3-1 S tate transition diagramof headend in the

PCUP operations.

Q u i e s c e n t I n i t i a l i z e

G r a n t e d

S t a n d b y

T r a f f i c

N o t r a f f i c , t i m e o u t

C o l l i s i o n r e s o l v e d

T i m e o u t

S c h e d u l e d

B a n d w i d t h r e q u e s t

Figure 3-2 State transition diagramof station in the

PCUP operations. The initialize state includes station positioning and cycle membership control. Note that stand by is corresponding to transmission scheduling and granted iscorresponding to pipelinedcycle in the headend state transition diagram.

After the tree walk algorithm, stationsthat are in the

PCUP operations are arranged, bythe station positioning algorithm, as a sequence sorted bytheir propagation offsets from the headend. Stations are aligned bythe headend in order to schedule their precise transmission starting times. The alignment can neutralize station’s propagation offset so that cells arrive at the headend as though theywere sent with zero propagation delay.

While in thecyclic transmission mode, the PCUP runsa contention-free slotted mechanism within the upstream. After scheduling the transmission starting times, the headend assignstransmission slots for each station by an allocation frame according to the station’s buffer queue size reported in the previous cycle. A slot time is sufficient for transmitting an ATM cell. All stations, upon receiving the allocation frame, can transmit its data in itsassigned slots within the cycle, as illustrated in Fig. 3-2.

3.2 Membershipcontrol

3.2.1 On-line set construction

The set of on-linestationsisestablished by membership control in the negotiation mode, which is triggered bya timer, Group_Reset_Timer

�

� and startsa tree walk algorithm [9] to update the set of on-linestations. On-line stations which have not transmitted anything after the last membership control operation are considered off-line and will not receive the HE.invitation frame. The other on-line stations, which have transmitted something, will be still on-linewith noneed to send them the HE.invitation frame.

3.2.2 Channel usage control

There maybe about 500 subscribers contending for

17 upstream channels. It is believed that fixed allocation, sa yassigning 30 subscribers to each channel, is a poor solution. If an upstream channel has more stations on-line, the allocated slots per station will be fewer and the time spent in negotiate mode maybe longer. Thus, dynamic channel assignment in upstream is necessaryin order to balance the channel utilization.

We have a field, assigned_channel, in

Request_Table which records the assigned channel for each on-line station. Thenumber of cells transmitted in a channel can be calculated bysumming up the num_cells of the entries having the same assigned_channel in

Request_Table . The headend can rearrange the assignments of stations channels to balance the load according to the number of transmitted cellsin thechannel.

The headend sendsa control frame, HE.balance , to the rearranged stations to notifythem which channels to switch to.

3.3 Station positioning

One uniqueness of HFC is that stations can not listen directlyto the upstream transmissionsfrom the other stations; hence, theyare incapable of detecting collisions and coordinating their transmissions all bythemselves.

What theycan do isto listen and transmit on the downstream and allocated upstream, respectivel y.

Our station positioning is the keyto coordinate the stations’ transmissions. It aims to neutralize station’s propagation offset so that cells arrive at the headend as though theywere sent with zero propagation delay. With the back-to-back transmission at the headend, the upstream channel will performsmore effici encywithout wasting. We explain the scheme byFig. 3-3. In Fig. 3-3, X is the branching point of STU i , and thedifference of

�

1 As the complete ru n of tree wa lk algorithm is time-consuming, invitation procedure only invites those that are not the current on-line stations.

propagation delays between X to STU i and X to STU j is t ij ( t ij = t jx - t ix , where t represents propagation delay ) . We can find out that the ideal situation at X can be modeled as s i +t i + G = s j + t ij , (3-1) where, s i , i =1,2,.....N, is the transmission starting time of

STU i , t i is theallowed transmission duration for STU i , G is the guard-band time between theconsecutive data cells from different STUs. Scenario of this ideal situation is described in a clearer waybythe timeline in Fig. 3-4. It is obvi ous that the headend needs to position the stations correctlyin order to schedule transmissions in thiswa y.

STU i

STU j

STU k

Y

X

t i t j

Figure 3-3 The tree-and-branch topology with data transmission where STU i hastransmitted, and the STU j is transmitting. STU j isthe predecessor of STU k and the successorof STU i .

t j t i t k

t i t k STU k start

t j STU j start

STU i at X

STU i start

t i t j STU j at Y headend

s j

s i t j STU j at X s k t k STU k at Y time

Figure 3-4 The example timeline of pipelined data transmission. The convergence point of STU i and STU j is

X; the convergence point of STU j and STU k is Y. We find that the successor starts its transmission before the end of its predecessor’s transmission.

The station positioning algorithm startsat headend.

Headend sendsa HE.position frame to each station that has been included bythe tree walk algorithm as on-line. It startsa timer for each transmitted HE.position . Upon receiving HE.position, the station modifies a special field, check bit , and throws back the HE.position frame immediately, either byhardware or firmware. Headend computes the distance, from the headend tothe station, as distance = ë ( t rec - t tx - t overhead ) ¸ 2 û ´ c (3-2) where t rec isthe time headend receives the returned

HE.position, t tx isthe time headend transmits HE.position , t overhead isthe transmission delayand possible processing delay, and c is the signal propagation speed. A 16-bits timing counter with units of 61 ns issufficient for the

CATV length specified by[10]. Headend sorts these stations in the increasing order of the distance.

3.4 Transmission scheduling

We are nowreadyto schedule the transmission starting time and duration of each station in this section. In order to help the headend to schedule the next cycle for the set of on-line stations, each station appends its buffer status, as requests shown in Table 3-1, at theend of its transmission duration.

Fields Descriptions Size

(bytes) b i

QXPEHU�RI�EHVW�HIIRUW�FHOOV�DW� STU i

� g i / G i

PLQLPXP�UHTXHVWHG�QXPEHU�RI

z Case (1)

There is onlybest-effort traffic. Summation of all best-

effort requests does not exceed the link capacity; thus,

all of them can be served.

z Case (2)

There is onlybest-effort traffic. Summation of all best-

effort requests exceeds the link capacity; thus, these

best-effort cells are served partiallyand proportionally

according to their urgencyparameters, b i .

z Case (3)

Summation of all best-effort and guaranteed services

does not exceed the link capacity; thus, all of them can

be served.

z Case (4)

Summation of all best-effort cellsand minimum

guaranteed cells can be served. The left-over capacity

is used to serve as many, up to G i -g i for station i,

guaranteed cells as possible. z Case (5)

Summation of all minimum guaranteed services is less

than thelink capacity, but theremaining capacityis not

enough for all thebest-effort cells. Thus, these best-

efforts cells are served partiallyaccording to their

urgencyparameters,

b i . b i is used as the weight of station iin distribut ing the left-over capacit y.

z Case (6)

The case is the worst situation where the link capacit yis less than the summat ion of minimumguaranteed services. Thus, the guaranteed cells are ser ved partially bytheir urgency parameters, (i. ( i, again, is used as the weight to distr ibute the capacit y.

� EMBED Equation.2 � � (3-3)

After that, the headend then computes the transmissio n starting t ime, si, preciselyas fo llo ws:

si= � EMBED Equation.2 � �

(3-4)

Then, headend can assign a proper starting time and transmissio n duration time bythe allocat ion frame, HE.schedule.

Note that with the possible long propagation delay, the headend may need to preallocate the HE.schedule frame severalcyc les ahead, as illustrated in Fig. 3-5. The amount of this look-ahead has to be larger than the longest propagation delay. Since the propagation delay is usually small co mpared to the cycle time, 323

(s vs. 50 ms in so me ofour simulat ions, we need to look ahead onlyone cycle in mo st cases.

�

Figure 3-5 Look-ahead allocation.

3.5 Summar y of PCUP

We now summar ize the PCUP operations in

Fig. 3-6 and Fig. 3-7. The pseudo code includes:

station operations and headend operations.

CASE (HE.schedule received) transmit cells in allocated time slots request the buffer statusofits own at the end oftransmissio n

CASE (HE.invitat ion received) run tree walk algor ithm( if it is necessar y to beco me on- line)

CASE ( HE.balance received) tune thereceiver and transmitter frequency

CASE ( HE.position received) throwback the frame immediately

Figure 3-6 Pseudo code of station operations.

IF (timeup of Group_Reset_Timer ) cycle membership control station positioning

ELSE seize a cell from input buffer process the cell, upgrade Request_Table, ack to station issue HE.schedule frameif all the on-line stations requestingare collected

Figure 3-7 Pseudo code of headend operations.

4. Simulation study

We showthe numerical results in this section regarding loss ratio, throughput, access delay, cell delay variance and fairness. We first examine the HFC network configuration and traffic models in section 4.1 and section

4.2., followed bythe simulation results of R-ALOHA,

UniLINK and PCUP .

4.1 Network configuration

We assume the values of some configuration parametersbased on the existing proposals [6, 7, 10, 15]:

z A 40 MHz band can be divided into multiple upstream channels. Each of them can be 1 MHz to 6

MHz wide and 1.6 Mbps to 10 Mbps in capacity.

According to [7], we assume the upstream frequency range to be 8-26.5 MHz and 1.544, 2.048, 6 and 10

Mbps transmission rate per channel. Bythis assumption, 17, 14, 5 and 3 upstream channels can be used simultaneousl y. Since each branch serves

125 to 500 homes. That means each upstream channel is shared byabout 30, 35, 100 and 167 subscribers respectivel y. The scale of network is assumed to be 80 km.

z Length of an upstream cell isassumed to be 424 bits

(53 bytes), which is equal to 275 m s transmission timewith the1.544 Mbps transmission rate.

Moreover, stations have a limited buffer size of 500 cells. Each station ` shardware addresses is 48 bits.

4.2 Traffic models

Three types of traffic models, recommended by

IEEE 802.14 cable TV protocols working group[24], are applied in the simulations. Traffic model A contains only

ABR service. In traffic model B, the CBR applications contribute 50% traffic load, the rest 50% remains to be

ABR. And in traffic model C, the VBR applications present 30% traffic, CBRs pump 30%, and therest isfor

ABR service. Under these three traffic models, we examine the performance behavior of R_ALOHA,

UniLINK and PCUP protocols.

4.3 Numerical results

4.3.1 System throughput

In Fig. 4-1 and Fig. 4-2, we can find that the throughput of R-ALOHA and UniLINK arenot ideal under heavytraffic. Thisscenario is due to their contention bandwidth. In traffic model A, UniLINK behaves similarlyto S-ALOHA. Since a UniLINK with

ABR traffic hasto contend the slots each time, it performs even worse than R-ALOHA. Because of PCUP ` s perfect centralized bandwidth scheduling, it achieves excellent channel throughput under various traffic types.

In Fig. 4-3, PCUP obtainshigher throughput than the R-ALOHA and UniLINK no matter what the channel capacityis. At 1.544 Mbps channel bandwidth and 90% traffic load, PCUP hasthroughput 15% higher than

UniLINK ` s, while at 10 Mbps channel bandwidth and the same traffic load, PCUP hasthroughput 37.6% higher than

UniLINK ´ s. UniLINK performs worse than PCUP due to the effect of contention bandwidth. But it works better than R-ALOHA since it provides isochronous bandwidth assignment and reservation scheme to support CBR and

VBR traffic, respectivel y.

0

2

4

6

8

10

10 20 30 40 50 60 70 80 90 100

PCUP

R-ALOHA

UniLINK

Load (%) = arrival cells / link capacity

Throughput (Mbps)

Figure 4-1 Throughput of PCUP, R-ALOHA and

UniLINK under traffic model A. The channel capacity is 10 Mbps.

0

2

4

6

8

10

10 20 30 40 50 60 70 80 90 100

PCUP

R-ALOHA

UniLINK

Load (%) = arrival cells / link capacity

Throughput (Mbps)

Figure 4-2 Throughput of PCUP, R-ALOHA and

UniLINK under traffic model B. The channel capacity is 10 Mbps.

0

2

4

6

8

10

1.544 2.048 6 10

PCUP

R-ALOHA

UniLINK

Channel Bandwidth (Mbps)

Figure 4-3 Throughput of PCUP, R-ALOHA and

UniLINK under different channel capacities. The traffic model isC and traffic load is90%.

0

20

40

60

80

100

10 20 30 40 50 60 70 80 90 100

PCUP

R-ALOHA

UniLINK

Load (%) = arrival cells / link capacity

Loss Ratio (%)

Figure 4-4 ABR traffic lost ratio of PCUP, R-

ALOHA and UniLINK under traffic model C.

0

20

40

60

80

100

10 20 30 40 50 60 70 80 90 100

PUCP

R-ALOHA

UniLINK

Load (%) = arrival cells / link capacity

Figure 4-5 CBR traffic lost ratio of PCUP, R-

ALOHA and UniLINK under traffic model C.

0

20

40

60

80

100

10 20 30 40 50 60 70 80 90 100

PCUP

R-ALOHA

UniLINK

Load (%) = arrival cells / link capacity

Figure 4-6 VBR traffic lost ratio of PCUP, R-

ALOHA and UniLINK under traffic model C.

4.3.2 Loss ratio

After examining the numerical result of throughput, we investigate the channel performance in another aspect.

Nowwe focus on theloss ratio, which isdefined to be lost cells over arrival cells. From Fig. 4-4, it is obvi ous that

PCUP does well than R-ALOHA and UniLINKover ABR traffic since R-ALOHA and UniLINK arecontentionbased in processing ABR traffic requests. In Fig. 4-5, we find that UniLINK has better performance than PCUP.

UniLINK hasonly3.1% loss ratio when the system is full yloaded, while PCUP has 5.1% loss ratio. This result is expected since UniLINK provides isochronous bandwidth over CBR traffic, while PCUP satisfies minimum CBR and VBR requests first. PCUP is still remarkable in dealing with CBR traffic. Comparing Fig.

4-6 with Fig. 4-4, the curves are similar, but UniLINK achieves lower loss ratio of VBR traffic. Thisscenario is due to applying reservation schemeover VBR traffic.

4.3.3 Accessdelay

In Fig. 4-7, R-ALOHA has larger access delaywhen traffic load is high. Because of higher collision ratio under heavytraffic, collided cells maybe retransmitted many times. Thus access dela ygrows up accordingly. UniLINK performs well on access delaysince CBR and ABR cells, which are generated in a frame interval, can access time slots in the same frame. In order to fullyutilize channel bandwidth, PCUP gathers all bandwidth requests and schedules them together. So cells, which are generated in a frame interval, maynot be transmitted in the same frame.

0

30

60

90

120

150

180

210

10 20 30 40 50 60 70 80 90 100

PCUP

R-ALOHA

UniLINK

Load (%) = arrival cells / link capacity

Access Dealy (ms)

Figure 4-7 Accessdelay of PCUP, R-ALOHA and

UniLINK under traffic model A.

4.3.4 Cell delay variance (CDV)

From Fig. 4-8 and Fig. 4-9, R-ALOHA can not achieve the QoS requirement. This result isdue to its random access control and single-prioritytreatment to all traffic t ypes. Because of providing isochronous bandwidth,

UniLINK gets excellent CDVperformance of CBR traffic.

It also performswell over VBR traffic since theyare transmitted on thespecified regions. PCUP isstill remarkable in CDV performance under high throughput.

4.3.5 Fairness

Fairness isanother issue while considering performance of an interactive CATV MAC protocol. In

Fig. 4-10, we randomlyselect 15 stations from 167 stations sharing the 10 Mbps channel to compare their access dela yand throughput. These 15 stationsare sorted bytheir propagation delays with station 1 being the nearest to the headend. It isobvious that R-ALOHA is unfair. The reason is that a station can monopolize a slot in everyconsecutive frameonce it successfull ycaptures a slot. Thus, other stations maystarve and have higher access dela y, when most slots are reserved. In contrast, if a timeslot issuccessfull yreserved for some station, the station receives a lower access dela y. For example, station

12 has an average access dela yof 80.8 ms, but station 8 has 229.8 ms. PCUP and UniLINK arefair and latency guaranteed. Since the bandwidth scheduling of PCUP takes thestations ` offset into consideration, it results in larger access dela yfor farther stationsand lower access delayfor nearer stations.

0

4000

8000

12000

16000

20000

10 20 30 40 50 60 70 80 90 100

PCUP

R-ALOHA

UniLINK

Cell Delay Variance (ms )2

Load (%) = arrival cells / link capacity

Figure 4-8 CBR traffic cell delay variance(CDV) of

PCUP, R-ALOHA and UniLINK under traffic model C.

0

4000

8000

12000

16000

20000

10 20 30 40 50 60 70 80 90 100

PCUP

R-ALOHA

UniLINK

Load (%) = arrival cells / link capacity

2)

Figure 4-9 VBR traffic cell delay variance(CDV) of

PCUP, R-ALOHA and UniLINK under traffic model C.

0

50

100

150

200

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

PCUP

R-ALOHA

UniLINK

Station ID

Access Delay (ms)

Figure 4-10

Access delay of PCUP, R-ALOHA and

UniLINK under traffic model C. The channel bandwidth is

10 Mbps and traffic load is 90%.

5. Conclusions

To achieve interactive broadband multimedia services requirements over theHFC network, a MAC protocol with centralized and hybrid bandwidth allocation features isessential. Acentralized protocol can fairly schedule the bandwidth and easilysynchronize the stations.

A hybrid bandwidth allocation MAC protocol can satisfy

QoS requirementsaccording for various traffic t ypes. We have proposed a centralized and hybrid MAC protocol,

PCUP, for IEEE 802.14 network. It provides integrated broadband services to the home and supportsQoS for various types of traffic. PCUP’s performance is contributed byseveral features: 1) a membership control which periodicallyupdates the set of on-line stations and the channel usage status, 2) a synchronization process which neutralizes stations’ propagation offsets, and 3) an efficient transmission scheduling algorithm to schedule, in each cycle, the transmission starting time and duration of each station so that cellsappear to be pipelined, i.e. backto-back, at the headend.

With station positioning and cyclic scheduling,

PCUP achieves a pipelined perfect transmission scheduling, which results in throughput over 98%. When the load is below95%, thethroughput for PCUP isclose to the theoretical bounds and no loss occurs. Concerning the random access protocols under medium to heavyload, re-transmitted traffic dominates and results in serious loss, which isnot suitable for reliable and delay-sensitive transmission. Starvation in R-ALOHA raises thefairness problem. Although the UniLINK protocol achieves better latencyand CDV performance, it obtainslower throughput due to the contention-based transmission of

ABR traffic. The higher station complexityalso raises

STUcost.

Acknowledgments

The authorswould like to express their thanks to Dr.

Chein-Hsun Wang at Mentor Data Syst em Inc. ( Hsinchu

Science-based Industrial Park, Taiwan) and Prof. Ying-

Shih Wayat Dept. of Communication Engineering,

National Chiao Tung University(Hsinchu, Taiwan) for their thought-provoking discussion and suggestion during the course of thiswork.

6. References

[1] Ying-Dar Lin and Chia-Jen Wu, ^ NII Community

Network: Interactive CATV ~ , International Conference on

Computer Systems Technologyfor Industrial

Applications (CSIA ´ s), Hsinchu, Taiwan, Apr. 1996.

[2] Sam Churchill, ^ Telecommunications Alliances ~ , http://www.teleport.com/-~comc/cable8.html.

[3] Christine Blank, ^ The FSN challenge: Large-scale interactive television ~ , IEEE computer, pp. 9-13, May

1995.

[4] Chuck Carroll, ^ Development of Integrated

Cable/Telephony in the United Kingdom ~ , IEEE communication magazine, pp. 48-60, August 1995.

[5] Bronwyn Fryer, ^ Consumers Take Control ~ , http://www.sg i.com/ion/Spring_95-/Orlando.html.

[6] WilliamPugh and Gerald Boyer, ^ Broadband Access:

Comparing Alternatives ~ , IEEE communication magazine, pp. 34-46, Aug 1995.

[7] Digital Audio Visual Council, ^ DAVIC 1.0 Specifications

Revision 4.0 ~ , Sep 1995.

[8] Andre E. Bigras, ^ Listen up!Digital audio is Canada cable ´ s next step ~ , International cable, pp. 28-34, Feb

1993.

[9] WilliamStallings, ^ Handbook of Computer

Communications Standards vol. 2 2nd. edition ~ , Howard

W. Sams &Company, 1990.

[10] IEEE 802.14, ^ Cable TV MAC/PHY Protocol Working

Group Functional Requirements ~ , Oct 19, 1994.

[11] Fouad A. Tobagi, ^ Multiaccess Protocol in Packet

Communication Systems ~ , IEEE transactions on communications, vol. com-28, no. 4, pp. 468-488, Apr

1980.

[12] Andrew S. Tanenbaum, ^ Computer Networks 3rd.

edition ~ , Prentice Hall, 1996.

[13] W.R. Crowther, R. Rettbert, D. Walgen, S. Ornstein, and

F. Heart, ^ A System for Broadcast Communication:

Reservation-ALOHA ~ , in Proc. 6th HICSS, Univ. Hawaii,

Honolulu, Jan 1973.

[14] Simon S. Lam, MEMBER, IEEE, ^ Packet Broadcast

Networks - A Performance Analysis of the R-ALOHA

Protocol ~ , IEEE transactions on computers, vol. c-29, no.

7, pp. 596-603, Jul 1980.

[15] Jon W. Eng and James F. Mollenauer, ^ IEEE Project

802.14: Standard for Digital Convergence ~ , IEEE communication magazine, pp. 20-23, May1995.

[16] ATM Forum, ^ ATM User-Network Interface Specfication

Version 4.0 ~ , Nov 1995.

[17] John M. Ulm, LANcit yCorp. ^ A MAC proposal for

802.14 ~ , IEEE 802.14/95-134, draft proposal.

[18] WilliamStallings, ^ Data and Computer

Communications, 3rd edition ~ , Macmillan, pp. 363-365,

1991.

[19] Morihisa momona, Shuntaro yamazaki, ^ Framed Pipeline

Polling for Cable TV Networks ~ , March 1995, IEEE

802.14-96/076, draft proposal.

[20] Dolors Sala, John O. Limb, ^ A Protocol for Efficient

Transfer of Data over Fiber/Cable Systems ~ , pp. 904-

911, IEEE INFOCOM ` 96.

[21] James E. Dail, Miguel A. Dajer, Chia-Chang Li, Peter D.

Magill, Curtis A. Siller, Jr., Kotikalapudi Sriram, and

Norman A. Whitaker, ^ Adaptive Digital Access

Protocol : A MACProtocol for Multiservice Broadband

Access Networks ~ ,IEEE Communication Magazine, pp.

104-113, March 1996.

[22] Chatschik Bisdikian, Bill McNeil, Rob Norman and Ray

Zeisz, ^ MLAP : A MAC Level Access Protocol for the

HFC 802.14 Network ~ , IEEE Communication Magazine, pp. 114-121, March 1996.

[23] Frank Koperda, Bouchung Lin, ^ First Phase Simulation for XDQRAP ~ , IEEE 802.14-96/062, draft proposal.

[24] John Limb, David H. Su, ^ Performance Evaluation

Process for MAC Protocols ~ , IEEE 802.14/96-083R2 document.