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Abstract— In this paper, we propose a knapsack-based feed- the flow of feedback packets from multicast receivers, which
back suppression algorithm for reliable multicast transport are located typically at the leaves of the multicast distribution
protocols operating over a satellite network. A reliable transport tree. to the multicast sender. which is the root of the tree

protocol needs to identify the packets which failed to reach a twork traffi trati d the links cl t
given destination. This is achieved through feedback packets re- causes network traffic concentration aroun € links close 1o

turned to the source. For multicast services, receiver feedback has the sender. Secondly, a sender is required to process a large
been shown to lead to thefeedback implosion problem. Feedback number of feedback packets, which may be prohibitive in

implosion is a well-studied problem and various solutions existin terms of memory, storage and computational load. However,

the literature. However, these solutions mainly focus on wireline ¢, saallite multicast services, there are other aspects to this
terrestrial networks and do not take into account the inherent bl | tellit lticast network . inal
characteristics of the satellite channel and the architecture of PrOP'€M. N Sateliite muilicast networks, receivers are a singie
the deployed network. Therefore, we need to revisit the problem hop away from the satellite and there is no physical hierarchy
and provide a new set of solutions for efficient integration to between the satellite and the receivers. Therefore, the multicast
next generation satellite systems. In this paper, we introduce schemes that are based on physical or logical hierarchy for
a feedback implosion suppression algorithm, which effectively o4qreqation of receiver feedback or local recovery cannot be

suppresses the amount of feedback relayed through the satellite . .
channel, while ensuring that the critical information is conveyed applied to this network topology [6]-[9]. As a result, the

in a timely fashion. The performance of the algorithm is evaluated feedback implosion problem becomes very challenging [10].
through simulations. In a satellite topology, the problem is further aggravated by
the fact that the return channel (uplink) is a shared medium
and the satellite spectrum resources are scarce and extremely
Broadband satellite systems are quickly becoming an intexpensive compared to bandwidth on the ground. This means
gral component of broadband communication networks. Thefat finding efficient solutions that keep feedback bandwidth
have several attractive characteristics, such as breadtht@mfa minimum value would preserve the available bandwidth
broadcast “reach”, ubiquitous access, low-cost global covdor other useful traffic, and result either in better performance
age, and as they move to the next generation, higher frequemaeyin the ability to accommodate more users, thus making the
band systems, they plan to offer large and flexible capacityystem more competitive in price and performance. Assigning
which would make them a natural technology option foa separate return channel to every multicast receiver would
carrying a variety of multicast services. However, despite thresult in the waste of resources and certainly would not scale.
potential of satellite multicast, and the current market fo€onsidering that (i) feedback information may contain redun-
various satellite-based broadcast services, there exists litflent information (due to correlations among the loss pattern
support for reliable multicast via satellite. This is largelof receivers) and, (ii) most multicast algorithms only need
because most of the multicast protocols have been designedrack the behavior of a subset of receivers with the worst
primarily for wireline terrestrial networks, without taking intocase channel conditions, the challenge is to design efficient
account the inherent characteristics of the satellite channel addorithms to select and filter-out information from multiple
the deployed network topologies [1], [2]. receivers to allow only the most relevant feedback information
Many of the well-studied problems in wireline terrestriato be conveyed to the source using as little bandwidth as
multicast would have either different roots or different solutiopossible.
spaces in satellite multicast. Therefore, it is necessary to revisitin this paper, we address this issue by introducing a
some of these problems and provide a new set of solutions feedback implosion suppression algorithm that allows the use
efficient integration of satellite systems with multicast servicesf a fixed number « the number of receivers) of return
in the future. For reliable multicast protocofsedback implo-  channels by the multicast group while ensuring that the critical
sion is one such problem that has drawn considerable attentimfiormation is conveyed to the satellite in a timely fashion.
from the research community [2]—[5]. In the wireline terrestrialhe remainder of this paper is organized as follows. In
networks, feedback implosion occurs for two reasons. Firstigection Il, we describe the generic reliable transport protocol

|I. INTRODUCTION



o the receiver feedback on the EB, and proceeds with the

transmission of the next block.
/ « We assume that the network layers can detect corrupted
( /1\ 1 packets and discard them, i.e the receiver’s error detection
] process is assumed to be perfect: an error-free packet is
EU( = never rejected, and a corrupted packet is never accepted.
. i Therefore, if the receiver transport layer receives at least
f ﬁ = k- (1+ ¢€) unique encoding packets for a particular EB, it

3 ] USERS can decode the block and pass the source block to upper
s g = layers. Otherwise, it buffers the uncorrupted packets of

the EB and creates eequest for additional encoding
Fig. 1. Network Architecture packets. This request is the feedback transmitted to the

NOC and it identifies the EB and the number of additional

encoding packets required to decode the EB. At any point
which operates between the source and the receivers. In intime, a receiver may have buffered several EB(s) which
Section 1ll, we present our feedback suppression algorithm. require additional encoding packets to complete. In this
Section IV describes the simulation environment, discusses the case, receivers sort their requests in a predetermined order

performance metrics of interest, and presents results. Section V. and transmit them one-by-one.

concludes the paper. « An encoding packet transmitted for a particular encoding
block benefits all receivers which await additional packets
II. A RELIABLE MULTICAST TRANSPORTPROTOCOL to complete the block. Therefore, NOC will be interested

in transmitting/max = max{ly,...,lr} additional en-

In order to evaluate the performance of a feedback suppres-
sion policy, we need to describe the behavior of the underlying
reliable transport protocol which uses the receiver feedback
to detect packet losses and to initiate retransmissions. In this
section, we describegeneric reliable transport protocol which
operates between the source and the receivers. The protocol
description is generic in the sense that it omits various details
and presents only the behavior relevant to the operation of our
policy. Several variations of this protocol exist in the literature
and it has been shown to perform favorably in the context of
satellite multicast services [3], [11], [12].

We consider a star network topology, where a geosy -
chronous (GEO) satellite provides multicast services to a Iargn
number of satellite users located inside its footprint. In th|s
scenario, receivers are equipped with two-way direct commlE:
nication dishes, and access the terrestrial network throug
command center referred to as thetwork operations center

(NOC) (Figure 1). Ill. FEEDBACK SUPPRESSIONPOLICY

We assume the transport protocol performs as follows\yhen we consider the nature of the return information,
between the NOC (source) and satellite users (receivers): \ve observe that, it is sufficient for the NOC to track only

« NOC organizes the source packets in source blockse maximum number of encoding packets requested by any
(SB) of k£ packets and encodes them using a suitabteceiver per encoding block. The volume of feedback would
expandable FEC code. An expandable FECencoder be minimized if only the receiver with the maximum packet
takesk source packets as input and generates as mamguirement responds to the NOC per encoding block. We
unique encoding packets as requested on demand. fan consider two extreme scenarios for this situation: (i) all
expandable FEQlecoder has the property that any setreceivers communicate among each other through a secondary
of k- (1 4+ ¢) unique encoding packets is sufficient tonetwork (possibly a terrestrial connection) before deciding on
reconstruct the originak source packets, whereis a whether to transmit a request, and suppress the feedback of all
small decoding overhead. Construction of an expandabieceivers but the one with the maximum additional encoding
FEC code with small decoding overhead is describgohcket requirement; (ii) every receiver is assigned a separate
in [13]. The NOC initially generates: > k unique return channel, which is used to communicate the request
encoding packets corresponding to the packets of the $ormation to the NOC, which then computes the maximum.
and transmits the encoding block (EB) to the multicasthe former scenario requires additional infrastructure and
group over the satellite. The NOC does not wait focollaboration between the receivers which are contradictory

coding packets for the EB, whetg is the number of
additional encoding packets requested by receivéor
the EB, andR is the number of participating receivers
(i.e. the number of receivers that have transmitted a
request for the particular block). NOC collects requests
from receivers and generatés., additional encoding
packets for the corresponding SB. These packets are
transmitted to the multicast group either using a separate
channel, or are piggy-backed with the next transmitted
EB.
In general, additional encoding packets may also get cor-
ted during the subsequent transmissions and some receivers
ay still need extra packets after the completion of the first
equest process. Therefore, receivers continue this repeat-
quest process until they accumulate enough encoding packets
or decoding of the EB.



to reasons for deployment of a satellite network. The latteot transmit a feedback packet when the condition changes
situation gives rise to the feedback implosion problem as welhd it starts to build up a high average. Therefore, we must
as the waste of uplink resources. also allow receivers with previously low request averages to
Our solution strategy lies between these two boundari@nsmit their requests in order to update their status at the
and attempts to minimize the number of transmitted reque¥©OC.
messages by the help of a knapsack-based algorithm that run¥/sing these observations as the basis, the NOC solves
at the NOC without relying on any collaboration among rethe problem of deciding which receiver will be allowed to
ceivers. We assume that only a fixed numher R of return  transmit a request in future uplink transmission times (because
channels are allocated to the multicast session for transmittif the propagation delay, satellite can only calculate this
request packets. The problem is, then, to determine at evéfjannel allocation layout for future times). We view each
uplink transmission time, which of th&® multicast receivers Of the available uplink channel as a knapsack with capacity
will be given a chance to transmit a request in one ofithe ¢; = max{wj,...,wi} = c for i = 1,2,...,m and each
available return channels. This problem fits nicely to a multipleéceiver as an item with weight; and profitp, = w; for
knapsack problem formulation [14] when one considers evety= 1, ..., R, wherew; is the last update the satellite has for
available return channel as a knapsack that needs to be fillé@ weight of receiver and R is the number of receivers. We,
with items (receiver requests) of weight equal to the numbéten, solve the following multiple knapsack problem:
of additional packet requirement such that total weight is
maximized, i.e. receivers with maximum packet requirements

m R
. . . max xX;
are assigned a channel for feedback transmission. 2. 2 prir

i=1r=1
We first make the following modifications to the receiver _ R
r=1
« Instead of transmitting a request immediately in the next m R
uplink transmission time, which would be the case if ;h;lxir <1

every receiver is assigned a return channel, receiversIn the solution of this problemg;, = 1, if receiver r
buffer their requests in a queue and wait until they arg " ’

IS assigned to return channgl Once the channel allocation

aSS|gn_ed a feeqt_Jack chann_el for transm|SS|on_. In tri]se determined, NOC broadcastsand the value of: to all
meantime, if additional encoding packets are received, t

. rPtgceivers either using a separate control channel or by piggy-
pending requests are updated to reflect the new numb g‘cking it in the next EB. Upon receiving a new channel

;Ac\) rr?;zsthg)r:kagg&?nal—erg)c?:rmsgi]mpaltiili(tegseiig dri]r?t Pilocation information, receivers apply it in the next uplink
ge = plicity 9 transmission time.

packets, at any time, since unique encoding packets It is important to note that the solution of this problem

sufiice to complete the decoding of an EB. may assign more than one receiver to a channel, while

¢ 5\‘/’::;’ ;eﬁilr\:lirgr g]fag;itgilt?sn; \e/igjo%?;! WQ'CCth'SS r::heuirs me receivers are not assigned a channel in the next uplink
g gp AU fnsmission time. If a receiver has weight; that is closer

to complete all the pen'dmg encoding bloqks. This Nio ¢, it is more likely to be assigned to a channel alone, since
formation is readily available at each receiver and c

afills the capacity of the knapsack (channel). A higher weight

be _cglculated S'”_"'p'y by summing over the number Yhdicates that the receiver on the average needs a large number
additional encoding packets required to complete

. ) L f additional encoding packets to complete all the pending
pending encoding blocks and dividing it by the number o : . - ;
encoding blocks in the buffer. Clearly.< w, < k. This ncoding blocks and hence its feedback will probably benefit

. . ; . the group the most. Therefore it is assigned to a channel
value is called the weight of that particular receiver an |

) t 1o the NOG al ith N ket wh one. Receivers with smaller weights will be sharing the
IS sent fo the 2along with a request packet, Wnenevghannel with other receivers. A smaller weight indicates that
the receiver is assigned a return channel.

i . ) . . the receiver needs, on the average, only a few encoding packets
o Receivers transmit the first rgquest in their queue to tl”tug complete all the pending encoding blocks and hence its
NOC, whenever they are assigned a return channel. feedback will only partially benefit the group. One may not
In general, receivers with higher packet request averagesnsider the receivers with small weights, but this is not a
should be given priority over other receivers since their regood strategy since the algorithm uses the last updated value
quests would probably account for the requests of receivef the receiver weights rather than the instantaneous value. A
with lower averages. This is due to the fact that an additionedceiver with a small weight might build up a high average
encoding packet transmitted for an encoding block woulsince its last update, and if we choose to assign only thefirst
benefit all receivers which have pending packets to complateceivers with the highest weight values to the return channels,
that block. However, this would decrease the robustness ibimay not get a chance to transmit a request and update its
the algorithm against instantaneous changes and variationsigight information.
the reception quality of receivers. Because, a receiver with aln order to avoid collisions, however, receivers do not
low packet request average is suppressed by its peers, it t@msmit a repair request with probability equal to one in the



channel they are assigned to. They employ a probabilis& Smulation Environment
back-off algorithm and transmit a request with probability In our simulations, we assume that the NOC has a fixed
proportional to their current weights. We discuss the pOSSibilf?meerB — 1000 of source blocks, each with = 188
choices on the functional relation between the transmissi A ckets. Each source packet ibyte. For each source block,
probability and receiver weights in Section IV-B. In the nex{y o NOC constructs an encoding blockef= 204 encoding
section, we describe our simulation environment and preseﬂ}ickets. There exists additional bandwidthiof 16 packets
simulation results on the performance of our algorithm. for piggy-backing additional encoding packets in response to
receiver requests. The NOC and the receivers perform the
previously described reliable transport protocol over the satel-
A. Channel Model lite channel described in Section IV-A. The choice of these
We model the satellite channel by a threshold-based 2-st ameters affect the performance of the transport protocol

Markov Chain. In this model the channel is either in “GoOpD™ut not the performance of our algorithm since we assume
state, if the transmitted signal experiences less thagiB. that they are constant whether the protocol performs feedback

attenuation, or it is in “BAD” state, if the signal fade is morEjmplosion suppression or not. Therefore, we assume that they

thanT' dB., wherel' is the fade attenuation threshold [15],are fixed throughoqt our simulat@ons..

[16]. We assume that if the channel is in “GOOD” state We need to define the relationship between the request
channel coding is capable of correcting all bit errors and fdFanSmit probabilityp,.(w. ) of a receiven- and its weighto, .
simulation purposes the probability of bit error at the output dPtUitively, p.(w;) should satisfyp,(0) = a, p,(c) = 1 and

the channel decoder is zero. In the “BAD” state, the channBf @ non-decrgasmg function of the receiver weight, where
behaves as a Binary Symmetric Channel (BSC) with bit errr< @ < 1. In this paper, we adopt:

probability equal top, at the output of the channel decoder.

IV. SIMULATION RESULTS

exp(u - wy/c)

The channel state is characterized by the transition probability pr(wy) = , )
matrix given by exp(p)
1 wherew, is the current average of additional encoding packets
M= [ 1 i 5 5 " } , (2) receiverr wants to request angis an aggressiveness parame-

ter. This function may not be the most suitable function for this

wherer and1 — s are the probabilities that the channel willpurpose and performance of the algorithm for different types
be in the “GOOD” state at the!" symbol duration, given that Of functions is currently under investigation. In our simulations
the channel was in “GOOD” and “BAD” states, respectivelyve set m
at the (k — 1) symbol duration. Using the results of the nw=1-—=, 4)
ACTS Propagation Experiments, published in [17], for a fade R
attenuation threshold df = 10 dB., we haver = 0.9999813, Where m is the number of available return channels and
and1l — s = 0.00172. R is the number of receivers. Therefore, receivers transmit
In order to evaluate the performance of the transport protdieir requests more aggressively when more channels are
col, we need to calculate the bit error probability at the outp@vailable, but back-off from transmitting as their average
of the channel decoder. In order to estimate the valupof weight decreases for a fixed humber of return channels.
we use the link budget calculations of a commercial satellite )
system proposed in [18]. The calculations confirm that far- Ferformance Metrics
signal attenuation of less thaf dB., link budget margins and  There are several performance metrics which may be of in-
channel coding are capable of keeping the bit error probabilitgrest in this scenario. In this paper, we consider the following
around10~? at the output of the channel decoder. For signaWo metrics: (i)average number of rounds to complete a block,
attenuation of more than0 dB., on the other hand, bit errorsand (ii) bandwidth efficiency. If an encoding block can not be
occur with probabilityp, > 0.1 at the decoder output of completed at the end of the first round, additional encoding
a typical concatenated channel encoder/decoder pair whigsackets need to be transmitted in the subsequent rounds. The
employs a RS(204,188) Reed-Solomon outer code and rafiest metric measures the performance of the algorithm in terms
punctured inner convolutional codes (capable of supportiraf the average number of rounds it takes to complete a block.
rates1/2,2/3,3/4,5/6,7/8 to compensate for fading) [19], The second metric is the bandwidth efficiency in transmitting
[20]. Using this result, in our simulations, we evaluate ththe original source packets and is given by the ratio of
time progress of the channel state for every bit transmissisource block size to average number of packets transmitted
and assume that a bit is in error with probability = 0.1 to complete transmission of the block. Other possible metrics,
when the channel is in “BAD” state and no errors occur whewhich we would like to investigate in the future include
the channel is in “GOOD?” state. Since these errors are at teacoding/decoding complexity and buffering requirements at
output of the channel decoder, we further assume that a pacttet NOC and the receivers. In the next section, we present
is corrupted if at least one bit is in error. We use this packstmulation results on the performance of our algorithm as a
loss pattern in our numerical results. function of the number of available return channels.



a5 . port protocols operating over a satellite network. We showed
that the suppression algorithm causes minimal degradation to
R : =TT the performance of the underlying transport protocol while
effectively minimizing the volume of receiver feedback. We
‘ ‘ ‘ also showed that it is possible to improve the efficiency of the
---------------- el i N S 1 o N transport protocol in terms of the overall bandwidth by more
| i | | conservative transmission of the additional encoding packets.
; : ; ; The majority of the multicast group may benefit from this
,,,,,,,,,,,,,,,, S 10 O I L A approach, while only a few receivers with maximum additional
‘ | ‘ ‘ packet requirements are penalized. This paper presents a pre-
| liminary set of results, and various other performance related
0 i i i i issues, such as the effect of variations in the loss pattern of
el e 0 receivers, size of the receiver set, choice of parameters for the
transport protocol, and the computational load, are still under

Fig. 2. Number of packet rounds versus number of available return chandalsgestigation.
for a set of R = 100 receivers.
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