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Abstract

This paper introduces a new data link control
‘protocol appropriate for communication in low al-
titude satellite networks. A low altitude satellite

-network is assumed to be a system of satellites in
the range 1000 to 15000 km, such that satellites
.may exchange messages while they are_in_line of.. .
sight with one another. In this environment data
.rates are expected to be Mbps, propagation delays
-are measured in ms, and SWAP. (size weight and
power) constraints restrict buffer size. The pro-
. ‘posed data link control protocd] is called LAMS-
" DLC (6w altitude multiple satellite 'data link con-
trol). . Unlike traditional ARQ schemes LAMS-
.. DLC uses negative acknowledgment to provide a
e "rlossless packet stream without guaranteeing deliv-
ery ofpnckets in sequence. Throughput and buffer
: size metrics are computed and.compared with Se-
" lective Repeat HDLC, a typxcal acknowledgment-
'based AR.Q tocol :

1 N Intfo duction

* In this paper we introduce a new data link control (DLC) proto-
col for communications in low altitude multiple satellite (LAMS)
networks. The protocol is called “LAMS-DLC”. The target net-
work which we consider forms a unique environment which is
composed of highly mobile satellites with store-and-forward and
point-to-point communication capabilities. This network envi-
ronment has distinctive characteristics, in particular, long prop-
agation delays, high error rates, high bandwidth and short link
lifetime (i.e. the time period of an active link) when compared
with conventional network environments [1, 2. LAMS networks
also have a large retargeting overhead which occupies a signifi-
cant portion of the link lifetime.

Many DLCPs assume reliable packet transfer as a constraint
in their design [3, 4]. In this context, the term reliability im-
plies that data is accepted at one end of a link in the same
order as was transmitted at the other, without loss and without
duplicates. These reliability constraints, which we call strict re-
liability, are summarized as 1) no loss 2) no duplicate 3) FIFO
(in sequence) delivery [4]. Additional reliability constraints re-
quire error free procedures for link initialization, link failure
detection, and resynchronization [4]. In this paper, we consider
only those reliability constraints related to DLCP performance.
In networks with small propagation delays and fixed links, this

c(onstraint does not significantly affect the network performance.
However, this reliability constraint is one of the barriers which
prevents performance improvements in networks with very long
propagation delays. We believe that by relaxing the reliability
constraint, it is possible that a new DLC protocol with higher

performa.nce can be desxgned

Our first observation is that ea.ch lmk ina LAMS netv.ork
is active during a relative short time period (in the order of
several minutes) thus frequent changes occur at the link layer.
Our second observation is that a LAMS network environment
requires a large. buﬁer size for continuous operation (since the
buffer size reqmrement is proportional to the product of the link
distance, the data rate and the queueing delay). Therefore, in
LAMS. DLC we reduce the ¢ queueing delay by relaxmg reliabil-
ity constra.mts in so- fa.r as they do not.cause serious: problems.
Notice that 'we may relax the i in-sequence requirement w:thout

~I-frame loss [5].. Thus & receiver is no longer required ‘to’store
- voutof-sequence I-frames, instead it unmed.xately forwards them . -
- ito ‘the next node ‘Notice that to provxde reliable message deliv- - -

ery for its.users, the destination node now has responsibility for -
sequencing. Notxce also that relaxing the i in-sequence require-

ment is distinct from relaxing the no-loss requirement which

would cause excessive delay if a packet were lost early in the
route. Clearly we reqmre that the destination node have suffi-
cient buffer space to! keep out-of-sequence I-frames and sufficient
processing power to! ;Tesequence them.

We structure our paper as follows. In Sectxon 2 we intro-’
duce LAMS-DLC, a link-layer protocol appropriate for use in a
LAMS network. In section 3 we derive performance measures
for LAMS-DLC and compare them with those of SR-HDLC

2 LAMS-DLC

We now discuss LAMS-DLC. While there are several aspects
to DLC protocol design in this paper we consider errcr control
only.

2.1 Frames, Command and Response

In LAMS-DLC, like HDLC we define two types of frame for-
mat: information frames (I-frames) contains user bits and are
sequentially numbered with a sequence number N(S) and control
frames (C-frames). Unlike HDLC, LAMS-DLC does not permit
the use of piggybacking for acknowledgment, although it does
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Figure 1: Check-point and Enforced NAKs in LAMS-DLC

use piggybacking for flow control. We define three control com-
mands: Check-Point-NAK (Check-Point-Command), Enforced-
NAK (Resolving Command), and Request-NAK. Check-point-
NAK and Enforced-NAK contain sequence numbers (N(R)’)
which request retransmission of erroneous I-frames. Their length
varies according to the number of the erroneous I-frames com-
municated. All control commands except for Request-NAK have
the same format and include a Stop-Go bit for flow control.
Check-Point-NAK (Command) and Enforced-NAK (Resolving
Command) are distinguished by Enforced-bit. Operation of
these C-frames is shown in Figure 1.

2.2 Error Recovery

LAMS-DLCP is unique in that unlike most ARQ schemes, its
error control scheme is based primarily on the periodic issue of
Negative Acknowledgment. That is, the protocol specifies that

. should the recei¥ver detect errors during a pre-defined time inter-
val (Check Point Interval), it responds with a NAK, however, if
no error is reported by the NAK, the sender may assume that the
corresponding I-frames successfully arrived. Should the sender
not receive a response within a predefined duration (Cumulation
Depth), it suspects the link as having failed. The sender then
checks whether a link failure has occurred using an Enforced
Recovery. This notion guarantees that an I-frame will not be
lost. Note, however, that this may lead to I-frame duplication if
the link failure is not recoverable during the link lifetime. ! We
assumed that link behavior of a LAMS network is deterministic,
(i-e. the subnet nodes knows the precise distances and variance
of the link) thus the sender will be able to compute when a
failure occurred based on the expected arrival time of Enforced
recovery C-frames.

We now discuss the details of how the NAK based protocol
is used in LAMS-DLC. Like HDLC, error recovery of LAMS-
DLC s divided into two different recovery methods, Check-Point
Recovery and Enforced Recovery. First we discuss Check-Point
Recovery.

In general, a NAK is issued by the receiver when an er-
roneous I-frame arrives. The NAK contains the sequence num-
ber(s) of one or more erroneous I-frames recognized since its last
invocation, thus distinct NAKs contain disjoint information. A
Check-Point NAK is again a NAK but includes selective cumu-
lative information regarding previous erroneous I-frames during
a cumulation depth and is used to ensure that erroneous frames
are properly retransmitted. In LAMS-DLC, the receiver peri-
odically sends a Check-Point command during regular commu-
nication. The interval between these Check-Point commands is
called the “Checkpoint Interval”, denoted W,,. The primary

'A minor modification to LAMS-DLC guarantees zero duplication as
well as zero loss, however, analysis for this model has yet to be completed.
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objeciive of a Check-Point command is to relieve the sender
of buffer space allocated for unacknowledged but error-free I-
{rames. The Check-Point command also implicitly functions as a
positive acknowledgment. If there have been erroneous I-frames
in the previous predefined number of check-point-intervals called
the “Cumulation Depth” Cldepth, the Check-Point command wijll
also contain information on these erroneous I-frames. Thus, the
Check-Point command with its imbedded error control infor-
mation, is called “Check-Point-NAX”. Since each Check-Point
NAK contains information on the erroneous frames to a depth
Clept, the sender will be notified of an erroneous I-frame Clepth
times, however, the sender responds with retransmission of the
I-frame only one time after the first notification. After this re-
sponse a new sequence number is assigned to the retransmitted
I-frame. This is allowed because LAMS-DLC need not satisfy
the in-sequence constraint. Therefore, if a sequence number
reported by a Check-Point NAK does not match those unac-
knowledged I-frames in the sending buffer, the unacknowledged
I-frame with that sequence number is assumed to have been
already retransmitted. We call this recovery operation “Check-
point Recovery”.

Enforced-NAK is issued in response to a Request-NAK con-
trol frame, which acts like the P/F-bit check-point recovery of
HDLC. If the sender suspects a link failure due to a lack of
response during the-previous Cg.pen check-point-intervals, the
sender sends a Request-NAK to the receiver provided that the
expected response time is within the remaining link lifetime (re-
coverable link fa.ihi’re). Simultaneously, the sender stops sending
I-frames and starts a failure timer. The receiver keeps sending
Check-Point commands regardless of link failure. If the sender
again receives a Check-Point command (NAK) non-associated
with Request-NAK, the sender may do Check-Point Recovery
(i.e. retransmission) but cannot send new I-frames. Upon re-
ceiving a Request-NAK the receiver must respond immediately
with an Enforced-NAK. This can be done by setting Enforced--
bit of Check-Point NAK (Command) to 1 and including all se-
quence numbers of previously erroneous I-frames during the re-
solving period prior to the Request-NAK 2. When the sender

receives Enforced-NAXK, the sender stops the failure timer and
resends all the unacknowledged I-frames with the sequence num-
bers indicated by Eriforced-NAK. If the receiver has no infor-
mation on erroneous I-frames it may be regarded as simply a
command for resynchronization which also permits buffer space
to be released. Under these circumstances the Enforced-NAX is
called a “Resolving Command”, and the recovery sequence an
“Enforced Recovery”.

In LAMS-DLC, the enforced recovery is initiated by expira-
tion of a timer called the “checkpoint timer”. The checkpoint
timer is started upon reception of the first check-point com-
mand during a communication. Then the checkpoint timer is
reset to zero after each Check-Point Command. The timeout
of the checkpoint timer is Clepth - Wep. A Request-NAK also
triggers the failure timer associated with failure checking. If
the sender receives neither an enforced-NAK nor a resolving-
command within the normally expected response time plus Clepth:
Wep, the sender regards the receiver as having failed. This is jus-
tified by noting thiat the probability of successive check-point-
commands all faiﬁxig is negligible (Pcc“"k < € where ¢ is vanish-

2 . . . . . ..
Where the resolving period is the time period that transmission of a

I-frame is acknowledged as in error or is a success, in LAMS-DLC this is
bounded. !



ingly small 3 ). Tigure 2 demonstrates this concept. Once the
sender determines a link failure has occurred it stops transmit-
ting I-frames and informs the network layer.
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Figure 2: Normal operation vs link failure in LAMS-DLC

3 Performance of LAMS-DLC

In this section we compute the performance of LAMS-DLC. In
particular we compute throughput efficiency and buffer size for
different bit error rates:

Let a random variable § be the number of periods including
the transmission period and retransmission periods. Regardless
of how many I-frames are sent in a transmission period, the
distribution of the random variable S follows the behavior of a
single I-frame since erroneous I-frames are considered indepen-
dent events. We first calculate § the mean number of the total
periods (S) required for the successful delivery of an I-frame
available in the sending buffer. This includes the transmission
and retransmission periods.

The density function follows the Geometric distribution as:

Prob[S'= k] = (1 — Pp)PE™?

where Ppg is the probability that an I-frame will be retransmit-
ted due to some error. '

Thus, the expected (i.e. mean) value is:

1

Pp varies according to the protocol used. We note that the
only invariant is the bit error rate. However, we assume that
both the I-frame error rate and the command frame error rate
are also invariant in order to derive expressions using only these
probabilities. The question is therefore, how is Pg expressed by
these probabilities? Let Pr and P¢ be the probabilities that an
I-frame and a control command are erroneous respectively.
Recall that LAMS-DLC is a NAK based protocol. An I-
frame is retransmitted only when a received I-frame is in error
and the receiver sends a NAK. Since the probabilily of failure of
all the check-point-commands associated with the failed I-frame
is nearly zero, the probability that a I-frame is retransmitted is
identical to the probability that the I-frame was in error.

PEAMS Prob(I-frame has an error]

= Pp

For example given a BER of 1077, Pg*** < 107

1- Pp

We now calculate the mean length of the transmission period
and the retransmission period, denoted by Dian, and Dyeirn
respectively,. We make the following assumptions to simplify
the derivation: every I-frame is of the same size; and the sender
receives no new I-frames until N I-frames are successfully trans-
mitted. The latter assumptions imply low trafic. We also
assume that the buffer space is sufficient to accommodate all
frames.

Let
R = Round trip time between two connected
no&es,
Ip = The length of the interval between two
consecutive cp-comrmands, B
W = The window size for IIDLC,
tiyte = Transmission times of an I-fr.ame and a
control command respectively,
toroe = The maximum time required to process an
I-frame or a control command, ‘
tout = The timeout defined in HDLC,
fic, = The mean number of cp-commards needed
to ensure an I-frames reliable delb.ivery,
1 -
S 1-F
Caepth = The number of the consecutive

cp-commands covering a I-frame.

In LAMS-DLC, each of Cg.pen consecutive cp-commands con-
tains the NAK associated with the erroneous I-frame. Most
I-frames are successfully covered by the first one of these.cp-
commands. But if the first cp-command is corrupted, the next
cp-command would be an acknowledgment to the I-frame in-
stead. Thus the mean number 7, of cp-commands required
to acknowledge an I-frame must be considered to calculate the
length the distinct periods, Dyyon,s and Dy egrn. Note that LAMS-
DLC gives rise to two new delays. The first delay is caused by
the. period between the arrival of an I-frame and the transmis-
sion of the following cp-command. Since I-frames are assumed
to arrive uniformly during the cp-command interval, the mean
delay is I,/2. The second delay is due to the possible loss of
the expected cp-command which increases the delay by as much
as one Jp. This delay is therefore (i, — 1) - Iop.

DLAJ\!IS(N)

trans

Transmission time of N I-frames,

(N - l/) +

One way propagation time, (R/2) +
The mean delay from the last I-frame
to the following cp, (% ) +

(i — 1)- cp-interval, ((fip — 1) - Iep) +
One way propagation time, (R/2) +
Transmission time of the cp-command,
(t) +



Processing time of the ¢p-command,
(tprae)

= N. ﬁ['i‘l

loroe + R+ (ftep — =) - [op

l\)lr—‘

Cousider now the length of the retransmission period, Dretrn.
"The retransmission of erroneous I-frames may begin once a valid
cp-command concerning these I-frames arrives at the sender.
If we assume that erroncous I-frames are uniformly distributed
among the I-frames transmitted in a period, the final cp-command
to close a period will report the erroneous I-frames that occurred
during the cp-interval. Even given that the cp-command reports
errors it is reasonable to assume that the number of associated
I-frames is on average one. Thus D, irp is equivalent to Dyan,
except for the transmission time.

D LAMS

retrn

= Transmission time of one I-frame, (¢;) +
One way propagation time, (R/2) +
The mean delay from the last I-frame to
the following cp, (I/2) +
One way propagation time, (R/2) +
Transmission time of a cp-command, (t.) +
(fcp — 1) cp-interval, ((figp — 1)« Ip) +
processing time of the command, (¢proc)

= et bt Rt (e = 5) Lo

Therefore, the mean.total time required for the safe delivery of
N I- frames denoted as DEAMS(N) is:

DEAMS(N) + (Spams — 1) DEAMS
= (N+5pams - 1)t5 +

1
ELAMS(R + i + tproc) + g(ﬁ-cp - E)Icp

DL'AMS(N)

low

I

1
Nip+3panmsR+ spanrs(ficy — E)Icp

So in low traffic given an infinite buffer, the mean total time for

N I-frames is:
DEAMS(N)
DIFe(N)

Q2

Nt] +35amsR+ 3[,AMS(ﬁ'c:p - _)Icp

Nty +3yprcR +
((3pLc ~ 1)(1 = Pr — Pc + PrP;)
- —-FPo)a

We note the total period for successful delivery of N I-frames
in SR-HDLC and LAMS-DLC are nearly equivalent if 5p4ar5
is equal to Syprc and a is small. However, it is likely that
@ > fig, in a rapidly changing network and Syprec > SLAMS
in a high error environment. Therefore, we would expect the
transmission delay for N I-frames in SR HDLC to be greater
than DLAMS(N) in a LAMS network even given low traffic and
an infinite buffer. Although an infinite buffer is unreasonable in
a LAMS network it can be realized with a transparent buffer size
which allowsthe protocol to operate efficiently without suffering
from bufler shortages. In low traffic, if the removal rate of frames
from a buffer is equal to, or greater than, the incoming rate into

the bufer, the transparent buffer size is bounded. The removus
rate depends on the protocol scheme znd the o ATLUIALIC L
capability of a nodé, an upper bound will clearly be 1/t;. The
incoming rate depends on the intensity of traffic and the number
of incoming links ignoring the effects of flow control. Therefore
its upper bound is ¢/t; where c is parameter varying according
to the number of links in a node, ¢ > 1. We assume ¢ = 1
for simplification because the transparent buffer size is linearly
proportional to ¢ in a deterministic model.

We now compute the transparent buffer size. From the per-
spective of a DLC there are two buffer types: the sending buffer
and receiving buffer. In a communication between two peer DLC
protocols, only the sending buffer of the sender and the receiv-
ing buffer of the receiver need be considered. For our analysis
of transparent buffer size we therefore assume that the sending
buffer of the sender is filled by the network layer at a rate of
1/ts. In this model, the receiver sends eligible I-frames to the
network layer as soon as they are resolved. Since the sending and
receiving buffers behave differently, we first consider the mean
period that an I-frame has to wait in the sending buffer after
it is transmitted, called the “Holding Time” of the sender. In
LAMS-DLC, buffer behavior is associated with the mean hold-
ing time of an individual frame, not DEAMS(N) the mean total
time for N frames. Thus we use a different approach to derive
the mean holding time of the sending buffer.

Let
Hf‘,“:f,{f = The mean holding time of a I-frame
HﬁﬁcMs The mean holding time of a
- successful I-frame
Hfr"ﬁ,MS = The mean holding time of an erroneous

I-frame.

. We can express HEAMS ;5 follows:

rame

HEAMS _ (7 _ Pp). HIAMS 4 p_. H/L:}IMS

rame

Then the mean holding time of the send_mg buffer for a successful
I-frame is:
H'Lu;:CMS DLAI\IS(l)

trans

I

1
R+ +tc+tproc+(ﬁcrp— a)jqa

In the case of Hf;%{"fs, we can express it with HEAMS ,p4

Jrame
HEAMS recursively as follows: an erroneous I-ffame is first re-
transmitted DEAMS(1) after transmission of the I-frame. Af-
ter the sender retransmits that I-frame, the mean holding time
of the new I-frame is again Hf’;‘:ﬁf since the behavior of the
I-frame is independent from its preceding transmission. There-.
fore the mean holding time for an erroneous I-frame is defined

as follows:

}[LAA!S = HLAA{S + I{LAIWS

fail suce Jrame

1
R+ 15+ te + tyroe + (fiep + 5 ep + HELLS

We can make a new recursive expression using these three ex-
pressions specified above:

HPAMS = (- pe) HERNS 4
Pe- (NS + S



So

1
LAMS _ LAMS
erame 1— PF - HI‘UCC

1_PF'(R+tf+tc+tprdc+

Q

o1 \
SpaMms - (R+ (ﬁf-'p - 5)1@)

In LAMS-DLC, valid I-frames will be sent to the packet layer
immediately after their arrival since LAMS-DLC provides an
out-of-sequence zero packet loss service. As a result, provided
the receiving buffer can hold tproc/ty frames at-a time, that
size is sufficient for transparency. Let Branas be the trans-
parent buffer sizes for LAMS-DLC. Initially the sending buffer

increases during HEAMS because all frames are unresolved and’

rame

these frames must be kept in the sending buffer. But after time

period H{AMS the removed rate from the sending buffer will to

be approximately 1/ts. . The sending buffer is now stable in the
deterministic model (although in the M/M/1 queueing model

By uss for transparent operation (i.e. the mean buffer size) is:"

R BLAM5= s‘iz'é(thc }séndjhg-:buﬂ'er-)_-‘.i-i'
L o sizg(g.he.recqiving buffer) -

lproc.

N Spaus(R+ (R — 1))

In high traffic N > 'HLAMs/tf, therefore the mean total times

frame
required for successful transmission of N frames is:

DEASS(N) = DM gles |
As a consequence, in high traffic, LAMS-DLC shows the fo:I-

lowing throughput efficeincy nraprs with the transparent buﬁ'ér
size Br ars: ‘

N
NLAMS — e
DEAMS(N)
_ N
NEAMSt, + 5papmsR + bzaps
where Brays = %SLAM_;(R + (T'ch - %)I,_-p) and fpaps =

ELAMS(ﬁcp - %)Icp . .
Results for throughput efficiency based on these equations are
given in Figures 3 and 4. -

Notice that in heavy trafic LAMS-DLC performance favor-
ably when compared with SR-HDLC.

" this rate implies an infinite buﬂ'er) Therefore, the transpar-: .
. .ent-sending buffer.size is equal to.the number of frames flowing
" into the sending buffer during ‘Hf;:fff; So, the mean buffer size
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4 Summary

In this paper we have presented LAMS-DLC, a DLCP for use
ini low altitude multiple satellite networks. These networks are
expected to have distinctive characteristics which include long
propagation delays, high error rates, high bandwidth and short
link life-times when compared with traditional networks. The
LAMS-DLC protocol is designed to take advantage of these char-
acteristics by using NAKs and a check-point mechanmism to
provide a zero-loss data stream. In the envisaged application,
where data will be highly encoded, this is expected to be suf-
ficient.. The paper includes a derivation for the throughput ef-
ficiency and buffer size for LAMS-DLC. Results indicate that
LAMS-DLC will perform well in its target environment.
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