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A passive optical star is an ideal shared medium, from both
fault tolerant and access synchronization points of view. The com-
munication over an optical star merges to a single point in space
and then broadcasts back to all the nodes. This circular symmetry
facilitates the solution for two basic distributed synchronization
problems, which are presented in this work: (i) the generation of a
global event clock for synchronizing the nodes’ operation, and (ii)
distributed scheduling for accessing the shared passive medium,
which is a hybrid (deterministic and random) technique. We
present, prove, and analyze this hybrid scheduling algorithm,
which is equivalent to a distributed queue, and, therefore, is also
algorithmically fair. Furthermore, our solution has two additional
properties: destination overflow prevention and destination fair-
ness. The effective solution of these problems can be used for
efficiently implementing a local area network based on a passive
optical star. © 1993 Academic Press, Inc.

1. INTRODUCTION

A passive optical star is an attractive configuration of a
local area network, since it has extremely fault tolerant
attributes (due to the passive nature of the medium). Yet,
the implementation of a passive optical star has some
major synchronization problems:

1. Bit synchronization: The problem of recovering
the receiving clock from the incoming serial bit streams
from different sources.

2. Generating a global clock from an ensemble of
asynchronous high speed local clocks: The global clock is
used for synchronizing the access in order to achieve full
utilization.

3. Access and flow control with minimum wasted
time on scheduling: A passive optical star has two main

* This research was conducted in part when this author was visiting
the IBM T. J. Watson Research Center.

resources: (i) time and (ii) spectrum. In this design we use
a fraction of the spectrum, in order to maximize the ac-
cess efficiency in a fair manner; i.e., all nodes should
have an equal opportunity to transmit, and if only one
node is busy it should be able to transmit continuously.

4. Destination overflow prevention and destination
fairness: Prevention of packet loss due to finite buffering
at the destination can result in fairness problems at the
destination that can be characterized as a synchroniza-
tion problem of multiple sources with respect to a single
destination.

The bit synchronization problem has been formulated
and solved in [4, 5]. This paper addresses the other three
problems. In Section 2, a synchronization condition and
an algorithm for generating a global event clock is pre-
sented and analyzed. The distributed hybrid (determinis-
tic and random) scheduling algorithm, which is based on
the global clock, is presented and proved in Section 3.
The hybrid algorithm also includes signaling for destina-
tion overflow prevention; since this mechanism is inte-
grated with the source access and global state synchroni-
zation, we obtain the desired destination fairness
property. The analysis of this hybrid algorithm is pre-
sented in Section 4, which shows that small delay is ob-
tained under light load conditions, and maximum
throughput with bounded delay is obtained under heavy
load conditions.

Our method is equivalent to a distributed queue, which
means that a FIFO access order is preserved, and all
nodes have equal opportunity to access the network. We
comment that a recent attempt to realize a distributed
queue, in the design of DQDB [2] (IEEE 802.6 standard),
is only an approximation and it suffers from an inherent
fairness problem. Most previous work on access control
methods for passive optical stars was random; based on
CSMA/CD (e.g., [1, 9, 10]); or deterministic, based on
TDMA (time division multiple access) with reservation.
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2. GENERATING A GLOBAL CLOCK

We define a global clock such that in every global clock
period or “‘tick’ there is a time interval, strictly greater
than zero, in which all the local copies of the global clock
read the same value, see [6, 7, 8] for more details. In this
section we present a method for constructing such a
clock and then we compute the necessary safety margin.

Consider a network composed of » nodes that are in-
terconnected via a passive optical star. The passive opti-
cal star can be viewed as an ideal shared medium in
which all communication merges to a single point in
space and then broadcasts back to all the nodes. Each
node has a full-duplex port, which connects the node to
an array of star couplers [3]. The optical star array is
constructed in a very small area in space, so the nodes
have cyclic symmetry and are indistinguishable in their
spatial location (i.e., the nodes can be arranged in any
arbitrary order around the center of the star).

Every node has its own asynchronous high speed local
clock, which is used for the serial transmission over the
optical star. The global clock is generated from this en-
semble of local clocks. The synchronization and schedul-
ing algorithms are executed continuously by the star in-
terface hardware. The local clocks, while nominally of
the same value, run at slightly different rates. Let the
rates of the n local clocks be denoted by ¢y, ¢5, ..., ¢,, and
assume that the manufacturer’s specification guarantees
that (i) the slowest possible clock is ¢227" and (ii) the
maximum drift is p. Therefore, ¢ < ¢; < cpominal(1 +
p)forall1 =i=n.

At each node time is divided into basic units referred to
as slots. Each node also maintains a local slot counter
which is incremented at the start of each new time slot.
The local clock is used for measuring the duration of a
time slot. According to the local clock, the duration of a
slot is K (in local clock cycles). Thus, the actual time slot
duration at node i is 7. = K,/c;. We define the actual
maximum time slot duration in a given network to be
Tax = K/ Comin, Where ¢, is the actual slowest clock in
the system.

2.1. Synchronization Protocol

The requirement of a well-defined global state leads to
the following condition:

Let SC; represent the slot counter value of node i.
Then, for any two nodes i and j, and for any slot counter
value k, there exists a nonzero time interval such that
SC; = SC; = k (1 = i, j = n). More specifically, we re-
quire that this time interval is greater or equal to w7,
(w is an arbitrary constant, such that p < u < 1). The
synchronization window, A, is defined as the time
interval during which the slot counters increment their
values, A < (1 = w) Ty -

OFEK AND SIDI

Imaginary
Circumference

Optical Star
Center

T _>_mox(Ai, for all i between 1 and n)

FIG. 1.

The optical star timing.

The Synchronization Principle. The center of the star
serves as a single point of time reference for all the n
nodes of the network. Let A; be the propagation delay of
node i from the star’s center. An imaginary circle with
radius R (such that the delay Tz = A;, forall 1 =i = n)is
drawn around the »n nodes of the star. Each node { know-
ing its propagation delay from the center can place itself
on this imaginary circumference, by delaying the infor-
mation it receives or transmits by Tx — A;, as shown in
Fig. 1.

The roundtrip delay from the imaginary circumference
to the center of the optical star, 2T, is divided into ftime
slots of equal duration, such that, fK,/c"onel = 2Ty (K, is
the nominal number of clock cycles in one time slot).

Svynchronization Algorithm for Node i. 1. Node i will
increment its slot counter after T — A; from the time it
has received the first bit of the current time slot.

2. Node i that is scheduled to transmit at time slot &
will actually start to transmit after an additional delay of
Tz — A, from the time its slot counter was incremented
to k.

2.2. Synchronization Analysis

Next we compute the necessary safety margin for en-
suring that successive transmissions from different nodes
will not collide with one another; i.e., we want to ensure
that the tail of a previous packet will not overlap with the
head of the next packet. Collisions may occur at the cen-
ter of the star, where the signals merge and split. More
specifically, in this section we compute what part of the
time slot should be left empty as a safety margin, K,argin -
If each slot has K local clock cycles, then the maximum
packet size Ky — Kparein-

Timing Errors. The star can have two types of timing
errors:

1. Clock drift, p, is the constant clock drift (given

nominal _ nominal

by the clock manufacturer), such that chgr ™ = chom
1+ p).
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2. Placement error, &, is the maximum error in
measuring the node delay from the center of the optical
star, A; (in bit periods).

Safety Margin. The safety margin is determined by
the maximum timing difference between two successive
transmissions from two different nodes. The interval in
which synchronization information is delayed on a node i
i1s 2(Tr — Aj. Thus, the maximum error associated with
this delay is when A; is zero; i.c., the node is very close to
the star’s center. The error associated with this delay is
Konargin = 228,/ cigminal 1+ pfK) and the synchronization
window is A pa = Kpargin/Cigr™ !, which is also the lower
bound of the global clock period. For example, let 8, =
10 bit period, p = 1073, K, = 10* bits, and f = 10; then
Koargin = 2(2 X 10 + 1) = 42 bits, which is only 0.42% of
the slot size. Note that the placement error, 8, is by far
more significant than the clock drift, p (a similar result
was obtained in [8]).

3. DISTRIBUTED SCHEDULING FOR HYBRID
ACCESS CONTROL

The control channel makes an implicit use of signaling
with multiple wavelengths. The idea is to use part of the
wide optical spectrum in order to simplify the control of a
multiple access data channel. The control channel is used
for regulating the access to one or more shared data chan-
nels, each with a common wavelength. In the following
discussion only a single data channel with wavelength
Apara 18 considered.

The scheduling algorithm is designed such that the fol-
lowing characteristics are obtained:

1. Random and deterministic access modes. When a
node has a packet to transmit and it does not know the
load on other nodes, it can transmit it with no delay. If
collision occurs the resolution is deterministic such that
no additional time slots are wasted. In the deterministic
access mode the operation simulates a distributed queue.
In every slot each node can add one packet to the queue.
Packets that arrive at the same time slot are put in the
distributed queue in a predefined order. The network will
transfer one packet at a time on a first come, first served
basis. As a result of this access policy, all nodes have
equal opportunity to add packets into this distributed
queue; i.c., a fair access is maintained among the optical
star’s nodes.

2. Destination overflow prevention and fairness.
The traffic pattern to the destination can be arbitrary and
bursty; the scheduling algorithm is extended such that
packets will not be lost as a result of destination over-
flows. This mechanism avoids a collision at the destina-
tion’s interface, and ensures destination fairness, i.e.,
equal opportunity by all nodes to transmit successfully to
a given destination.
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3.1. Principles of Operation

Each node has three transmitters with distinct wave-
lengths, one for data and two for control. It has two
receivers, one fixed for data and one tunable for control.
The tunable receiver is used for scanning the control
spectrum in order to detect which one is active (implicit
control detection). Only the transmission over the data
channel is explicitly decoded; i.e., the transmitter clock
is recovered with a phase-locked loop or by using the
conservative code [4, 5).

3.2. The Control Channnel

Implicit signaling is used for control, which means that
the different wavelength signals are not decoded explic-
itly. The receive operation over the control channel just
requires the ability to determine, at every time slot,
whether or not a specific control wavelength was active;
i.e., the existence or absence of a specific wavelength at a
certain time slot constitutes one bit of information. The
advantage of implicit signaling is that it does not require
the recovery of the receiving clock from the serial bit
stream. Note that the control channel adds essentially no
complexity to the digital electronic in the serial interface.
It requires only the capability to store some state vari-
ables and to count the reservation requests.

For the following scheduling algorithm each node uses
two control bits. Therefore, two distinct wavelengths are
assigned to each node; i.e., node / will signal its control
information using A{ and Aj. The control wavelengths
used by node i have the following meaning (as shown in
Fig. 2):

+ A}, access request or reservation for one packet in
one time slot;

+ )\, overflow indication; it is inactive (no signal is
transmitted) as long as the node is in an overflow condi-
tion. All other nodes will not transmit data to node { when
its overflow signal is inactive. This signal is used also for

| Node 1| Node 2 Node n|
1 1 2 N yn
M Az M A2 Ay AL
i i —. The Control
Spectrum
0 - mnot Active
1 - Active
i i
Al oA
0 1 None (I'm alive
1 1 Packet request (I'm alive
0 0 Overflow signal
1 0 Packet request and overflow signal

FIG. 2 The control channel.
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fault tolerance, such that only while this signal is active
will this node be considered by other nodes to be
“alive.”

3.3. Access and Flow Control

The algorithms for access and flow control are com-
bined together. All nodes place themselves on the imagi-
nary circumference (Fig. 1), and as a result, all nodes will
execute the following algorithm based on the same global
state information.

Data Structure and Variables.

« OR(), OR(t — 1), ..., OR(t — f)are f + 1 variables
which record the total number of outstanding requests at
the f + 1 most recent time slots.

+ TMP is a temporary variable which is used for up-
dating OR(¢) at the end of the time slot.

+ Request queue—each time a node receives its own
packet reservation signal; it will put in the request queue
the time its request should be granted. Note that the re-
quests are granted using the first come, first served pol-
icy.

» SC; is the slot counter value at node i. This is the
node’s local copy of the global clock, and at all time ¢ =
SC;.

« SLF — RSV is the self-reservation variable, which
indicates that the node has received its own reservation
signal in a random access slot. This variable will contain
the time in which the packet that was sent at random
should be sent again in case a collision has occurred.

¢« OVF,, OVF,, ..., OVF, are n 1-bit overflow flags—
one for each node. OVF; is set to 1 if no signal was de-
tected on wavelength A5, and to 0 otherwise.

OFEK AND SIDI

The above variables change their values according to
the state information detected by the tunable receiver.
The tunable receiver scans the control spectrum from A
to A%, and it does so for every time slot. Initially the value
of the above variables is set to zero.

General Description of the Algorithm. The algorithm
operates in an infinite loop with two main procedures:

1. SCAN SLOT procedure—in this procedure the
control spectrum is scanned in order to detect the active
wavelengths.

2. END of SLOT procedure—in this procedure the
state and action of the node for the next time slot are’
determined. This procedure is further comprised of the
following procedures:

(i) My-Turn procedure—which checks if this
node has its turn to transmit in the next time slot.

(ii) Request procedure—when the node’s inter-
face receives a new packet to transmit, the packet will be
sent at random (if there are no outstanding requests), or it
will be scheduled deterministically using the implicit sig-
naling.

(iii) Input buffer overflow procedure—when the
node i input buffer is full, it will signal it by turning off its
M transmitter, and will continue to do so as long as its
input buffer is full.

(iv) Collision resolution procedure—which deter-
mines if the current slot was randomly accessed, and
then checks if a collision has occurred. If there was a
collision it is resolved by scheduling the colliding re-
quests in a deterministic manner.

ALGORITHM FOR NODE i AT TIME SLOT ¢

{ deterministic access signaling }
{ node i self-request }

{ self-request and random access }

{ after scanning \;

1 SCAN SLOT Procedure
1.1 Detect A} active
[.1.1 TMP = TMP + 1
1.1.2 If j=iand OR(t — f) > 0,
then write t + TMP into the Request Queue
1.1.3 Ifj=iand OR(® — f) =0,
then SLF — RSV =t + TMP
1.2 If detect A} not active,
1.2.1 then OVF; = 1 else OVF; =0
2 END of SLOT Procedure
2.1 If OR(t — f) = 0, then call COLLISION-RESOLUTION Procedure
2.2 Initialization of SLOT ¢ + 1 -
2.2.1 If TMP > 0/\ OR(t — f) > 0, then TMP = TMP — 1
222 SLF — RSV =0
2.2.3 Fork= ftol,Do OR(t — k) = OR(t— k + 1)
2.2.4 OR(t) = TMP
2.2.5 SC; = SC; + 1
2.2.6 t = 8C;
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{ random access slot }

{ no collision has occurred }
{ my collision has occurred }

2.3 If (HEAD of Request Queue = ¢), then call MY-TURN Procedure
2.4 If request to send a new data packet -
241 If Request Queue not FULL and OR(¢) > 0, then signal in the next with A}
24.2 If OR(t) = 0,
then send packet and signal in the next slot with \}
2.5 If Input Buffer Overflow Hazard -
2.5.1 Signal it by turning off A3, as long that the overflow hazard exists
3 COLLISION-RESOLUTION Procedure
3.1 If TMP — OR(t) = 1, then TMP = TMP — 1
3.2 If TMP — OR(t) > 1 and SLV — RSV > 0,
then write SLF — RSV into the Request Queue
4 MY-TURN Procedure
4.1 Destination overflow flag is not set -
4.1.1 Send packet at the next time slot
4.1.2 Read Request Queue
4.2 Destination overflow flag is set -
4.2.1 Read Request Queue
4.2.2 Send another packet and put this packet in its place

3.4. Correctness of the Algorithm

In this section we prove the correctness of the algo-
rithm. In the following proofs the numbers in parentheses
are references to the algorithm’s statements. A time slot
gets one of two attributes: random access slot when
OR(t) = 0 and deterministic access slot when OR(z) > 0.

LEMMA 1 (Consistency). At the beginning of each
time slot t all nodes have the same outstanding request
vector, OR(t) = OR(t), OR(t — 1), ..., OR( — f).

Proof. By induction on ¢. Initially, at all nodes
OR(0) = 0. Let OR(?) be the value of this vector at time ¢.
At the beginning of a time slot TMP = OR(¢) and then it is
being incremented by the SCAN SLOT Procedure
(1.1.1). Since all nodes scan the spectrum in the same
way, at the end of the time slot they all have the same
value for TMP. If TMP is decremented by 1 all nodes will
perform this operation since this decrement depends on
its current value, and the values of OR(¢) and OR(t — f)
in which all nodes have the same value. Thus, at the end
of each time slot when OR(z) is being updated with TMP
(statements 2.2.3 to 2.2.6), and therefore OR(z + 1) will
be consistent at all nodes. W

CoroOLLARY 1. All nodes will consider a random ac-
cess slot consistently.

A slot can be accessed at random only if OR(t) = 0
(2.4.2). By Lemma 1 all nodes have the same value for
this variable.

LEMMA 2 (Uniqueness). The request queues of any
two nodes cannot contain the same scheduling requests.

Proof. By Lemma 1 at the beginning of a time slot the
value of TMP is the same on all the nodes, and it is
incremented by 1 each time a reservation signal is de-

tected (1.1.1). A reservation is stored in the request
queue only if the node detects its own signal, which is
unique. Therefore, for every reservation signal a single
reservation is made on one of the star’s nodes. When the
next signal is detected TMP is incremented and, there-
fore, the same value of a scheduling request cannot be
stored again in any of the request queues. W

THEOREM 1 (Random Access). In a random access
slot: (i) If no packet was transmitted, no reservation sig-
nals will be detected and no packets will be scheduled for
transmission in the request queues; or (i) if one packet
was transferred successfully (no collision), then this
packet will not be added to the outstanding request
queue; or (iil) if more than one packet was transmitted,
they will all be scheduled deterministically for future
transmission. (iv) In the initialization of slot t + 1 TMP is
not decremented by 1.

Proof. Inarandom access slot a packet is transmitted
together with its reservation signals (2.4.2), and there-
fore, the proof of (i) is trivial. (ii) If there is only one
signal in this slot, it implies that this was a successful
random access, and TMP is decremented by 1 (3.1) and
remains equal to OR(¢). In this case, the SLF — RSV is
discarded. (iii) If there is more than one signal in this slot
(collision has occurred), then the nodes involved will re-
schedule the transmission of their packets by placing
SLF — RSV in their request queue (3.2), as if this was a
deterministic access slot (1.1.3). (iv) In the initialization
of slot ¢ + 1 (2.2) after a random access slot TMP is not
decremented by 1 since OR(t — f) = 02.2.1).

THEOREM 2 (Deterministic Access). The TMP is in-
cremented by 1 if and only if one node has scheduled a
transmission request into its request queue.
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Proof. TMP was incremented by one when a reserva-
tion signal was detected (1.1.1). One node on the star will
detect that this is its own signal and schedule its packet
for transmission by putting TMP + ¢ into its request
queue (1.1.2). And in the other direction, by Lemma 2, it
is clear that the request queues of all the nodes contain
different values; therefore, at each time slot only one
node can be scheduled for transmission. W

COROLLARY 2. A single node will transmit in every
deterministic access slot.

COROLLARY 3.
cal star.

A single node can fully load the opti-

THEOREM 3 (Fairness). The algorithm provides
source and destination fairness.

Proof. We can observe directly from the algorithm
that at every time slot each node can make a single re-
quest, thus source fairness, and when a destination is
congested the transmission to it from all other nodes is
disabled and enabled in a globally synchronous manner,
thus destination fairness. W

4. ANALYSIS OF THE ALGORITHM

Let g, denote the total number of outstanding requests
awaiting at all nodes at the beginning of slot n. Let A, be
the number of new packets arriving at the system during
slot n. We assume that A, is independent from slot to slot
identically distributed in each slot. In addition, A, does
not depend on the state of the system. The system
evolves according to the following,

Gne1 = Ap + (@ — D" = 1A, = DI(gny=0), (1)

where I(V) = 1 if the event V holds and I(V) = 0 other-
wise, and fis the end to end propagation delay in slot
units. The explanation of (1) is simple. The number of
outstanding requests in the system evolves as in a regular
discrete-time queue, except that if the system was empty
in slot n — £, slot n is a random access slot, hence, if a
single packet arrives, it is transmitted successfully.

In the following we present the analysis for f= 1, i.e.,
propagation delay of a single slot. To that end we define
ul = g, and u? = g,. Then the evolution for f= 1 is

Unet = upand upey = A, + (uy — D7 )
— I(A, = DI(u} = 0).

Let G, (x, y) = E[xty“] = 2o 2Zieo Probluy = i, uj =
Jlx'y/. Then
Goii(x, y) = E[xtrytin] = E [ yAnt @D~ 1A= D13 =0)]

= Problul = 0, u% = 0]
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In steady state (n — ) we have from (3) (we derive the
steady-state condition later)

G(x, y) = GO, O[A(y) — ai(y — 1]
+ [G(0, xy) — G(0, O]y "[A(y) — ai(y — )]
+ [G(1, 0) — G(0, W]A(y) + [G(1, xy)
- G(0, xy) — G(1, 0) + G(0, 0)]y'A(y), (4

where A(y) is the generating function of the arrivals, i.e.,
A(y) = Zm=o Prob[A, = m]y™ and a; = ProblA, = 1].
Letting x = 0 in (4) we have
G0, y) = G(0, 0)ai(1 — y) + G(1, 0)A(y). (5
By substituting y = 1 and y = 0 in (5) we have
G, 1) = G(1, 0); G(0, 0) = G(1, 0)ao/(1 — ai), (6)

where ay = ProblA, = 0].
Now let x = 1 in (4) to obtain

G0, y)a,(1 =)
y — A(y)

_ GO, 0ai(y = DU — y)
y — A(y)

G, 0)(y — DA(Y)
y — A(y) '

G(1,y)

—+

(M

By letting y — 1 in (7) and using the fact that G(0, 1) =
G(1, 0) (see (6)) we obtain (we use L’Hopitals’ rule)

1—A'(1)

1'—01

G, 0 = , (8

where A’(1) is dA(y)/dy at y = 1. It is obvious from (8)
that the condition for steady state is A'(1) < 1.
Note that since G(1, 0) is known, G(0, 0) is also known
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(see (6)); therefore G(0, y) is known (see (5)); therefore,
the steady-state generating function of g, (that is G(1, y))
is completely determined (see (7)).

To obtain the average number of outstanding requests
in the system in steady state, L, we take the derivative of
G(1, y) with respect to y at y = 1 to obtain

o AW aa
L=AM* s —am  1-a° ©)

where A"(1) = d?A(y)/dy? computed at y = 1.
For Poisson arrivals with rate A we have

)\2 )\6—2)\
20=N) 1= e ™

L=Xx+ (10)

We now turn to compute the waiting time of a packet in
the system. To that end, let us tag a packet that arrives in
slot n. Let A, be the number of packets that arrive during
the slot with the tagged packet. Note that the distribution
of the number of arrivals in any slot (4,) is different than
the distribution of the number of arrivals in the slot that
the tagged packet arrived (A,). In fact, ProblA, = m] =
ma,,/A'(1) for m = 1, 2, .... Let J (a random variable)
denote the position of the tagged packet among the pack-
ets that arrive at the same time slot. Then the waiting
time of the tagged packet is (here we assume that arrivals
are recorded at the beginning of a siot)

W=1[~-IA, = DI@-1 =02 + (g, —~ D" +J — 1]
(11)

since if slot n is a random slot and the tagged packet is the
single packet to arrive, it does not wait at all. Otherwise,
by the scheduling protocol, it waits for all packets ahead
of it and two additional slots. From (11) it is possible to
derive the Laplace transform of the waiting time distribu-
tion. Here we only derive the expected waiting time. We
use the facts that E[J — 1] = A"(1)/QQA'(1)), E[I(g,-1 =
0)(g, — DT] = G(0, 0)(1 - a;) + G(1, 0)[A'(1) — 1] (this is
obtained from (5)), and that the arrivals do not depend on
the state of the system. We obtain

_ L, A —a _A'(Q) = a
EWI=2ama=a " 1 a
a 1-AWM A1)
(12)

where L is given in (9).
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