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Most existing contention access
schemes are inherently unstable resulting in
exponentially deteriorating throughput under
increased traffic loads. In the last year, we
proposed a wide-sense stable efficient
Hexanary-Feedback  Contention  Access
(HFCA) scheme, capable of providing
signaling traffic high performance while
retaining maximal throughput for wireless
access networks. HFCA performs incremental
contention resolution, managing a small subset
of users at atime via a two-phase process. The
two-phase process is augmented with hexanary
feedback control facilitated by a Pdf-based
Multi-user Estimator (PMER) implemented at
the physical layer. Basicaly, PMER measures
the exact number of transmitting users (zero to
five) in a contention slot by matching the
envelope/phase pdf’s histograms of received
signals to a pre-constructed pdf’s library. To
formally justify the performance of HFCA, in
this year we present throughput and stability
analyses in which HFCA is shown wide-sense
stable and the strict-sense stability condition is
derived.

Keywords. Wireless access networks,
contention access, feedback control, maximum
stable throughput, saturated throughput,
envelope/phase probability density function
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Wireless access networks are expected
to support multiple services [1] with a wide
range of service rates and different Quality of
Service (Qo0S) requirements. Expected
supported services include Constant Bit Rate
(CBR), Variable Bit Rate (VBR), Available Bit
Rate (ABR), and in-band signaling traffic for

making bandwidth reservation for above traffic.

It has been shown that the former three types
of guaranteed (or semi-guaranteed) traffic
could be efficiently governed by reservation
access [2]. The signaling traffic, on the other
hand, is most suitably directed by contention
access [2,3,4]. It iswell known that contention
access incurs inevitable collisions, resulting in
throughput deterioration and dissatisfaction of

QoS requirements under increased traffic loads.

A key chalenge pertaining to such wireless
access networks has been the design of
contention access satisfying access efficiency
and QoS guarantees[3].

Existing Time Division Multiple
Access (TDMA) [5,6] methods can be
categorized as either Freguency-Division-
Duplex (FDD) [5], or Time-Division-Duplex
(TDD) [6]. In our work, we focus on the
design of a TDMA FDD-based contention
access scheme. Due to high cost for
maintaining global minislot synchronization,
we disregard the mini-slot-based approach in
our work.

Among prevailing schemes, splitting-
based collision-resolution algorithms [9,10,11]
have been considered promising. The basic
idea behind the design is to speed up the
resolution process by probabilistically [9] or
time [10,11] splitting contenders into
transmitting and non-transmitting sets based on

available to users. There are three types of
feedback- binary feedback, ternary feedback
[9,11], and multiplicity feedback [10]. In
particular, multiplicity feedback allows users
to have full knowledge of the exact number of
users involved in a collision. Compared to
binary/ternary feedback, multiplicity feedback
enables greatly improved access efficiency,
however, a the expense of unmanageable
implementation complexity.

The goa of the last year’s project was
to design an efficient, tractable hexanary
feedback-based contention access (HFCA)
scheme, in which hexanary feedback can
simply be facilitated in hardware, as shown in
Figure 1. In this year, we further complete the
detailed throughput anaysis. In addition, we
anayticaly prove that HFCA is wide-sense
stable, and derive the necessary and sufficient
condition for HFCA to be strict-sense stable.
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The basic idea behind the design is to
overcome system instability by probabilistic
reducing the contention size to less than six,
followed by efficient collision resolution with
the aid of hardware-based hexanary feedback.
The hexanary feedback informs six possible
outcomes- idle, success, and two- to five-user
collisions.
4.1. Basic Operation
The HFCA operation within a frame
consists of repeated executions of admission
and resolution phases. The two-phase process
repeats until  the maximum  blocking
probability is satisfied (before all users are
resolved). Notice that new users that become
active during the current frame’'s contention
period are inhibited from transmitting.

Immediately prior to the first phase, the
mean number of MT’ s wishing to transmit, i.e.,

various types of feedback that is made the initidl group size (denoted as wn), is
N=N-m
Aigl | Yes
[ |
CS-Alcha m CS-Aloha jso |Dedicated |G=G-1 Group
_ Access [p Feedoack L2 1 Access | Feedback ~—» Sot Resolved
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Phase 1 - Admission Phase 2 - Resolution

Figure 1. Two-phase algorithm of HFCA.



revealed to the BS via a priori call distribution
or simple prediction. Notice that it can be
easily shown that HFCA is robust against
prediction discrepancy. The priori or predicted
initial group size, denoted as W~ , is then
broadcast to al MT’ s via the downlink channel.
In the admission phase, each active MT
accesses the subsequent slot based on the
Controlled Slotted-Aloha (CS-Aloha) protocol
parameterized by admission probability,
P(N) =k, /N, where k,, is the optimal vaue
yielding maximized saturated throughput.
Upon receiving the signal, PMER estimates the
number of colliding MT's (). If a collision
occurs (2£ L£5), the operation proceeds to the
second phase. All active MT’s are in turn
notified with the i vaue, and assign the
value to the reduced group size (m). If Lg1,
the current two-phase cycle terminates. If the
number of colliding MT’s exceeds five (L>5),
which happens with small probability, no user
can be admitted and a feedback of i=0 is
returned, resulting in one-slot waste.

In the resolution phase, each admitted
unresolved MT designates its transmitting
probability inversely proportional to the
current number of MT’s in the group. Namely,
each MT accesses the next contention slot
based on the CS-Aloha protocol parameterized
by resolution probability ~(G) =16, where G
is the current group size. At the end of dot
access, each MT takes different actions
depending on the feedback (L). If L=1
(success), the current group size (G) is
decremented by one. If =0 (idle), or is2
(collision) but i: -1, resolution recursively
repeats with G remained unchanged.
Significantly, if 732 (collision) but i=6-1,
by taking advantage of having a single MT in
the non-transmission set, HFCA dlows
dedicated access within the subsequent slot to
thisMT. All other MT’ s in the transmission set
result in one slot delay and reduce G by one.
The phase-two operation repeats until all
admitted group users areresolved, i.e,, G=0.
4.2. Throughput and Stability

Analyses

System regenerative points are placed
at the beginning of each contention period. Let
N and N respectively represent the random
variable and variable for the total number of

active MT’ s wishing to transmit requests at the
beginning of the contention period of a frame.
N is assumed Poisson distributed with
parameter a . We assume al N users are
resolved at the end of the contention period.
Denote by random variable ¢, the contention
period length, namely the total number of slots
required to resolve the user group of size N,
and c,=£C,]. Let variable m denote the first
reduced group size, i.e., the number of active
MT’s admitted at the end of phase one. Denote
by random variable D, the total number of

dlots required to resolve al m users in a
reduced group in phasetwo; and b, =£D,].

(i) Computation of ¢,

If there is no request (~n=0), or only a
single request (n~=1), wishing to transmit in
the first dlot (first phase), the contention period
lasts for one dot, that is ¢ =¢ =1. For w32,
the probability that exactly mof N users make
transmissions and are admitted in the first
phaseis

Vo, k

Qu(m = gm;(ﬁ Q)
Given that m of N users have made
transmissions, the contention period length can

K\
"1- )" O£ mE N.
)"a- )

be expressed recursively as
.i: ~N|m:1+Dm+éNm N>m3 2,N32
| Gp=1+5 N=m 2 N2 (2)
tCum=1+Cy 1 m<2,N3 2.

We now compute c, . First, wehave ¢ =c =1.
For w~n22, ¢, can be deived by taking
expectation from Equation (2). Taking
expectation on both sides of Equation (2), and
by unconditioning, one gets

G, = 1+§NZQN(m)xDm+§QN<m)cN.m+oN(0)cN, N2, (3)

Solving for ¢, , we obtain

1+8 QM D, + & QuN- m>C,
100

(it) Computation of D,

Cy= N3 2. (4)

Given that / of m users (m22) in the
reduce group made transmissions in the first
slot of phase two, the phase-two period length
can be formulated recursively as
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For ms 2, the probability that exactly / of m
users have made transmissions in the first slot
of phasetwo is

L Bmoa, o 1,

R,(1)= o ra-—) m 2. (6)

To compute b, for 2£me N, we first
have p=1. We next solve the second
boundary condition for p, by the following
recursive equation: p,=1+ R®)?0,- [1 R()] D,.
We get p,=3. For m>2, taking ztransform

from both sdes of Equation (5),
unconditioning variable /, and solving for
F, (2, we obtain the recursive form as

F (2= Fs, (Affz R+ Z7R,(m 1)
T 1 ZM1- R(M)- R(m 1)
Taking the first derivative of £, (9 at z=1,

we obtain

m 3. (7)

p- R&kD 5o p
w3 RO+ R(k- 1)
where p =1 and b, =3 which have been

previously derived.

m 3.(8)

(iii) Throughput Computation

Since N is Poisson distributed, with
¢, (and p,) given by Equations (4) and (8),
the system throughput can be given as
& e*a"

s AN _ e N

(9)

Notice that s in Equation (9) is a
function of a and k . We now define
saturated throughput ( s, ), and maximum
stable throughput (s, ). First, s, is defined
as

Su0lim S (10
The optimal value ,, applied during phase
oneis chosen such that s, ismaximized, i.e,
S (k) =max{ S, (k)," k} . A system is WSS if it
has a positive saturated throughput. Maximum
stable throughput ( 5. ) is the maximum

achievable throughput when the system is
stable.

To numericelly evaluate «,, S,, and

5., We carried out analytic computation via

Mathematica 4.0. Since Poisson converges to
the Gaussian distribution with the same mean
and variance a, we consider N, =a+5/a 1o
be applied in Equation (10), resulting in
sufficiently high confidence to the evauation
(AN>a+5/a)<286653 107). First of al, for a
given a , k, Wwas determined by using
Mathematica function FindMinimurmi1-s[ n,, ,
a , ky |, k, ]. We obtained that s, is
maximized under «, =152. Applying «, to
S in Equation (10) with a3 400, we got
S, »0522. HFCA isproved WSS. Applying the
k,, Vvalue and using FindMinimuml- s
[N, ,a, 152],a], we reved tha s is
maximized at a,, =18 . Applying the a,,
value to s in Equation (9), we arrive at that
S =0605 & a, =188.

(iv) Stability Analysis
First, since s, »0522, HFCA is WSS.

Second, notice that ratio w~/c, can be

perceived as the effective service rate. Then, if
there exists alower bound of w/c,, then there
exists a system capacity [17] defined as the
supremum of new arrival rates that ensure
strict-sense  stability of the system. Due to
mathematical intractability for deriving the
closed form of ¢, from Equation (4), we

derived ¢, and wn/ic, by means of

numerical computation. We clam in the
following remark that the system capacity of
HFCA is s, i.e, HFCA is SSS is the new

sat

arrival rateislower than s, .

Remark: The HFCA system is SSSif the new
arrival rateislower than s, .

First, numerical results show that ~n/c, (n31)
is a monotonically decreasing function. Next,
by taking advantage of linearty of c,, we
obtain

=lim =lim =lim
Al ey E[CN] a®y¥ CE[N] a®¥ Ca (11)
Namely, w~/c, converges to S,. We can

conclude that w~/c, islower bounded by s,
i.e, Ni/ic,® S, »0522. Therefore, if the new
arrival rate is lower than s, it is lower than

sat



the effective service rate n/c,, the system is

SSS.
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The complete work including the

design and analysis has been accepted by /EEE
Transaction on Wireless Comm.. Finaly, the
basic design and architecture has been applied
for patents.
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The basic idea behind the technique is to overcome system
instability by probabilistic reducing the contention size to less than
six, followed by efficient collision resolution with the aid of
hardware-based hexanary feedback. The operation of this design
within a frame consists of repeated executions of two phases-
admission and resolution phases. While agroup of MT’sis randomly
selected in the admission phase, the selected group is resolved in the
resolution phase. The two-phase process repeats until either the
maximum blocking probability is satisfied or al users are resolved.
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