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Abstract: An analysis of the throughput and stability region of random access systems is currently
of interest in research and industry. This study evaluated the performance of a multiuser random
access channel with a retransmission gain. The channel was composed of a media access control
(MAC) determined by the transmission probabilities and a multiuser communication channel
characterized by the packet reception probabilities as functions of the number of packet
transmissions and the collision status. The analysis began with an illustrative two-user channel, and
was extended to a general multiuser channel. For the two-user channel, a sufficient condition was
derived, under which the maximum throughput was achieved with a control-free MAC. For the
channel with retransmission gain, the maximum steady throughput was obtained in a closed form.
The condition under which the random access channel can acquire retransmission gain was also
obtained. The stability region of the general random access channel was derived. These results
include those of the well-known orthogonal channel, collision channel and slotted Aloha channel
with packet reception as a special instance. The analytical and numerical results showed that
exploiting the retransmission gain can increase the throughput significantly and expand the stability
region of the random access channel. The analytical results predicted the performance in the

simulations quite well.
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1. Introduction

In multiuser communication networks, random access
is one of the typical medium access control (MAC)
protocols. The capacity and stability region of such
systems are currently of interest in research [1-11], and
there are an increasing number of reports in the literature
[12-33]. Random access can be implemented with the
collision channels [18-26]. The stability region of a finite-
user slotted random access system [19-21] is identical to
the information-theoretical capacity region of the collision
channel without feedback [18]. An infinite-user random
access system over the collision channel is unstable [22,
23]. Random access has also been implemented in wireless
channels that are capable of multipacket reception [1-16,
27-33]. The multipacket reception capability can stabilize
an infinite-user Aloha system [17]. The throughputs of
symmetric wireless multi-access systems were analyzed in

[32]. Multiple transmissions of a packet through a wireless
channel can acquire retransmission diversity gain and
improve the throughput substantially [13-15].

A number of theoretical studies on random access
systems have recently been reported. The theoretical
capacity and throughput of the random access channels,
where each user encodes a subset of data, were analyzed
[1]. A random access game for contention control was
proposed and analyzed using the Nash equilibria [2]. In a
game-theoretical approach, a slotted Aloha system with
selfish nodes was analyzed [3] to minimize the average
transmission probability (or power investment) while
meeting the average throughput demand. In the random
access game incorporating channel state information into
slotted Aloha, the asymptotic total throughput was shown
to increase with increasing number of users [4]. Contention
resolution strategies for selfish random access wireless
systems with multipacket reception were analyzed using
non-cooperative game theory [5]. Exploiting the channel
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state information in slotted Aloha with a capture of the
signal to interference ratio was studied [6, 7]. The channel
state information might not be helpful in increasing the
throughput in certain channels [7]. The optimal
transmission strategy achieving the maximum achievable
sum rate and steady throughput of random access over a
deterministic channel was developed [8]. The information
capacity of a simple on-off random access channel was
derived in the framework of compressed sensing [10]. The
asymptotic stability region of multiuser slotted collision
channel was analyzed [11].

Although there have been a number of studies on
random access channels, to the best of the authors’
knowledge, there are no reports of the throughput and
stability region of a general random access channel with
retransmission gain. This study attempts to bridge this gap.
In this paper, the communication channel is defined by the
probability of packet reception when a packet has been
transmitted a number of times and collided with interfering
packets a number of times. The analyses begin with an
illustrative two-user channel. The state distribution and
steady maximum throughput are then obtained, which
include the results of the orthogonal channel and slotted
Aloha channel with multipacket reception [16] as special
cases. For a general K-user random access channel with
retransmission gain, the steady throughput is obtained in a
closed form, and the stability region is then presented.

The remainder of this paper is organized as follows.
Section 2 defines the channel model. Section 3 examines a
two-user random access channel using a two-dimensional
Markov chain approach. Section 4 treats the multiuser
MAC symmetric channels followed by an investigation for
asymmetric multiuser channels. The stability region is
studied in Section 5. As a practical example, Section 6
examines a random access CDMA channel exploiting
retransmission gain. Section 7 reports the results of
numerical and simulation studies. Finally, Section §
concludes the paper. For continuity, the proofs are
presented in the 9. Appendix.

2. Channel Model

The random access channel, as depicted in Fig. 1, is

composed of a MAC layer and a communication channel,
where K users access a common base station randomly and
independently with each other. In such a channel, each
user has a queue of packets in its buffer and the packets are
transmitted in a first-in-first-out (FIFO) mechanism.
Among the packets (if any) stored in the buffer, the one at
the front end is referred to as the current packet and the
remainder are called waiting packets. Therefore, a user is
always transmitting its current packet (if any). User i = 1,
2,..., K independently transmits its current packet with a
given probability, & € (0, 1], henceforth -called
transmission probability. That is, a user in each slot is
either active in transmitting its current packet with a
probability &, or is idle with a probability 1—6. Here, the
transmission probabilities 8, i = 1, 2,..., K, for all users
characterize the MAC layer of the channel. Without a loss
of generality, user 1 shall be referred to as the default user.
For user 1, the state of the current packet in its buffer at the
beginning of slot j is denoted as (m; ¢, c3,..., cx);, Which
indicates that the current packet has previously been
transmitted m times and collided c¢,€{0, 1,..., m} times

with user i. The dynamics of the packet transmission states
is described as follows. (1) If user 1 is idle in slot j, then its
state at the beginning of the next slot j+1 will remain the
same as (m; ¢y, C3,..., cx)j+1. (2) If user 1 is active in slot j
but its current packet is not detected successfully, then at
the beginning of slot j+1 the transmission number will be
m+1 and the collision number will be ¢;+1 if user i is active
in slot j, otherwise it will remain unchanged as ¢; if user i
is idle. (3) In the case that user 1 successfully transmits its
current packet, the current packet will be removed from
the buffer and the immediate waiting packet (if any) will
become the new current packet. In this case, at the
beginning of slot j+1, the state renews as (0; 0, 0...0),14,
which means that the new current packet has never been
transmitted.

According to the description above, the state space of
user 1’s current packet can be denoted as

Q={(m;c,,....c,):m=0,1,..;c,€{0,1,...m};i=2,.,K} .

The packet reception probability at state (m; ¢, c3, ...,
ck) 1s denoted as

Userl —9 | User 1
o
User2 —» Q(l) User 2
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Fig. 1. A general multiuser random access channel X(X,{6},{0"}).
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Dimcy...r) = PTThe packet is successfully

(1

detected at state (m;c,,...,c, )} ’
and at the initial state (0; 0, ..., 0) by
90.0,..0) = 0. 2)

The communication channel defined above represents a
general class of random access channels, which includes
many channels that have been studied in the random access
literature. For example, the orthogonal channel and slotted
Aloha channel are special examples of the above channel.
The reception probability is determined only by the state
(m; ¢, ..., cg), indicating the transmissions of the current
packet and its collision status with other users. In random
access channels that exploit retransmission diversity, the
reception probability increases in the transmission number
m, which is the so called retransmission gain. On the other
hand, the reception probability generally decreases with
increasing collision number c;.

As discussed above, the random access channel is
composed of a MAC layer and a communication channel.
The former is defined by the transmission probability &; €
(0, 1] and latter is characterized by the reception
probability ¢, Throughout this paper, the

..... )"
following notational convention is taken: an interfering
user will be indexed by a subscript for a scalar variable,
whereas a superscript will be used for a matrix or vector
and for the default user; and the indices are omitted when
it does not cause any confusion. For interfering user i, its
reception probabilities over its state space is denoted as

0" ={q" | :(m;c”)eQ?}, where ¢ = (c, ...

(m;c

ON > Ciols

Ci+1, --+» Cx) 18 the collision status of user i with other users.
A multiuser random access channel can then be denoted in
general as N(K,{0},{0"}). Fig. 1 shows the framework

of the general channel, N(K,{6,},{0"}), where there are

K users sending packets to a base station with a probability
6, and the packet sent from user i can be detected
successfully with probability 0.

Consider wuser 1 in the general channel,
N(K,{6,},{0"}), for any state (m; ¢, ..., cx) with m > 0,
its preceding states are referred to as those states that can
come to (m; ¢y, ..., cx) immediately after a one step
transition, and are denoted as (m—1;c},...,c;) , where

¢/ =c,—1 if user i also transmitted its packet in the
transition; otherwise ¢, =c,. The set of all the preceding

states of state (m; ¢, ..., ck) is denoted as

y={m=1;cl,....c) ¢/ =c,—lorc,c >0;.
)

The visiting probability to state (m; cp, ..., cx) is
defined as the probability of the current packet reaching
the state (m; c», ..., cx), which is given recursively by

(m;¢y,5.Cy

rim;cz ..... )

}?m—l;z‘é ,,,,, cx) (1 - q(m;cz oo C )) H

(m=1;¢5 ...,k )eﬂ(m_‘zv <)

(4)
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where 7., o =1-q.,. o =1 by convention. The visiting

probabilities and reception probabilities can be obtained
from each other. Therefore, they can be used
interchangeably to define the channel. If the visiting
probabilities for user i is denoted  as

RV = | i(mc”)eQ”),  the random

(m;e)

multiuser

access channel can be denoted

N(K,{0}.{R"}).

Clearly, the state process (m; ¢”) for each user is a
Markov chain process over the slotted times. Under
general conditions, the process can be shown to be ergodic
(i.e. positive recurrent and aperiodic). In this sense, the
stationary distribution can be derived, thereby allowing the
throughput to be obtained. To this end, the packet arrival
rate to the buffer is assumed to be sufficiently high so that
the buffers are not empty. To present the analysis in a
smooth manner, Section 3 analyzes a simple but
illustrative channel with two users, and Section 4 examines
a generic multi-user channel.

equivalently by

3. Two-User Channel
In a two-user channel, the state space of user 1 is
Q={(m;c):c,m=0,1,...;c <m},
and its state transition diagram is depicted in Fig. 2. In

view of (4), the visiting probability can be expressed
iteratively as

Toney = Dme) Tom-1.) (&)

max(0,c—1)<j<min(c,m—1)

which can be expressed further as

Tomey = Do ooy ™ Domey T
m
+90.:0092:0) " Dim=-c:0)Dm=-c+1:1) " Dimscy (6)
C(m;c)

where g, =1-4,., - The visiting probability is a

summation of the products of the unsuccessful reception
probabilities of states along any path from the initial state
(0; 0) to state (m; c). A path from state (0; 0) to (m; c) is
composed of a set of consequentially connected transitions
from (0; 0) to (m; ¢). As shown in Fig. 2, there are C(m; c)
distinct paths from state (0; 0) to (m; c), in each of which
there are m steps, where C(m; ¢) is the binomial coefficient.
For example, from state (0; 0) to (4; 2), one path is (0; 0)
->(1;0—>@2;1)>@3;1)—> (4; 2). There are C(4;2)=6
distinct paths, each of which has 4 steps.

Let pinieyna) denote the one-step transition probability
from state (m; ¢) to (n; d). Then form > 1,
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Fig. 2. State transition diagram of user 1 in a two-user
channel.

1-6, (n;d) = (m;c),
0,(1-0,)(1= Gy 1) () = (m+1;0),
6.6,(1= G0 )s (md)=(m+1Lc+l),
6 (ezq(mﬂ;cﬂ) +(1-6, )q(1n+];c))’ (n;d) = (0;0),

0, otherwise.

Pimexmay =

()

Here, the first equality in (7) holds when user 1 is idle
with a probability 1-6;; the second and third equalities
mean that user 1 transmits but not successfully given that
user 2 is idle and active, respectively; and the fourth one
means user | successfully transmits the current packet
given that user 2 is either idle or active. For other cases,
the one-step transition probability is zero.

Therefore, the distribution probability P, of (m; c)
can be obtained recursively by (7). Accordingly, the
following holds:

Foey = Fon0 A1=0,)""1,,.) - ®)

Note that Z(m P =1.Inview of (8),

i0)eQ” (mic)

-
Fooy = (Z<m;c>e9 T &2 1=0,)"° ) : ©)

Next, substituting (9) into (8) results in the stationary
distribution probability for state (m; c), which is given as
follows:

-1
Em;c) = r(m;r)HZC (1 - 92 )Wc (Z(n;d)esz r(n;d)ezd (1 - HZ )nid ) .
(10)

As illustrated in (10), the stationary state distribution
for any state (m; c) of user 1 is jointly identified by 7,
and 6, and has nothing to do with its own transmission
probability 6.

3.1 Matrix Form of the Channel

The channel can be expressed in matrix form in terms
of g, ), called the reception matrix,

Q = (q(m;c))(m;(f)EQ ° (1 1)

The channel can also be expressed in a matrix form in
terms of 7, ., which is referred to as the visiting matrix,

ooy 0 0

R=| w0 Tan 0

(12)

Too Ton  Teo

The transmission matrix is defined as

1-0 (1-6y° (1-6)
0 00-6) 61-6y -
0 6’ 0*a-0) ---|. (13)
0 0 o’

)=

o o o =

Appendix proves that

> F 05 (1-6,)" = tr(RT(6,)), (14)

(m;c)eQ)

where tr(A) denotes the trace of matrix A, the stationary
distribution probability of the initial state given in (9) can
be rewritten alternatively as

1

oo = eirr @) )

Note that the denominator tr(RI'(6,)) is the expected
number of transmissions of a packet.

3.2 Steady Throughput

In view of Theorem 3 in [13], the steady throughput for
user 1 equals

7; = glp(((ll;)())
= # . (16)
tr(RT(6,))
Similarly, the steady throughput for user 2 equals
’ (7)

T,=— 2 |
w(RVT(6,)

Therefore, the throughput of the two-user channel
defined by 7= T + T, can be expressed as

-1
r=6 (zm;c)en Tinien03 (1= )m*c) (18)
1°
+ 92 (z (m;c)eQ r((lj;)c)elc (1 - 91 )"Pc )
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which in matrix form is

6 o,
T = + .
tr(RVT(,)) tr(RVT(6))

(19)

3.3 Throughput Maximization

In a control-free MAC channel, user i transmits its
packet without control of the transmission, i.e. 6. = 1. The
conditions under which each user can achieve the
maximum throughput with a control-free MAC need to be
derived. The symmetric and asymmetric channels are
considered.

Symmetric channel: Two users are identical. That is,
both of them have the same transmission probability, &, =
6, = 6 and the visiting probability, R. The following
theorem presents a sufficient condition.

Theorem 1 . In a two-user symmetric
N(2,0,R), if

channel

0

> (m=r,,, <1, (20)

m=2

then both users reach their maximum throughputs under
the control-free MAC, and the maximum throughput of the
channel is T = 2/tr(R) . 0

Asymmetric channel: Analogous to Theorem 1, the
following theorem provides a sufficient condition for an
asymmetric channel.

Theorem 2. In a two-user channel, N(2,{6,},{R"}),
foragiven0< 6 <1, if

2
[znﬁ;ﬂrj Z[Znnﬁlﬂ"')[ZV&?mJ, o
n=0 n=1 m=0

for any 0 < 6, < 1, the throughput of user 1 is optimized at
0 =1. 0

3.4 Two Examples

Two degenerated examples, the orthogonal channel and
the slotted Aloha channel, were considered.

Orthogonal channel: In an orthogonal channel, each
user sends a packet independently without interfering with
each other. Therefore, the packet reception probability is
state-independent and has a constant value gy = ¢i.
Accordingly, the visiting probability in (6) is expressed as

Toney = COmz )1 =q,)". (22)

By substituting (22) into (9), the distribution
probability of the initial state can be obtained as follows:

-1
Pagy = (X e COmeN1 -4, 010,

:(Zmzo(l_ql)m)_1 =4q,- 23)
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Therefore, according to Theorem 3 in [13], the
throughput of user 1 is given by

=64, 24)

Because the two users do not interfere with each other
in an orthogonal channel, the performance of an individual
user is determined exclusively according to its own
reception and transmission probabilities. Therefore, each
user can maximize its throughput at 6’l =1,i=1, 2, which
also maximizes the throughput of the orthogonal channel.

Aloha Channel: The conventional Aloha channel is
built upon a collision channel, where the packet reception
probability is zero provided there is a collision of multiple
packets. The Aloha channel considered in this paper is
built upon a channel with multipacket reception (MPR).
Such a channel has been studied in [13-16, 29-33].

Let 0 < g, <1 and 0 £ p;, £ 1 denote the packet
reception probability of user i with and without collision,
respectively. The visiting probability of user 1 is

10 =Clme)1-g)" (1= p,)°. (25)

Substituting the above equation into (9) yields the
distribution probability of the initial state as follows:

By = (X CmN A= p)BFA-)1-0)1")

=(X,.[0-p)6, +1-g)1-6)1")"
=q,(1-6,))+p0,. (26)

Accordingly, by Theorem 3 in [13], the throughput of
user 1 is

T =(q, — 49,6, + p,6,)6, . (27)

Therefore, by the symmetry of users, the channel
throughput can be expressed as

T =(q,— 4,0, + p6,)0, +(q, — 4,6, + p,6,)0, . (28)

In the design of a communication channel, there are
basic choices on (i) exploiting the retransmission gain or
not and (ii) controlling the MAC or not. For channel
N(2,{6,},{R"}), the throughput with retransmission gain
denoted as T* is given by (19). Let g, =1-r} and
yo: =l—r((l’;;) . The throughput without retransmission gain
denoted by 7~ can then be given by (28). Therefore, a
comparison of 7% with 7~ leads to a decision as to
whether or not exploiting the retransmission gain can
maximize the channel throughput.

In what follows, the condition under which the MAC is
optimally control-free was analyzed. To this end, the first
order conditions of 7 with respect to 6, and &, were taken
as
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oT

—=4,-9.0,+p0, - 9,0, +p,0, =0, (29)

26

oT

%:%_%61 +p,0,-q,6+p6 =0. (30)
2

Accordingly, the following result was obtained.

Theorem 3. Given q, g, p1, and p,, let p= p;+ po. If p
> ¢, or p> q, the optimal transmission probability is 6 =1
or 6, =1, respectively. Furthermore, if p>max{g,q,} ,
then the maximum channel throughput is 7° = p if and

only if 6 =6, =1. Otherwise, the optimal transmission
probabilities are

g=—=2 31)
q+49,—p

@ =—>=" (32)
q+49,—p

O

According to Theorem 3, if p <min{q,,q,}, the total
optimal transmission probability is

0 +6 =1+—FL (33)
q9t9,—p

Accordingly, the following corollary outlines the optimal
transmission probabilities.

Corollary 1 . The optimal packet
probabilities satisfy 1<6 +6, <2 . The equality of

transmission

6 +6, =1 holds if and only if p=0, representing a
collision channel; and the equality of 6 +6, =2 holds if
and only if p, + p, 2 max{q,,q,} . O

4. Multiuser Channel

4.1 MAC Symmetric Channel

In a K-user MAC symmetric channel, N(K,6,{R"}),

every user sends a packet with the same transmission
probability 6 € (0, 1] but may have distinct reception
probabilities O”. The collision effects to the reception
probability for all users are assumed to be the same. All
the collision numbers to user 1 can be encapsulated as a
single factor

c= ic,. (34)

i=2

andc=1,2, ..., (K-1)msince ¢;=1, 2, ..., m. Accordingly,
the state space is

Q={(m;c):m=0,1,...;0<c < (K-D)m}.

Fig. 3. State transition diagram of user 1 in a K-user
channel.

Fig. 3 shows the one-step state transition. Following a
similar argument in the preceding discussion for the two-
user channel, the stationary distribution probability is
obtained as

Em;c) = P(O;O)’im;c)gc (1 - H)m(Kil)ic ’ (35)
where the visiting probability 7, is given by

’?m;c) = q(m;c) r(mfl;j) . (36)

max(0,c—K)<j<min(c,mK —K—-m)

Because z(m_c)eg R,., =1 and (35),

4
60;0) = (z(m;c)eﬂ r("‘;")gc (1 N Q)M(Kil)ic ) ) (3 7)

The following theorem summarizes the main result for
channel, N(K,60,{R"}).

Theorem 4. For a K-user MAC symmetric channel
N(K,0,{R"}), the throughput of user i is

T =0(3 a0 A-07 ) @3®)
O
4.2 Channel with an Arbitrary MAC

Consider the general channel N(K,{6,},{R"”}) with an

arbitrary MAC. Following a similar logic applied in
previous analysis, the stationary distribution probability of
user 1 for a K-user random access channel can be obtained
as

K
P(m;cz,...,z‘,( ) = EO;O ..... O)Gm;cz eesCi ) H 6]_": (1 - 91 )’”’Ci . (39)
i=2
Because

Z(m;cz ..... cx )EQ P(’”ifz ----- k) = 1 4
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K 1 m-c; -1
EO;O,---,O) = (Z (3¢ ey )EQ Hmses i) szz 9/' a- 0/) )
(40)

By substituting (40) the distribution

probability is obtained as

into (39),

K e -
e e L1, 0 1= 6™

K <; m—c; '
Z (m;cy ,eCg JEQ }?”ﬂﬁ’z sensCi ) H j=2 0/ (1 - 0/)
(41)

P =

(m;¢y,5Cx )

The following theorem summarizes the throughput of
the general random access channel.
Theorem 5. In a K-user random access channel,

N(K,{60,},{R"}), the throughput of user i is

-1
— 0] K < m-c;
L= 6’ (z(’";t'('))eﬂ“’ r(m;c('))Hj:l,j#[ Hj (1- 9/) ) - (42)
U

Note that a MAC symmetric channel N(K,8,{R"}) is

a special case of the asymmetric channel N(K,{6,},{R"}).

In (40) and (42), set @ = @ and let ., be the summation
of r,. .., over the states such that ¢ = Z,K:z ¢, . Egs.
(40) and (42) are simplified as (37) and (38), respectively.
5. Stability Region

This section examines the stability and stability region

of the K-user random access channel X(X,8,{R"’}) in Fig.

1. The stability and stability region are defined as follows.
The reader should also refer to [34] for further details.

Definition 1: A K-dimensional stochastic process
L' =(L,...,L,) is stable if for any vector x e N* | the
following  holds:  lim,  Pr(L <x)=F(x) , and
lim_, F(x)=1. 0

For a queuing channel, the stability can be interpreted
as the existence of a limiting distribution.

Definition 2: For a K-user multiple-access channel, the
stability region is defined as the closure of a set of arrival
rates A =(A,,...,4;), at which the queues in the channel
are stable. 0

In channel N(K,{6},{R"}), the arrival rates of K

users are denoted by A =(4,,...,4;), where 4, >0 is the
79LII() )

the channel status, where L is the queue length in the

packet arrival rate to the buffer of user i. L' = (L

buffer of user i in slot . Without a loss of generality,
assume that the channel status L = (L
irreducible and aperiodic Markov chain process.
Furthermore, if the Markov chain is a positive recurrence,
it has a positive probability distribution when time
approaches infinity. The stability of the queue is equivalent

L) IS an
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to the ergodicity of the process. Equivalently, the channel
is stable if and only if each user has a positive probability
at the initial state (0; 0, ..., 0), i.e. R >0.

The Loynes theorem [35] was applied to derive the
stability region. The Loynes theorem states that if the
arrival process and service process of a queue are all
stationary and ergodic, the queue is stable if and only if the
average arrival rate is less than the average service rate.
The stable throughput region is defined as the set of all
arrival rates A=(4,..,4;) , at which the process
L=(L,..L,) is
probabilities (6,,...,6,) . Note that in Theorem 5, the
service rate given by (42) is obtained assuming that the
arrival rate is sufficiently large. Therefore, the throughput
obtained in (42) is the maximum steady throughput, i.e. the
maximum service rate pertaining to the queue of each user.
Applying the Loynes theorem, the following theorem can
be obtained.

Theorem 6. In the K-user random access channel
N(K,{6},{R"}), the stability region is the closure of a

set of arrival rates such that the arrival rate A; for each user
is no greater than its maximum steady throughput 7; in
(42), i.e.

0:0,...,0)

stable for some transmission

LB, 00) = {(sn A)| A < T (43)
The stable throughput region is

L= | L@,..0). (44)

(615--6¢ )€ (0,1

O

For the two-user channel, N(2,{6,},{R"}) , the
stability region is

<0 /tr(RVT(O
L(el,ez):{(ﬂq,iz)|ﬂ‘< |/ (2))}, (45)

2, <6, /t(RPT(6,))

and the stable throughput region is the union of the above
sets with respect to (6,,6,) € (0,1]. Note that for a two-

user random access channel without retransmission gain,
the stable region is

<(q,— 4,6, + p,6,)6,
10,0, =G )| ST TPON L )
A, <(q, = 4,0, + p,6,)0,
which can be rewritten equivalently as
A <q,6, + A6, _PTh
9, = 4,6, + p,6,
L(@l,€2)= (11’2'2) D, —q

A £q,0,+ 40, ——=—2—

T qu_Q192+p|92
(47)
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This is the stability region of the slotted Aloha with a
general packet reception model, which is also obtained in
[16].

Specifying g; = g, = 1, (47) becomes the stability
region of the Aloha channel, which allows multipacket
reception

y) $01+12¢9]p1—_1
1_61"'10291
L(6,,0,) =1 (4, 4) ool [ (43)
A <0,+ 40, —2——
2 L+ 4, 21_02_’_10102

Further setting p; = p, = 0, (48) becomes the stability
region of a collision channel

L(91,92)={(/1Mz)

Asa—ﬂza/a—a)}’ (49)
A <6,-46,/1-6,)

also given in [16].

Application to
Retransmission

In this section, as an example, the analytical result is
applied to a two-user random access code-division
multiple access (CDMA) channel, which exploits the
retransmission gain [13-15]. Consider that user 1 transmits
the same packet m times and with ¢ collisions with user 2.
The equal-weight combiner of user 1 outputs [13-15] is
then

Random Access CDMA with

Yme)=mb 4 + 3 b Agi)+ Y () (50)

J=1

where A4; and A4, are the amplitudes of users 1 and 2,
respectively, z(j) ~ M0, o%) for 1 <j < m denotes the white
Gaussian noise, and g(i) is the correlation between the
spreading codes of the two users at collision sloti=1, ..., c.

Following simple algebra, the bit error rate (BER) of
user | was obtained as

mA, +> A o(i
BER(m;c) :lq) 1 Z,Zl ,g(i)
2 Jmo

ch mAl_Zj:IAZg(i)

+_
2 Jmo

(5D

where ®@(x)=Pr(N(0,1) > x) . In the case that g(i) = y is
identical to all collisions, BER is

BER(m;c) =~ A tedy | L[ md —chy |
2 \/;a 2 \/ZO’

(52)

If the packet is composed of /-bit, the packet reception
probability is

q(m;c) = (1- BER(m;c))'. (53)

The reception probability allows the throughput and
stability region of the channel to be derived. Section 0
presents the results of a numerical evaluation with a
simulation.

7. Numerical and Simulation Results

For ease of graphical exposition, the numerical study
will focus on a two-user channel of which the analytical
results are presented in Section 0. Simulated is a random
access CDMA channel exploiting the retransmission gain,
where the packet length is / = 32 bits, spreading factor is
48 and SNR is 6 dB. In the simulation, the spreading code
is adopted randomly and every bit can be detected
successfully with no more than 4 transmissions. Based on
the simulation, BER(m; c¢) for each state (m; c¢) is
calculated. The packet reception probability of the channel
is obtained by (53) as

K 0 0 0 0
0.4748 0.2899 0 0 0
Q=/0.9263 0.82838 0.6980 0 0].
0.9913 0.9780 0.9356 0.8756 0
1

10.9989 0.9973 0.9913 0.9751

Based on the packet reception probability matrix, two
numerical studies were conducted as follows.

In the first study, the analytical results of the
throughput were justified by simulations, and the
throughputs with and without retransmission gain were
compared. Fig. 4 shows the throughput versus transmission
probability of user 1. The simulation and analytical results
for the channels with and without retransmission gain are
presented. The upper two curves are the analytical and
simulated throughputs for the channel exploiting

T T
—t+ Analysis without RDG
—©~ Simulation without RDG
—— Analysis with RDG
—— Si ion with RDG

T

Channel Throughput

Transmission Prob. 6

Fig. 4. CDMA channel throughput vs. transmission
probability. RDG means the retransmission diversity
gain.
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Fig. 5. Stability regions of the collision channel,
ALOHA channel, and CDMA channel (with
retransmission gain). The latter is much broader than
the former in the sequence.

retransmission gain, respectively. In contrast, the lower
two lines are the analytical and simulated throughputs,
respectively, for the channel without exploiting the
retransmission gain. Exploiting the retransmission gain
increases the channel throughput considerably. The
analytical results predict the simulation results quite well.
Meanwhile, the throughput in all cases increases
monotonically with increasing transmission probability.
This means that the channel has been freed sufficiently to
accommodate arrival users.

In the second study, the stability regions of the
collision channel, Aloha channel and random access

CDMA channel with a retransmission gain were compared.

In the collision channel, the packet detection probability
was 0.4748 without a collision and 0 with a collision. In
the Aloha channel, the packet detection probability was
0.4748 without a collision and 0.2899 with a collision. In
the CDMA channel exploiting the retransmission gain, the
packet detection probability was Q. As shown in Fig. 5,
the Aloha channel has a much broader stability region than
the collision channel and the CDMA channel with
retransmission gain has an even broader stability region.
Therefore, exploiting the retransmission gain in a random

access channel can expand the stability region significantly.

8. Conclusions

In this paper, a general multiuser random access
channel with retransmission gain was defined, and its
throughput and stability region were analyzed. First
analyzed is a two-user random access channel. By
analyzing a two-dimensional Markov Chain, the stationary
distribution probability was derived, from which the
maximum steady throughput was obtained. A sufficient
condition, under which the control-free MAC achieves the
maximum steady throughput, was developed. In a similar
vein, the analysis was extended to a general multiuser

Shi et al.: Random Access Channel with Retransmission Gain

random access channel and the throughput and stability
region were obtained in closed forms. Numerical studies
showed that exploiting the retransmission gain in a random
access channel can enhance the throughput significantly
and expand the stability region. The analytical results
predicted the simulation results well.
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9. Appendix

Proof of Equation (14)

D OG-0 1= Y, (1-6,)"6,(1-0,) 7,

(m;c)eQ) (m;c)eQ

:(1,1—92,(1—02)2,...)1{(1,92(1—92)*',922(1—92)*2,...)T

=tr (1,1—92,(1—02)2,...)R(l,Hz(l—92)’1,922(1—6'2)’2,...)1
=u|R(L6,(1-6,)". 62 (1-6,)7...) (L1 —.92,(1—92)2,...)}
I Yooy 0 0

— || "o Tan 0

Teo Tan  Teo

1 1-0, (1-6,)
o 0,1-6,)" 0, 6,(1-6,)
6,(1-6,)" 6,(1-6,)" 6,

Ty 0 0 (1 1-6, (1-6,)
_ il | T Taw 0 |0 6 6,0-6)

oo Ten Ten |00 0,
= tr(RT(6,)). 0

Proof of Theorem 1
According to (18), the channel throughput is

260
Z(m;y)sﬂ I’(m;c)e" -0

To maximize T, it is equivalent to minimize

T =

2 1 ,
= 2 T (1=0)"
T (m;c)eQ)
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whichisequal to

m=c,c#0 m=1 m=1

1S m
zg(uz%m)e j (54)
m=1

1 T m,x m
E(H D Mm@ @=0)"+ D 1 0"+ 1 (1-6) j

where the equality holds if and only if 8 = 1. Denote the
right-hand side of (54) by f(&). Then

, 1< m
f (0):—?+Z(m—1)r(m;m)9 z,
m=2

which isincreasing in 0 < < 1. Therefore, f'(8)< f'(1).
Letting f’())<0 guarantees that f(6) decreases
monotonously in 6. In other words, f’(Q)=

> (M-Drm—1<0 is a sufficient condition under

m=2
which MAC is control free. O
Proof of Theorem 2

In an asymmetric two-user channel, the throughput
given by (18) satisfies

> 61(1) MESE 62(2)
Yomolombs 2o mmbh
where the equality holds if and only if 6, = & = 1. The
right-hand side of (55) is denoted by T . For any 6 € (0,
1], it suffices to obtain the condition under which T is
increasing in 6. Because T is continuous and

differentiable with respect to @, its first order derivative
given below is positive,

T _ 1 02 M

96, 3 oimmOs (Z: (nZ)m‘gn)

o ) =6, (X)Xt
(Z: orﬁ’mﬂ”‘)(Z: or((nzznen)

T< (55)

(56)

The numerator in (56) is nonnegative, which is true due

to (21). 0
References

[1] Peolo, M., Franceschetti, M., and Tse, D. N. C.
(2012). Random access: an information-theoretic
perspective. IEEE Trans. Infor. Theory, 58(2), 909 —
930. Article (CrossRef Link)

[2] Chen, L., Low, S. H., and Doyle, John C. (2010).

Random access game and medium access control
design. IEEE/ACM Trans. Networking, 18(4), 1303-
1316. Article (CrossRef Link)

[3] Hsu, F.-T., and Su, H.-J. (2011). Random access
game in fading channels with capture: equilibria and

Braess-like Paradoxes. |EEE Trans. Sgnal
Processing, 59(3), 1158 - 1169. Article (CrossRef
Link)

[4] Jdin, Y., Keddis, G, and Jang, J. W. (2012). A
channel aware MAC protocol in an Aloha network
with selfish users. IEEE J. Sal. Area Comm., 30(1),
128 - 137. Article (CrossRef Link)

[5] Inaltekin, H., Chiang, M., Poor, H.V., and Wicker,
SB. (2012). Selfish random access over wireless
channels with multipacket reception. |IEEE J. Sdl.
Area Comm., 30(1), 138 - 152. Article (CrossRef
Link)

[6] Hsu, F.-T., Liu, C-T., and Su, H.-J. (2012).
Exploiting channel state information in dotted
ALOHA with SINR capture. IEEE Wireless Comm.
& Network. Conf. (WCNC), April 1-4, 2012, 1675 -
1679. Article (CrossRef Link)

[71 Hsu, F-T., and Su, H.-J. (2011). Channel-aware
ALOHA with SINR capture: When is the knowledge
of channel not helpful? IEEE Int. Symp. Personal
Indoor & Movile Radio Comm. (PIMRC), Sept. 11-14,
2011, 844-848. Article (CrossRef Link)

[8] Moghaddam, J.B., Ghasemi, A., and Khandani, A.K.
(2012). A deterministic approach to random access
interference channel. IEEE Int. Symp. Infor. Theory
(19T), July 1-6, 2012, 1922 - 1926. Article
(CrossRef Link)

[9] K.Yu, Y. Sun, P. Fan, X. Lel, and L. Shu. (2010).
“Performance analysis of large CDMA random
access systems with retransmission diversity over
fading channels,” KSI Trans. Internet and Infor. Sys.,
vol. 4, no. 4, pp. 509-527, Aug. Article (CrossRef
Link)

[10] A. K. Fletcher, S. Rangan, and V. K. Goya. (2012).
On-off random access channels. a compressed
sensing framework. available: arXiv:0903.1022,
accessed Nov. 2012. Article (CrossRef Link)

[11] C. Bordenave, D. McDonald, and A. Proutiere (2012).
Asymptotic stability region of dlotted Aloha. |IEEE
Trans. Inform. Theory, 58(9), 5841-5855. Article
(CrossRef Link)

[12] Medard, M., Huang, J., Goldsmith, A. J., Meyn, S. P.,
and Coleman, T. P. (2004). Capacity of time-sotted
ALOHA packetized multiple-access systems over the
AWGN channel. IEEE Trans. Wireless Commun.,
3(3), 486 —499. Article (CrossRef Link)

[13] Sun, Y., and Shi, J. (2007). Retransmission diversity
in large CDMA random access systems. |EEE Trans.
Sgnal Processing, 55(7), 3471 — 3483. Article
(CrossRef Link)

[14] Ca, X., Sun, Y., and Akansu, A. N. (2003).
Performance of CDMA random access systems with
packet combining in fading channels. IEEE Trans.
Wireless Commu., 2(3), 413 — 419. Article (CrossRef
Link)

[15] Sun, Y., and Cai, X. (2004). Multiuser detection for



http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6145525&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6145525
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5411937&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5411937
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5643188&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5643188
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5643188&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5643188
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6117768&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6117768
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6117769&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6117769
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6117769&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6117769
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6214052&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6214052
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6140086&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6140086
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6283633&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6283633
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6283633&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6283633
http://www.itiis.org/tiis/download.jsp?filename=TIIS_Vol4No4P4August2010.pdf
http://www.itiis.org/tiis/download.jsp?filename=TIIS_Vol4No4P4August2010.pdf
http://arxiv.org/abs/0903.1022
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6204337&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6204337
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6204337&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6204337
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1271241&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1271241
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4244762&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D4244762
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4244762&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D4244762
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1198090&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1198090
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1198090&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1198090

158

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

packet-switched CDMA networks with
retransmission diversity. |EEE Trans. Sgnal
Processing, 52(3), 826 — 832. Article (CrossRef
Link)

Naware, V., Mergen, G., and Tong, L. (2005).
Stability and delay of finite-user slotted Aloha with
multipacket reception. |[EEE Trans. Infor. Theory,
51(7), 2636 — 2656. Article (CrossRef Link)

Ghez, S, Verdq, S, and Schwartz, S. C. (1988).
Stability properties of dotted aloha with multipacket
reception capability. IEEE Trans. Automat. Contr.,
33 (7), 640 — 649. Article (CrossRef Link)

Massey, J. L., and Mathys, P. (1985). The collision
channel without feedback. IEEE Trans. Infor. Theory,
31(5), 192 — 204. Article (CrossRef Link)
Anantharam, V. (1991) The stability region of the
finite-user dotted ALOHA protocol. |IEEE Trans.
Infor. Theory, 37(5), 535 — 540. Article (CrossRef
Link)

Saadawi, T., and Ephremides, A. (1981) Analysis,
stability, and optimization of slotted ALOHA with a
finite number of buffered users. IEEE Trans. Autom.
Contr., 26(6), 680 — 689. Article (CrossRef Link)
Rao, R. R., and Ephremides, A. (1988). On the
stability of interacting queues in a multiple-access
system. |[EEE Trans. Infor. Theory, 34(9), 918 — 930.
Article (CrossRef Link)

Kaplan, M. (1979). A sufficient condition of
nonergodicity of a Markov chain. IEEE Trans. Infor.
Theory, 25(7), 470 — 471. Article (CrossRef Link)
Rosenkrantz, W., and Towsdley, D. (1983). On the
instability of slotted ALOHA multiaccess algorithm.
IEEE Trans. Autom. Contr., 28(10), 994 — 996.
Article (CrossRef Link)

Haas, Z. J., and Deng, J. (2003). On optimizing the
backoff interval for random access schemes. |EEE
Trans. Commun., 51(12), 2081 — 2090. Article
(CrossRef Link)

Luo, W., and Ephremides, A. (1999). Stability of N
interacting queues in random-access systems. |EEE
Trans. Inform. Theory, 45(5), 1579 — 1587. Article
(CrossRef Link)

Thomas, G. (2000). Capacity of the wireless packet
collision channel without feedback. IEEE Trans.
Infor. Theory, 46(5), 1141 — 1144. Article (CrossRef
Link)

Raychaudhuri, D. (1981). Performance analysis of
random access packet-switched code division
multiple access systems. |IEEE Trans. Commun.,
29(6), 895 —901. Article (CrossRef Link)

Morrow, Jr., R. K., and Lehnert, J. S. (1998). Packet
throughput in slotted Aloha DS/SSMA radio systems
with random signature sequences. |IEEE Trans.
Commun., 46(4), 544 — 552. Article (CrossRef Link)
Tong, L., Zhao, Q. and Mergen, G. (2001).
Multipacket reception in random access wireless
networks: from signal processing to optimal medium

access control. IEEE Commun. Mag., (11), 108 — 112.

Article (CrossRef Link)
Tsatsanis, M. K., Zhang, R., and Banerjee, S. (2000).
Network-assisted diversity for random access

Shi et al.: Random Access Channel with Retransmission Gain

(31]

[32]

[33]

(34]

[35]

has

wireless networks. |[EEE Trans. Signal Processing,
48(3), 702 — 711. Article (CrossRef Link)

Lim, [.-T. (2003). Centralised transmission
probability control for fair packet data services in
CDMA S-ALOHA system. Elec. Lett., 39(8), 1207 —
1209. Article (CrossRef Link)

Tuninetti, D., and Caire, G. (2002). The throughput
of some wireless multiaccess systems. |IEEE Trans.
Infor. Theory, 48(10), 2773 — 2785. Article (CrossRef
Link)

Liu, Q. Yang, E-H.,, and Zhang, Z. (2001).
Throughput analysis of CDMA systems using
multiuser receivers. IEEE Trans. Commun., 49(7),
1192 — 1202. Article (CrossRef Link)

Szpankowski, W. (1994). Stability conditions for
some multiqueue distributed systems. Buffered
random access systems. Adv. Appl. Probab., 26, 498
—515. Article (CrossRef Link)

Loynes, R. M. (1962). The stability of a queue with
non-independent interarrival and service times. Proc.
Cambridge Philosophical Society, 58, 497 — 520.
Article (CrossRef Link)

Junmin Shi, Ph.D., is a faculty
member with Georgia State University,
Atlanta, GA US. His research interests
include wireless communication,
operations management and supply
chain management. Part of his current
research is in the interface between
operations management and finance.

Yi Sun, PhD. is an Assistant
Professor with tenure in the

Department of Electrical Engineering
a the City College of City University
of New York. Dr. Sun's research
interests are in the areas of wireless
communications and networking,
biomedical optics and nanoscopy. He
published more than one hundred peer-reviewed

journal and conference papersin these areas.

Xiaochen Zhang is a PhD candidate
in the Depatment of Electrica
Engineering, the City College of the
City University of New York. He
received his BS and MS in Computer
Science from Shandong University and
Wuhan University, China, in 2007 and
2009, respectively. His research

interests include robotics navigation, communication
systems, visual odometry and cloud computation.


http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1268374&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1268374
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1268374&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1268374
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1459063&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1459063
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1272&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1272
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1057010&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1057010
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=79909&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D79909
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=79909&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D79909
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1102713&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1102713
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=21216&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D21216
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1056059&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1056059
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1103155&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1103155
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1256747&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1256747
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1256747&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1256747
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=771161&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D771161
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=771161&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D771161
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=841197&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D841197
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=841197&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D841197
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1095064&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1095064
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=153367&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D153367
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=965367&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D965367
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=824666&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D824666
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1226585&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1226585
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1035129&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1035129
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=1035129&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D1035129
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=935160&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D935160
http://www.jstor.org/discover/10.2307/1427448?uid=3739808&uid=2&uid=4&uid=3739256&sid=21102773084363
http://journals.cambridge.org/action/displayAbstract;jsessionid=F7E37E901B3667D4CEE31CC3357387EA.journals?fromPage=online&aid=2053772

| EEK Transactions on Smart Processing and Computing, vol. 2, no. 3, June 2013 159

Jizhong Xiao, Ph.D., is a Professor of
electrical engineering with The City
College of City University of New
Y ork. He started the Robotics Research
Program a CCNY in 2002 as the
Founding Director of CCNY Robotics
Laboratory. His current research
interests include robotics and control,
body area network, assistive navigation, and multiagent
systems. Dr. Xiao received the U.S. National Science
Foundation CAREER Award in 2007 and the CCNY
Outstanding Mentoring Award in 2011.

Copyrights © 2013 The Institute of Electronics Engineers of Korea





