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A Unified Performance Model for Reservation-Type
Multiple-Access Schemes

Xiaoxin Qiu, Member, IEEE,and Victor O. K. Li, Fellow, IEEE

Abstract—This paper presents a unified performance model A successful MA scheme needs to take full advantage of
for the integrated voice/data wireless system using reservation- the characteristics of different kinds of traffic to achieve
type multiple-access (MA) schemes. It is observed that although gy myltiplexing efficiency. Some of these characteristics are

these schemes are different in the frame structure and resourceW Il known. For instan in ketized Voi mmunication
assignment procedure, all of them can be described by several e own. For instance, in packetized voice co unication,

common state variables whose evolvement exhibits the Markov- the user’'s speech consists of a sequence of talkspurts and
ian property. Based on this observation, a general Markovian silence gaps. In the silence gap, nothing is transmitted, and

model is developed in this paper. Three performance measures, the channel can be released for other users. Compared to
namely, voice-packet-loss probability, data throughput, and data g4t gata communication, which generates only one or two

delay are defined. As a special case, the performance evaluation - - . .
model for the voice-only system is also presented. Numerical plelay-lnsensmve packets during one connection, the talkspurt,

results are given and verified by simulation under both voice-only including a sequence of packets generated periodically, can
and integrated scenarios using packet-reservation MA (PRMA), be considered as continuous and delay sensitive. For this
dynamic time-division multiple access (D-TDMA), and resource- kind of continuous and delay-sensitive traffic, the connection-
auction multiple access (RAMA) as examples. It is found that jented transmission mode is better than the connectionless
our analytical model is quite accurate, especially in the re- L . .
gion of interest. The impact of system parameters (such as one, Wh!Ch is preferred in short data trgnsm|35|on. On the other
the voice-permission probability, data-retransmission probability, hand, video traffic can also be considered as a sequence of
maximum number of voice slots per frame, etc.) on the integrated delay-sensitive packets generated continuously. Contrary to
system performance is also investigated for these three exampleconventional voice traffic, it requires much higher data rate
systems. and has more stringent performance requirements. When video
Index Terms—Markovian models, multiple access, reservation- traffic is integrated in the system, the major problem is how
based protocols, TDMA. to support the mixed traffic with varying data rates efficiently.
In this paper, we only focus on a system with integrated voice
and data traffic.

o ) Reservation-based time-division MA (TDMA) schemes
W'RELESS communication has become an importaghye peen extensively studied in the literature. Dynamic

field of activity in telecommunications. The demand fofrpp A (D-TDMA), which was first introduced in satellite

services increases dramatically, and the required service isd&?nmunications, is currently proposed for use in the personal
longer restricted to the telephone call. The emerging wirelessmmunications system (PCS) [6], [9], [17], [19]. Packet-
data communication services, such as portable computing, pPagseryation multiple access (PRMA) was proposed by
ing, personal e-mail, etc., play an increasingly important rolgoogmanet al. for indoor wireless communications [13],
in_current w_ireless systems. It_ is recognized that these systeﬁw] and resource-auction multiple access (RAMA) has been
will be required to support a wider range of telecommunicatiQfsigned for quick resource assignment in the wireless system
applications involving packet data, voice, image, and fulljy 5] 1 All these schemes and their many variations belong
motion video. With the implementation of a truly multimedig e family of reservation-type MA schemes. In D-TDMA
and personal communications system, the user will be releasg RAMA, there are two periods in each frame: one period
from the bondage of the telephone line and enjoy the freedqg} making reservations using slotted ALOHA and another
of telecommunications [7], [11]. , _for information transmission. Part of the system bandwidth is

One problem associated with the wireless feature is th@lgicated for reservation. In PRMA, all the system resources
the system bandwidth is limited. To satisfy the huge servicge seq for information transmission. The reservation is
demand and to fulfill the multimedia requirement with limited,chjeved by transmitting information packets directly instead
bandwidth, an efficient multiple-access (MA) scheme is 1@ special reservation packets. The common feature of these
quired. The MA scheme will havg a significant impact on thf'eservation-type protocols is that they all have the frame
user performance, system capacity, and hardware complexifif, cture and use the reservation mechanism to achieve high

multiplexing efficiency in the hybrid transmission mode.

I. INTRODUCTION
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There is much work to investigate the performance o
these schemes individually, concentrating on the voice-only r A A ¢ o o R
case. D-TDMA is the same as reservation TDMA when only
voice traffic exists in the system. Its performance has beep S slots |
investigated in [17]. The performance of PRMA has been
simulated in [8] and analyzed in [14] using equilibrium point R : Reserved A - Available
analysis (EPA). A two-dimensional (2-D) Markovian model @
can be found in [15] and [18], and a simplified Markovian
model is presented in [16]. The resource assignment capability total S slots
and voice performance of RAMA are investigated in [1], [2],
and [4].

Unfortunately, the performance of the reservation-type in oo 1 2 * o o S,
tegrated voice and data system is still not well understood: N -
The integrated D-TDMA system has been simulated in [19]7 "ccrvation' ] data slot
in the PCS environment, but no analytical model is available — gs Sy voice slots ol
to evaluate its performance. In [13], an integrated voice and
data PRMA system was modeled by two Markov chains adjustable boundary
corresponding to voice and data subsystems, respectively. Its (b)
performance was evaluated using EPA. However, the deviation
between the analytical and simulation results is quite large. A w
more accurate three-dimensional (3-D) Markovian model can
be found in [20]. But it is not easy to solve this 3-D Markov
chain. When the system is large, it becomes intractable.

We observe that although the reservation mechanisms a |
the frame structures of reservation-type protocols are different s_ anction S, voice slots data slots
at a first glance, they can be fully described by several slots
common state variables, and the system transitions exhibit adjustable boundary
the Markovian property. In this paper, a unified performance ()
evaluation model will be developed for the_ reservation fam|lyig. 1. Frame structures of PRMA, D-TDMA, and RAMA.
of MA schemes based on these observations. Our model can
be used to choose system parameters so as to optimize the
system performance. Some interesting cases are studied inRfidormance and assume that the base station is powerful
section on numerical results. These cases give some insi§hfugh to maintain the downlink (base station to mobile users)
into the system behavior. performance. Immediate feedback is required. This assumption

This paper is organized as follows. In Section II, we wilis reasonable for terrestrial wireless systems consisting of
briefly describe three representative protocols of the res&fall cells with short propagation delay. In addition, the
vation family: PRMA, D-TDMA, and RAMA. The general channel is assumed error free for both the uplink and downlink.
assumptions for the system are also given. The voice and dhf¢ failure of transmission is only caused by collisions.
terminal models are developed in Section Ill. Then in Section
IV, a unified performance evaluation model is developed féx. PRMA
the integrated system. As a special case, the analytical modalh, PRMA, time is divided into slots which are grouped
for the voice-only system is also derived at the end of thjfto frames. The frame length is determined by the voice-
section. Numerical examples are given in Section V. Thgcket-generation rate. One voice packet is generated in a
accuracy of the analytical model is verified by simulation. Theame. The frame structure is shown in Fig. 1(a). A slot in
system behavior will be investigated by varying the systegframe is either available or reserved by the voice user. Both
parameters, such as the voice-permission probability, da{@ice and data users can contend for the available slots, based
retransmission probability, maximum number of voice S|Ot§n the Voice-transmission-permission probabibﬂyand the
per frame, etc. Finally, we conclude in Section VI. data-retransmission probabiligy., respectively. (Here, “voice
users” refers to those who have a newly generated talkspurt,
but have not obtained reservation yet.) If a voice user succeeds,
this slot will be labeled as reserved and this voice user can use

In this section, we will briefly describe three representdhe corresponding slot in subsequent frames until the end of
tive protocols of the reservation family: PRMA, D-TDMA, the current talkspurt. If a data user succeeds in the contention,
and RAMA. All of them have the frame structure and thé¢his slot is still labeled as available, and the data user can
contention-based reservation mechanism. For ease of analy@idy use this slot in the current frame and no reservation is
the following assumptions are made in this paper. First, alowed. Contrary to other reservation protocols, no dedicated
single-cell system with one base station is considered. Algeservation packet is needed in PRMA. The information packet
we will focus on the uplink (mobile users to base statioriy used for channel access [13], [14].

Y
.

total S slots

¥

Il. PROTOCOL DESCRIPTIONS
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the auction slots, as shown in Fig. 1(c). The assignment of
voice slots is subject to a limif,,. The data user can use

the remaining capacity. The base station maintains a list of
available and reserved slots. In each auction slot, the available

Resource

™ Assignment’] resource will be auctioned to requesting users and assigned
' to the winner. The auction procedure is based on the user’s
ID, which is a random number generated by the user when he
needs to contend. For instance, the user’s ID can be an eight-
digit binary number with two additional digits for priority

Auction

e Assignment Cycle

(Anction Slot)

User to base station I:,:Basestationtouser assignment. The number of digits in the ID depends on the

number of users in the system. A sufficient number of digits

MSD: Most significant digit  LSD: Least significant digit should be used to keep the probability of two independent
Ts: Bit transmission time td: Propagation and processing delay users generating the same number small. It is assumed here that

voice users always have higher priority than data users. The
priority digits of voice are “10,” and those of data are “00.”
B. D-TDMA (Note that a.thi.rd k?nq of traffic with prior_ity .higher than vo_ice

' can have priority digits “11.”) At the beginning of the auction,

D-TDMA was first introduced in satellite communicationghe requesting user will transmit its ID in the auction slot,
[6], [9], [17] and has recently been proposed as a candid@ge digit at a time. Following each transmitted digit, the base
MA scheme for the third-generation wireless communicatiogtation will announce the highest value among received digits
systems [19]. Time on the channel is also divided into @ the downlink channel. Any user with digit value less than
contiguous sequence of TDMA frames, which are subdividgle announced one will drop out from further participation in
into reservation slots, voice slots, and data slots. The framgs auction. Note that multiple users with identical digit value
structure is shown in Fig. 1(b), where there &tereservation do “collide,” but do not cause an erasure or failure [1], [2],
slots, S, voice slots, and the remaining slots are exclusively]. When all the digits have been transmitted, there will be a
assigned to data. The base station keeps track of the inf@fial winner. The base station will assign this user an available
mation slots, which are either reserved or available. Thespt, subject to certain constraints (e.g., whether it is voice or
are two types of packets being transmitted in the channghta). This auction and assignment procedure is illustrated in
the reservation packet and information packet. The reservatigg. 2. It is clear that if there is a voice user transmitting in
packet is used for the reservation of information slot (eitheh auction slot, data users will always drop out. The users
voice or data slots). It often includes the origin and destinatieftopping out in the current auction slot can enter the next
addresses for data or the calling and called users’ ID’s fghe. An available information slot will always be assigned to
voice. It is usually much shorter than the information packegne of the requesting users in the auction, irrespective of the

A terminal generating a new voice talkspurt or a new datgaffic load. This kind of deterministic assignment procedure
packet transmits the appropriate reservation packet in the resgimpares very well to PRMA or D-TDMA, especially when
vation slots of the next frame, based on the voice-transmissi@Re traffic is high. Under heavy traffic, the contention success

permission probability; or the data-retransmission probabilprobability of PRMA or D-TDMA will degrade very quickly
ity p,. If there is more than one packet transmitted in thgue to frequent collisions.

same reservation slot, collision occurs. All the packets are

destroyed. At the end of each reservation slot, the successful

or unsuccessful reservation will be identified and broadcasted ll. TERMINAL MODELS
by the base station. The unsuccessful user can retry in the

next reservation slot with probabilify or p,.. This reservation A. Voice Terminal Model

procedurg Is quite similar to that used_in PRMA' . In each reservation-type protocol, an active voice user may

The.v0|ce user successfully transml_tted in the reservatig in one of three states, namely, the silence state (SS), the
slot will be assigned one of the available voice slots andgeyation state (RS), and the contention state (CS). When the
will keep using it in subsequent frames until the end of these has nothing to transmit, it is in the silence state. When the
talkspurt. If th_ere is no voice slot available, th_e voice user hﬁ§er generates a new talkspurt and has not made a reservation
to recontend in the next frame. After the assignment of VOigR, it |eaves the silence state and enters the contention state.
traffic, data users who transmitted successfully in reservatifhen, it contends successfully and obtains a reservation, this
slots can use all the remaining slots, but cannot reserve thg[@e; il enter the reservation state. Fig. 3(a) illustrates the
If there is no slot available, the data user has to recontefd, sitions among these three states [14]. In this figyre
in the next frame. No reservation queue is maintained in the o probability that a talkspurt ends in a frame, is the '
base station. probability that a talkspurt is generated in a frame, &gk

is the probability that a terminal gets the reservation in the

C. RAMA current frame. We assume the probability that a user returns

The frame structure of RAMA is quite similar to that ofto the silence state before it obtains a reservation is zero. It is
D-TDMA except that the reservation slots are replaced lalso assumed that the lengths of talkspurts and silence gaps are

Fig. 2. lllustration of the resource auction procedure in RAMA.
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of interest such as the voice-packet-loss probability, data
@ throughput, and delay. As a special case, the performance
evaluation model for the voice-only system will be presented
at the end.
q, Fer

A. Unified Performance Evaluation Model

Denote the total number of information slots in a frameSas
@ @ (including both voice and data slots), the number of reservation
(auction) slots in D-TDMA (RAMA) asS,., and the maximum
number of voice slots per frame in D-TDMA or RAMA as
S.. Note thatS,, may equalS if no slots are dedicated to data

(@
Py transmission.
1- P, @ 1-P P . Given N, voice users an@V, data users, the system can be
P p fully described by three state variabled,., N,, Ny}, namely,

T “suce the number of voice users in the reservation state, the number
(b) of voice users in the silence state, and the number of data
Fig. 3. Voice and data terminal models. users in the backlogged state. The number of voice users in the

contention state will b&V, = N, — N,. — N,, and the number
of data users in the thinking state will B¢, = N; — N,.
exponentially distributed with mearts and¢., respectively.  We model the evolvement of the system as an embedded
(Experimental results show that is around 1 s, and, is Markov process with the embedded point at the beginning
around 1.35 s [14].) If we assume that the frame duration @ each frame. Since the system state in the current frame
T s, then only depends on that in the immediately preceding one, this
o o embedded process can be modeled by a 3-D Markov chain.
¢ =1-exp(=T/t) and go=1-exp(=T/t2).- (1) 1pic Markov chain is ergodic since it is obviously irreducible
Pcr depends on the system parameters such as the permissiwh has a finite number of states. Therefore, the stationary
probability, voice activity factor, channel status, etc. [14]. distribution of system states exists. We denote itlas
B. Data Terminal Model = {n(ne, no, )} = {P(Ny- = 1, Ny =15, Ny = m0) -
The data terminal is either in the thinking state (TH) WaitinggE solve a 3-D Markov chain is computationally expensive.
for the generation of a new data packet or in the backloggEtnce, we employ a simplification. _ _
state (BK) trying to transmit the generated packet. When al) Slmphflcano_n: We observe that the voice user leaving
packet is generated, the user is forbidden from generatin@a€ntering the silence state only depends on whether a new
new one until the current one is successfully transmitted. I@KSpurt is generated or the current one is ended. It does not
consider the delayed first transmission (DFT) operation mo§€Pend on how many voice users are contending or how many
in this paper, i.e., when a new data packet is generated, fi@ users are backlogged. Therefore, we can split the 3-D
user enters the backlogged state immediately and the padiéfkov chain into two subprocesses [12]: the speaking-silence
is transmitted according to the retransmission probabjlity ©"€ and the reservation one. The speaking-silence process,
in each available slot. It is shown in [10] that the DEfvhose state variable i%/,, describes the above transition of
mode has almost the same performance as the immedﬁé‘?@e qsers’ en_teri.ng gnd leaving the silence state. We denote
first transmission (IFT) mode. We use DFT here just fdfS Stationary distribution asl®)
_the analytlcal_ simplicity. We_ assume that the data _packet u® = {m(ns)} = {P(N, =n,)}.
is generated independently in each data user following the
Bernoulli distribution with parametep, packets/frame. The On the other hand, the reservation process models the
state transition of a data terminal is illustrated in Fig. 3(byeservation or transmission status of the system. It is a 2-D

where P.,.. is the transmission success probability. process whose state variables 4., N,}. Its evolvement
depends on the value ad¥,. Although not completely true
IV. UNIEIED PEREORMANCE EVALUATION MODEL with varying NN, the stationary distribution of this process is
FOR INTEGRATED VOICE AND DATA SYSTEM assumed to exist, denoted HS""1*) [12]
It is observed that although the reservation mechanisms %) = {x(n,, ny|ns)}
and frame structures of different reservation-type protocols are = {P(N, = ny, Ny =y | N, =)}

different, each can be fully described by three common state

variables whose evolvement is a Markov process. Based orMathematically, this approach can be illustrated as
this observation, a unified performance evaluation model for
the integrated voice and data system using reservation-type
MA schemes will be developed in this section. The stationafy*> and I1"**I*) will be evaluated instead ofl. With this
distribution obtained from this model is used to derive statistiepproach, the computational complexity can be reduced.

TNy Mgy M) = T(Ngy My | 15)T (M), 2)
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a) FindII®: To simplify the notation, we will use 3) O(s,t;c;ly, k1) is the probability that among contend-

B(n, m, p) to denote the Binomial distribution with pa- ing voice users anélbacklogged data users, there &re
rameters(n, p) voice successes arig data successes inreservation
slots
n m n—m
B(TL, m, p) - <m>p (1_p) . (3) @(s,t;c;ll,kl)

Since the embedded point is at the beginning of each frame, == &(s,t) = Lals,)]1O(s, ts .0 = 15y, k)
there may be more than one voice user having state transi- +&(s,)0(s — Litic— Ll — 1, ky)
tions. The speaking-silence process is a multibirth/multideath +&a(s,6)0(s,t — ;¢ — 111,k — 1). (8)
process. We need to construct the one-step transition prob- _ - . _ o
ability matrix and solve the flow balance equations to find ~ The ending condition of this recursive evaluation is
1I®). Denote the one-step transition probability matrix of the ~ 9iven in (9) at the bottom of the page.

speaking-silence process as With the help of these functions, the one-step transition
probability of the reservation process, conditioned on the
P® = {P(N,(z +1) =j | Ny(z) =)} number of silent voice usel¥, = n,, can be evaluated as

where,j = 0,...,N, and N,(z) is the number of voice P(N.(z+1)=m,Ny(z+1)=n|N.(z) =1, No(z) = j)

users in silence state at the beginning of tile frame. Given U Uy
Ga andQS = Z Z (I)(Nv_ns_ivj;scas_i;lvk)
) ) {=max(0,m—i) k=max(0,j—n)
P(Ny(z+1)=j| N,(z) =14) "B(i+1,m1—q)B(Ng—jn—(G—k)po)  (10)

min(¢, N, —j)
= Z B(4,1,q,)B(N, — 4,5 — (i = 1),qs) (4) wherel is the number of voice users who obtain reservations
I=max(0,i—j) successfully in the current frame akds the number of data

] . ] . users successfully transmitted in the same fratheand U,
where [ is the number of voice users leaving the silencg.e the upper limits of and &, respectively.®(N, — n, —

state (becoming active) in the current frame. With the ong-;. ¢ g_. 1, k) is the probability that amongV, —n, —i)
step transition probabilities, we can solve the following flowontending voice users andbacklogged data usersyvoice
balance equations users obtain reservations ahdlata users transmit information
) _ () D) _ packets successfully in a frame with reservation slots and
o =1pP* and ZW(”S) =1 (5) (5 - %) available information slotsl;, Uy, S., and &(-) are
T protocol dependent, which are given as follows for PRMA,

and find the stationary distribution of the speaking-silende"TDMA, and RAMA, respectively.

process,ﬂ(s). 1) For PRMA, there are no dedicated reservation slots.
b) Find LI"*1*): Given the number of voice users in the The users try to access the channel by transmitting
silence state,N, = n,, the reservation process is a 2-D information packets directly. In addition, there is no limit

multibirth/multideath process. We also need to construct the on the number of voice slots which can be used in a
one-step transition probability matrix to evaluate the stationary ~ frame. Therefore

distribution. First, we define three probability functions which
will be frequently used.

1) &,(s,t) is the probability that withs contending voice

SPRMA _ g _

UPPMA — min(N, —ng — 4,8 —4)

users and¢ backlogged data users, there is a voice UFPFMA — min(j, Ng —n, S — (i + 1))
success in the curreméservation slot BN, — 1y — i, 53 Se, S — i3 1, k)
§u(s,t) = B(s, 1,pt)B(¢, 0, ;). (6) =ONy —ns —4,j; §—1 Lk). (1)

2) £4(s,t) is the probability that withs contending voice 2) For D-TDMA, in each fram_e, the number of re_servation
users and backlogged data users, there is a data success SIOtS IS alwayss,.. The maximum number of voice slots

in the currentreservation slot per frame isS,. In D-TDMA, successfully transmitting
a reservation packet is not equivalent to making a
&als,t) = B(s,0,p:)B(t,1, p-). @) successful reservation or transmitting an information

[1 - S'U(Svt) - Sd(svt)]c ll = kl =0
O(s,t;c;l1, k1) =40 c<(ly+k)orly <0or
k1 <O.

(9)
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packet. When the traffic is heavy, some users may surtain limit. Because this packet dropping causes performance
cessfully transmit reservation packets, but cannot maldegradation, it should be limited. The packet-loss probability
reservations due to the shortage of available informati¢$ used as the voice performance measure for this purpose.
slots. Therefore, we have (12), given at the bottom gfhe packet-loss probability is defined as the average fraction
the page. of packets in a talkspurt dropped due to delayed transmission.

3) For RAMA, in each frame, the number of auction slotf, this paper, we assume that the packet will be dropped if
is always S,.. The maximum number of voice slotsit cannot be transmitted in a frame, i.e., the delay limit of
per frame is alsaS,. The probability ®(N, — ns —  ygice packets is the frame duratidh Usually, a packet-loss
i, j35r, S — 131, k) can be greatly simplified due to theprobability less than 1% is acceptable to the user.Rft) be

deterministic aSS|gnme-nt 'feature Of RAMA. In addltlonIthe expected value of a random variabléWith the stationary
from the protocol description, we know that the data uset _ ., " . :
distribution of system states(n,., ny, n5), we can define the

is always dropped if there is a voice user transmitting in .
the auction slot. Therefore, if the number of requestin%aCket'loss probability3es: as [18]
voice users is larger than the number of auction slots, no
data packet can succeed in this frame. Hence, we have Ploss = w
(13), given at the bottom of the page. E(N.) + E(V,)
With the one-step transition probabilities, we can construct the
one-step transition matri®("-*1*) and then solve the following
flow balance equations to g&t"*l®);

(15)

E(N.) = E(num. of voice users in the contention spate
U, Ny—n, Ng

M) = ORI and 7S w(n,my | ny) = 1 =3 Y > (N —n = n)m(ne,ns,m)

. T n,=0 ny;=0 n,=0

(14) (16)
E(N,.) = E(num. of voice users in the reservation sjate
B. Performance Measures Ur No—ne Ny
=2 2. 2 e
1) Voice Performance:Since the voice packet needs imme- nr=0 n;=0 np=0
diate delivery, it has to be discarded if its delay exceeds a ann

S?-TD]\'TA — ST

UID-TDMA = min(N, — ns — 4, S, Sy — 1)

UP™PMA — min(§, Ny —n, Sr. — 1,8 — (i +1))

(O(N, —ns —i,j; Sp; LK)
[ <8y —il+k<S—1i

oSk N =) @(N, —ny — 4, i Sii L, k)
I=8,—i,l+k<S—1

St T O, — ny =45 S k)
[<S, —i,l+k=5—i :

S Ne =) (S D) (N, — g — G Ses 11 k)

=8, —il+k=S—i.

SNy, —ns — 1,738, 5 —4L,k)=

\

(12)

RAMA
SRAMA — g

UIRAMA = min(N, — ns — ¢, 55, Sy — )
UPAMA — min(j, Ng—n, S, — 1, S — (i +1))
1 5.<N,—n;—1, l =min(N, —ns; —¢,5,,5, —1)
andk =0
O(N, —ns—14,7; S, S—4; Lk) =<1 S. >N, —n;—4, | =min(N, —ns; —,5,,5, — 1)
andk = min(j, Ny — n, S, — (N, —ns — 1), S — (i + 1))
0 otherwise.
(13)
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10 T T T T T T
Voice-only system
PRMA, S = 10
D-TDMA, (Sr, 8) = (5, 9)
RAMA, (Sr, 8) = (1, 9)
107} Simulate 1000000 frames r
=
3
o
Eel
o
2 107} 1
Re]
I
:g . ETRES - P S * )
___ : PRMA analytical 1
3 : 000 : PRMA simulation
10 N .
s <rene - D=-TDMA analytical i
7 *** . D-TDMA simulation %
( A
L s .—.—. : RAMA analytical
+ +++ : RAMA simulation
10'4 1 1 1 | 1 1 1
0 5 10 15 20 25 30 35 40
Number of active voice users
Fig. 4. \oice-packet-loss probabilities of D-TDMA, PRMA, and RAMA in voice-only scenario.
E(R) = E(num. of successful voice reservations 2) Data Performance:
Ur N,—n. Ng We use the average throughput and delay as the data
per frameg = Z Z Z performance measures. As usual, the average data throughput
ne=0 n,=0 np=0 (3 is defined as the average number of data packets successfully

transmitted in a frame

lZZ IB(N, — 1y — 11y, 0
l k . :
SC’S_n7’;l7k)] '7T(7’LT,7’LS,7’L(,) /3: Z Z Z zl:zk:kq)(Nb — Ny

(18) — ns, N5 5c, S — np; L k)
where ®(N, — n, — ns,np; Se, S — ny; 1, k) is defined in (s sy M) (21)
(11) for PRMA, in (12) for D-TDMA, in (13) for RAMA, and
as follows. where S, and U,. and the ranges of and k are determined
1) For PRMA by (19) for PRMA and by (20) for D-TDMA and RAMA.
The evaluation of functio®(-) is the same as before for each
’ protocol.
SITMA =5 _n, The average delap, is the average time that a data packet
{7PRMA = min(N,, S) spends in the buffer until the beginning of the successful

] transmission. By Little’s Formula
0 <! < min(N, — n,. —ns,5 —n,)

0 <k < min(ng, S — (n, +1)). (19)
— — ? E(Nb)
= — 22
Dy 7 1 (22)
2) For D-TDMA and RAMA
where
SD-TDMA(RAMA) _ ¢
UD-TDMARAMA) _ 1nin (N, | S,) E(N,) = E(num. of backlogged data users in a frame
" o Ur No—np Ny
0 <! < min(N, — n,. —ng, Sry Sy — 1) = Z Z Z T (N, Mgy My ). (23)

0 <k <min(ny, S = 1,S — (n.+ D). (20) nr=0 n,=0 n;,=0
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Fig. 5. \Voice-packet-loss probability of integrated D-TDMA, PRMA, and RAMA systems.
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Fig. 6. Data throughput performance of integrated D-TDMA, PRMA, and RAMA systems.

Again, U, is determined by (19) for PRMA and (20) for =[1-¢&,(9)]0(s;c—1;11)
D-TDMA (RAMA). +£4(5)0(s = Lie = L3y — 1) (24)
where&,(s) is equal to,(s,0) in (6). The ending condition
C. Special Case: Voice-Only System of this recursive evaluation is
We will derive the performance model for the voice-only O(s;¢5ly) = {[1 = &))" I IZO (25)
system in this section as a special case of the above integrated 0, c<t
model. Without data@(-) in (8) can be simplified to In the voice-only scenario, the system can be described

O(s; ;1) by two state variable§N,., N}, gnd its evolvement can pe
T modeled as a 2-D Markov Chain. We can again split this 2-
= P(l, out of s contending voice users successfully p Markov Chain into the speaking-silence process and the

transmitting inc reservation slots) reservation process. Each of them is a one-dimensional (1-D)
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Fig. 7. Data-delay performance of integrated D-TDMA, PRMA, and RAMA systems.
process which can be solved easily. The stationary distributionl) For PRMA
11® of the speaking-silence process can be evaluated by using
exactly the same approach as that in the integrated model. PRMA .
Now, the reservation process is only a 1-D multi- Se =5—1
birth/multideath process, withV, being its state variable. UPRMA — min(N, —n, — 4,8 — 1)
It is a conditional process, depending on the valuévof The O(N, — ny — 1356, 8 — i3 1)
one-step transition probability, conditioned & = n,, can _
be evaluated as = Oy —ns =455 = i51). (27)
P(Np(z+1) =m | Ne(z) =) 2) For D-TDMA, see (28), given at the bottom of the page.
Ui . . 3) For RAMA, see (29), given at the bottom of the page.
= Z ‘ Ny = ns =65, 5 = 4;1) With the one-step transition probabilities, we can construct
t=max(0,m—) the one-step transition matriR("l*) and then solve the flow
x B(i+1,m,1—qs) (26) balance equations in (14) to get the stationary distribution of

reservation procesgl®.
where! is the number of successful voice reservations in the With 11 and I1"®)| II can be evaluated. Again, we use
current frame. StilllJ;, S., and®(-) are protocol dependent. the voice-packet-loss probability as the performance measure,

SDTDMA _ g

UPTOMA — 1in(N, — ny — 4, Sy, S — 4)
O(Ny — s — 15 Sii 1), b<S—i (28)

Ezli:nl(Nv_ns_i’ST) G(Nb —Ns — L7 ST; ll)7 l=5-1i

(I)(Nb —Ns _i;SC’S_i;l) - {
S?A]\IA — S’I’
URMMA — 1in(N, — n, — 4,5y, 5 — )

1 I =min(N, —ns —4,5,,5 —1) (29)

Ny —ns =45, 8 —451) = {0 otherwise.



182 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 47, NO. 1, FEBRUARY 1998

10 T T T T

L T T T T
D-TDMA integrated system {same no. of voice and data users)
(Sr, Sy =(5,9) > ;
(Pt, PO, Pr) = (0.3, 0.05, 0.2} /.{4'
107k ' .

Packet loss probability
3

-3

10 'k E
....... Sv=9
Sv=38
-—:18v=7
10-4 1 1 1 1 1 1 1

0 2 4 6 8

1 1
10 12 14 16 18 20

Number of active voice users

Fig. 8.

TABLE |
SysTEM PARAMETERS FORVOICE-ONLY D-TDMA, PRMA, anD RAMA
Protocol Sy S Pt
D-TDMA 5 9 0.3
PRMA — 10 0.3
RAMA 1 9 1

which is defined in (15), but with

=N

-y Y

nr—O nS—O

— Ny — N )T (N, s (30)

=N

§ § nym 7’L7 ) 7’LS

n,=0 ns;=0

(31)

U
U, Ny—n.-

=2 2 2t

n,-=0 n;=0

X (I)(Nu_nr_ns;chS (32)

where S, = S — n,. for PRMA and S, = S, for D-TDMA
or RAMA and

— N3 Z)W(”rv ”5)

U, = min(S, N,)
and

()<l<m1n(N — Ny —ﬂs,SmS—”v)

V. NUMERICAL EXAMPLES

Impact ofS, on the packet-loss probability of integrated D-TDMA.

the source traffic assumptions described earlier. One million
frames are simulated for each case, and appropriate statistics
(e.g., voice-packet-loss probability, average data throughput,
and average data delay) are obtained. Then, the impact of
system parameters, such as the voice-permission probability,
the data-retransmission probability, and the maximum number
of voice slots per frame, etc., on the system behavior is also
investigated in this section. Note that in this paper, to simplify
the analysis, we assume the same number of data and voice
users in the system. One information slot in D-TDMA is
assumed divided into five reservation slots and one information
slot in RAMA is equivalent to one auction slot. In addition,
the frame lengthl” is set to 16 ms.

A. Voice-Only System

The performance of voice-only D-TDMA, PRMA, and
RAMA systems will be evaluated using our general model
under specified system parameters, which are summarized
in Table I. Here, the total bandwidth used in these three
systems is the same. With these parameters, the analytical
results are evaluated and compared to those from simulations
in Fig. 4. It is observed that our analytical results match the
simulation results very well. It is also found that when the
traffic is light, RAMA provides the best performance since it
can efficiently resolve the collision problem in the contention-
based reservation-type protocols. When the traffic is heavy,
PRMA provides slightly better performance than D-TDMA
and RAMA with specified parameters. This is because in D-

We present numerical results for PRMA, D-TDMA, andiDMA and RAMA, reservation or auction slots are fixed
RAMA, using the performance evaluation model in Sectioaverhead, which consumes system bandwidth. On the contrary,
IV. The analytical results are compared to those from simall the slots can be used for the information transmission in
lation. Here, the event-driven simulation model is used witARMA.
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Fig. 9. Impact ofS,, on the data throughput of integrated D-TDMA.
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Fig. 10. Impact ofS, on the data delay of integrated D-TDMA.
TABLE I
SYSTEM PARAMETERS FOR INTEGRATED D-TDMA, PRMA, AND RAMA
Protocol Sr Sy S Pt Po Pr
D-TDMA 5 8 9 0.3 0.05 0.2
PRMA - 10 10 0.3 0.05 0.2
RAMA 1 8 9 1 0.05 1

B. Integrated Voice and Data System

RAMA as examples. First, we justify the correctness of

Now, we will investigate the integrated performance ohe analytical model by comparing the analytical results to
reservation-type systems, also using D-TDMA, PRMA, anithose from simulation. Then, the impact of various system
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Fig. 12. Impact of(S-, S.,S) on the data throughput performance of integrated D-TDMA.

parameters on the system performance will be studied fdata delay). But when the system becomes too congested, the
D-TDMA, PRMA, and RAMA. analytical results will be pessimistic. This is because we
Under the specific system parameters summarized dasume the probability that a voice user returns to the silence
Table Il, the voice-packet-loss probability, the data throughpsttate before it obtains a reservation is zero. However, in a
and delay performance of these three systems are showrhéavily congested system, all the packets in a talkspurt may
Figs. 5-7, respectively. The analytical results are compared® dropped in which case this probability is nonzero.
the simulation. It is found that our unified model is accurate, Comparing these three systems, it is observed that RAMA
especially in the region of interest (i.e., the region with thalways provides the best voice performance and almost always
voice-packet-loss probability less than 1% and with reasonalie worst data performance (except under very heavy traffic
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Fig. 14. Impact of(p:, p-) on the voice loss probability of integrated PRMA.

scenario). This is because in RAMA, the voice traffic is givealso observed that when the number of users increases, the
much higher priority than that in D-TDMA and PRMA. If performance of RAMA degrades much more slowly than that
there is a voice user transmitting in the auction slot, data usef<D-TDMA or PRMA. This is because in RAMA, an available
always drop out. This guarantees the voice performance at thioermation slot will always be assigned to a requesting
expense of the data performance. Of course, the tradeoffuiser, independent of the traffic load. On the other hand, the
voice and data performance in RAMA can also be controllatchsuccessful contentions in D-TDMA and PRMA under heavy
by giving voice user a permission probability. When the traffitaffic cause the degradation in system performance.

is light, RAMA is superior to D-TDMA and PRMA when Now, the impact of various system parameters (such as the
both the voice and data performance are considered. Itvisice-permission probability, data-retransmission probability,
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Fig. 15. Impact of(p¢, p-) on the data throughput performance of integrated PRMA.
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Fig. 16. Impact of(p¢, p-) on the data-delay performance of integrated PRMA.

maximum number of voice slots per frame, etc.) on the systamaximum number of voice slots,, S, = 7,8,9. The
performance will be investigated for D-TDMA, PRMA, andvoice-packet-loss probability, the data throughput and delay
RAMA. are illustrated in Figs. 8-10. It is found that although more
1) D-TDMA: First, we investigate the influence of the maxbandwidth is reserved for data whe#i,, = 7, the data
imum number of voice slot$, on the system performance.performance is not improved, and the joint performance of
Keeping the number of information slots per frartie= 9 voice and data is worse compareddp = 8. This is caused
and (p, po,p-) = (0.3,0.05,0.2) unchanged, we vary the by alarge number of voice contentions in reservation slots. The
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Fig. 17. Impact of data traffi¢po) on the voice-packet-loss probability of integrated PRMA and RAMA.
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Fig. 18. Impact of data traffi¢po) on the data throughput performance of integrated PRMA and RAMA.

contention success probability is relatively lower. Considerind0, 11, 13). The performance is improved as the number of

both the voice and data performancg, = 8 gives the best information slots is increased from nine iib,,5,,5) =

performance. (5,8,9) to 14 in (5,,5,,5) = (5,12,14). But the im-
There are two reasons for the performance degradation of fevement is not significant, especially for data. With the

TDMA. One is the shortage of reservation slots and anothersame bandwidth(S,., S, S) = (5,12,14) does not provide

the shortage of information slots. We $g§, p,.) = (0.05,0.2) better performance. It can be seen in the figure that when

and investigate the influence ©$,., S,, S) on the system per- (S,., S, S) = (10,11, 13), although the number of information

formance. The voice-packet-loss probability, data throughpstpts decreases by one, the system performance improves

and delay performance are drawn in Figs. 11-13, respectivadyamatically from that with(S,., S,,S) = (5,12,14). This

for the three cases dfs.., S,,5) = (5,8,9),(5,12,14), and is because whefS,., S,,S) = (5,12,14), the bottleneck of
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Fig. 19. Impact of data traffi¢po) on the data-delay performance of integrated PRMA and RAMA.

the system is in the reservation process. Too many users chitan be seen that the data performance of RAMA under these
tending in a few reservation slots causes frequent collisiot/o traffic scenarios is worse than that of PRMA.
Even though there are still some information slots available, no
one can get access to them because of contention. Therefore, VI. CONCLUSION
increasings,. in this case can significantly improve the system
performance.

2) PRMA: The influence ofp, and p, on the integrated
PRMA system performance is illustrated in Figs. 14-1

We observe that although different reservation-type proto-
cols, such as D-TDMA, PRMA, RAMA, etc., are different at
& first glance, all of them can be described by several common
Three system scenarios are considered, nanfglyp,) — stgte vgnables wh_ose evoly_ement follows a Markov process.
’ ! With this observation, a unified performance model has been

(0.3,0.2),(0.3,0.1), and (0.2,0.2). It can be found that . ; . .
. developed in this paper for the integrated voice and data
these two parameters have some influence on the system . . .
2 system with reservation-type MA schemes. The Markovian
performance and have to be selected carefully to maint

tabl . d dat ; A th " del is developed, the stationary distribution of system states
acceptable voice and cata periormance. Among these {§8valuated, and three performance measures are defined based
cases, the system withp;,p.) = (0.3,0.1) exhibits the

) on the known stationary distribution. Using PRMA, D-TDMA,
best performance when both voice and data performange RAnMA as examples, the performance of both voice-only

are conside.red. , _ _ and integrated systems have been studied analytically. The
3) RAMA: We will next compare the different impacts ofynayvtical results are verified by simulation. It is found that

data traffic on the performance of integrated PRMA angle analytical model is quite accurate, especially in the region
RAMA systems. For PRMA, we choose= 10 and(p;,pr) = of interest. Comparing these three systems, it is observed that
(0.3,0.2). For RAMA, (5,,5,,5) is set to(1,8,9). Vary- RAMA provides the best voice performance at the expense
ing the data arrival rate from 0.05 packets/frame to Odf slightly degraded data performance. The impact of system
packets/frame, its influence on the performance of these tYyQrameters (such as the voice-permission probability, data-
systems is illustrated in Figs. 17-19, for the voice-packet-logsiransmission probability, etc.) on the system performance
probability, data throughput, and delay, respectively. It can b@s also been investigated using the analytical model. One
found that unlike PRMA (note that D-TDMA has the samg@henomenon which is worth noting is that in RAMA, the data
behavior as that of PRMA), the amount of data traffic has ngaffic load has no influence on the voice performance, i.e.,
impact on the voice performance of RAMA. This is becaus@e data traffic is transparent to voice. In addition, with the
in RAMA, voice is given higher priority. If a voice terminal is increase in the number of users in the system, the performance
transmitting in the auction slot, data terminals always drop owtf RAMA degrades much more slowly than that of D-TDMA
Therefore, in RAMA, the data traffic is transparent to voiceor PRMA. This is because in RAMA, an available information
But it has to be noted that this superior voice performance it will always be assigned to a requesting user, independent
achieved at the expense of slightly degraded data performarwghe traffic load. On the other hand, the frequent unsuccessful
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contentions in D-TDMA and PRMA degrade the systerni3] S. Nanda, “Analysis of packet reservation multiple access: Voice and
performance significantly when the traffic is heavy. This
deterministic assignment feature makes RAMA very attractiyey
for resource sharing in the integrated system.
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