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Bandwidth Allocation for Wireless Multimedia
Systems With Most Regular Sequences

Chung Shue Chen, Student Member, IEEE and Wing Shing Wong, Fellow, IEEE

Abstract—In  integrated wireless multimedia service,
isochronous traffic of different connections can be scheduled by
using a most regular binary sequence (MRBS). Such a sequence
schedules traffic in an evenly spaced manner to achieve any
arbitrary rate asymptotically and while avoiding excessive
delay or buffering requirement. Flexible slot assignment that
can match requests exactly improves bandwidth efficiency in
multirate operations. The most regular binary sequence provides
a distributed solution for multiaccess control that is based on
limited information exchange. As a generalization, the concept
of a most regular code sequence (MRCS) is proposed to support
variable rate transmission in wideband code division multiple
access (CDMA) systems and to provide spreading factor (SF)
optimization. This scheme improves channel utilization efficiency
in supporting traffics of various classes and hence results in an
overall capacity gain.

Index Terms—Mobile communication, multiple access, resource
management, scheduling.

1. INTRODUCTION

N THE VISION of future wireless communications, mobile
multimedia applications will become a part of our daily life.
Different classes of traffics are supported with their respective
quality of service (QoS). Variable data rate transmission is es-
sential for such integrated services. This can be done by means
of efficient assignment of slots, frequencies, codes, or their com-
binations. Radio spectrum is always the most valuable resource
of a wireless system. Spectrum efficiency is one of the primary
concerns in system design. No matter what kind of scheme is
used, there is always a high demand on efficient bandwidth allo-
cation. Scheduling techniques for multiuser access are required
for these mixed-traffic wireless networks. Resource allocation
and channel assignment in the third generation (3G) and future
wireless systems have been discussed in many research works
such as [1], [2]. Better resource management means more ef-
ficient bandwidth utilization. Consequently, more users can be
supported in the system and this leads to an overall capacity
gain.
Here, we will focus on the bandwidth allocation of variable
rate transmission for mixed-traffic wireless systems, especially
those based on the wideband CDMA systems [3], [4]. Channel
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splitting optimization can improve resource utilization and
allow a better sharing of bandwidth by different users. Re-
source scheduling has been suggested in the case of multiple
users under different classes of traffic requirements to achieve
collision-free transmission. As a result, flexible multiservice
operations can be done in wireless multimedia systems. In this
paper, we concentrate on the bandwidth allocation technique
by the most regular sequences. It is interesting to see that these
evenly distributed sequences are helpful in channel splitting
and resource management.

This paper is organized as follows. In Section II, the system
model is described and the problem is formulated. Analysis on
multiuser, multirate operations and some related previous works
are presented. The channel splitting property of most regular bi-
nary sequence (MRBS) is introduced in Section III. Multiaccess
control is considered in Section IV in order to achieve colli-
sion-free channel sharing. In Section V, we focus on the novel
concept of MRCS and its application in spreading factor opti-
mization. Section VI provides a study on performance evalua-
tion. We will present a numerical analysis on system capacity of
proposed bandwidth allocations scheme under multiclass traffic
based on the generalized Erlang-B model. The last section con-
tains the concluding remarks.

II. SYSTEM MODEL AND PREVIOUS WORKS

The standardization on IMT-2000 framework has been car-
ried out to provide seamless global wideband mobile multi-
media services. Harmonization of different radio transmission
technologies results in the recommendation of code-division
multiple-access (CDMA)-based wideband cellular solutions as
the major standards [5], [6]. The wideband CDMA (WCDMA)
standardization from 3GPP [7] is named UMTS standing for
Universal Mobile Telecommunications System, while 3GPP2
[8] works on cdma2000. As a result of convergence, the three
basic operation modes include multicarrier (MC) CDMA, direct
spread (DS) CDMA, and time division duplex (TDD) CDMA.
MC-CDMA operation is based on the CDMA2000 proposal
while the DS-CDMA and TDD-CDMA modes are based on
UMTS Terrestrial Radio Access, Frequency Division Duplex
(UTRA FDD ) and UTRA TDD proposals respectively. In this
paper, we have our discussions based on the UTRA models.

A. UTRA Framework

UTRA is a 3G wideband standard. UTRA FDD and TDD
schemes employ wideband DS-CDMA and TD-CDMA tech-
niques, respectively. The basic chip rate is 3.84 Mc/s and car-
rier bandwidth is about 5 MHz. Orthogonal variable spreading
factor (OVSF) codes are used in UTRA for data spreading. The
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Fig. 1. RRA for various wideband CDMA operations in the time-code space.

common frame length is 10 ms, in which spreading factor is
kept constant. Variable user data rates are achievable with vari-
able spreading factor (VSF) codes on a frame-by-frame basis.
In downlink, connections from the same base station (BS) to
mobile stations (MS) are separated by different channelization
codes managed by the radio network controller. In uplink, chan-
nelization codes are used to separate dedicated physical data
channel (DPDCH) and control channel (DPCCH) from the same
terminal.

B. OVSF Code Tree

An orthogonal tree-structured code set is generated by the
OVSF matrix [9]. Each BS assigns channelization codes with its
own OVSF code tree. Spreading codes of different lengths are
deployed. Code orthogonality is kept between various spreading
factors. Code set { Cy(n)}_, contains N elements of the same
code level. Each has a length of IV chips. According to UTRA,
N starts from 4. Codes from C to Co56 are employed with the
corresponding SF of 4 to 256. To keep orthogonality, parent-
code and child-codes cannot be used at the same time. For ex-
ample, when C16(1) is used, its parent-code Cg(1) and child-
codes C32(1) or Cs2(2) cannot be used. Similarly, parent-code
of Cs(1) and child-codes of C32(1) or C32(2) are not allowed.
Different users follow this rule of orthogonal spreading. Code
orthogonality is maintained in the synchronous multiuser mode.
Since the number of codes is limited, code utilization efficiency
is a major concern.

C. Resource Management for Multirate Operations

Optimal radio resource allocation (RRA) [2], [10] is always
an important topic in cellular systems. In wideband CDMA pro-
posals, code and time are scheduled to assign channels for dif-
ferent users. RRA is done to maximize the number of users sup-
ported within the limited bandwidth. Code-time plane is divided
into slots. As shown in Fig. 1, different requests are first man-
aged by admission control with the information of resource esti-
mation. Different combinations of time and code slots are sched-
uled to support mixed traffics. Different schemes can be applied
to offer bandwidth on demand with variable data rates, such as
VSF-CDMA or hybrid TD-CDMA.

D. Related Works and Problems

Multirate operation is one of the most important features in
3G wireless systems [11]. It allows flexible data rate for different
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Fig. 2. Rate mapping of multirate request to defined data rate set.

classes of multimedia service. In WCDMA, multiple rate trans-
missions are supported by means of variable spreading factor
while in CDMA2000 this is achieved via multicode techniques.
Related works and possible solutions are described in the fol-
lowing.

1) Conventional CDMA: In conventional DS-CDMA sys-
tems, the spreading factor is fixed. For example, using the
parameters in UTRA FDD [12] as an illustration, supported
transmission rates are limited to be 2° x 15 kb/s, where
1 = 0,1,...,7. In Fig. 2, the requested rate is mapped to the
limited set of supported data rates. Each connection will choose
a suitable channel with a corresponding spreading factor.
However, due to quantization effects, channel utilization is in-
efficient when the request is between two successive supported
rates. In such a case, a larger rate must be offered. Bandwidth
wastage is particularly serious when high data rate operations
are involved. Such an utilization inefficiency can be eliminated
if any arbitrary request can be perfectly matched.

2) MC Transmission: In MC-CDMA, multiple spreading
codes are used in parallel to support requested data rate. In
UTRA FDD, the maximum channel splitting factor is defined
to be 6, that is, we may use at most six codes simultaneously to
match the requested data rate ;. As a result, the provided data
rate IZ, is a combination of the supported basic rates given in
Fig. 2 such that

7
R, =) Ni(15x 2)
=0

where NN; is either O or 1. The sum of N; cannot be larger than 6.
When the request cannot be matched exactly, a larger channel bit
rate is provided to fulfill the requirement. We have rate matching
as R, > R,. This can be solved by rounding up R, to the
closest binary combination of basic rate 15 kb/s under the N;
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Fig. 3.
resultant sequence {1,0,0,...}.

constraint. With finite number of simultaneous codes, there is
always quantization approximation and bandwidth wastage.

Assume R, is uniformly distributed between 15 kb/s and
1.92 Mb/s, the expected bandwidth allocation efficiency
(BAE = R,/R,) is 0.75 when single code is used as given
in Appendix A. Simulations [13] on multirate operations with
respect to channel splitting factor shows that the expected
BAE can be improved to 0.99 when the factor is larger than
4. However, this requires the receiver be able to detect such a
number of codes in parallel and thus increase the receiver side
complexity, which is especially hard at a thin mobile terminal.
On the other hand, it causes more serious fragmentation in the
OVSF tree code structure for channel assignment. The larger
the number of codes used simultaneously, the higher is the
system complexity.

3) Hybrid TDMA/CDMA: Hybrid time division multiple ac-
cess (TDMA)/CDMA technique has been discussed in [14] to
support multirate operation. Time slots of different durations are
provided for different transmission rates. Low bit-rate services
such as speech or voice call are operated in short time slots while
high bit rate services are operated in long time slots. This pro-
vides flexible bit rate. Different slot lengths are defined in ad-
vanced for different classes of services. However, it is practi-
cally not easy to have many time slot lengths for fine enough
granularity.

III. REGULAR CHANNEL SPLITTING

To support multirate operation, the proposed schedule based
on the most regular sequence splits slot resource evenly among
different users according to their demands. For any request with
a rate expressible as a rational faction, not greater than 1, of the

Zero-one valued MRBS of asymptotic mean 1/3 is constructed by projecting values in each step » upward to the nearest integer. The difference gives the

total available bandwidth, such a schedule allocates transmis-
sion slot to it with the properties: 1) the asymptotic rate is equal
to the request rate p; 2) the scheduling sequence is periodic and
deterministic; and 3) the slots are most regular distributed in the
sense this evenly spaced extremal zero-one valued sequence has
the most regular interarrival time among all arrival sequences of
the request rate. The details are given in the following.

A. MRBS
The MRBS generating function is defined [15] as

s(n) =

where 7 is a nonnegative integer, 0 < p < 1, and 6 is the initial
phase. Without loss of generality, we assume the initial phase to
be zero in our discussion. As given in Appendix B, the sequence
has an asymptotic mean of p. For any positive rational number
p = m/l where m and [ are relatively prime integers and 0 <
m < [, itis periodic with duration [ bits. The generated MRBS is
cyclic and deterministic. As an illustration, a periodic MRBS of
asymptotic mean 1/3 is generated as in Fig. 3. Along the asymp-
totic line, the value of np ateach step is projected up to the nearest
integer. [np] outputs {0,1,1,1,2,2,2, ...} while [(n+1)p] out-
puts{1,1,1,2,2,2,3,...},whichisashifted version of the [np]
sequence. Both of them increase by one every three slots. The dif-
ference of these two sequences, which is either "0" or "1," gives a
resultant pattern {1, 0, 0}.

As proved in [15], [16], among all arrival processes for an ex-
ponential server queue with specified average arrival and service
rates, the arrival process which minimizes the average delay and
all moments of the delay, as well as other related quantities, is the
process with constant interarrival times. The proof relies on the
convexity property that the expected number of customers in an

[(n+1)p+0] = [np+ 0] ey
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Fig. 4. MRBS time slot assignment with p = 2/5. The outputted periodic
sequence is {1,0,1,0,0,...}. The period of this sequence is 5.

exponential server queue as well as all higher moments at a given
time is a convex function of the set of previous interarrival times.
The MRBS is such an extremal zero-one valued sequence with
specified mean that the resultant pattern has the most regular in-
terarrival time among all arrival sequences of the requestrate. This
arrival process leads to the smallest long-term average queue size
and corresponding delay. We are motivated by its most regular
channel splitting property on resource scheduling.

B. MRBS in TD-CDMA Time-Slot Assignment

As discussed before, hybrid TDMA/CDMA technique can
support multirate operation by defining time slots of different
lengths corresponding to the service data rates. In particular, a
finite set of slot lengths are used to match a large variety of traffic
classes. However, the granularity is still generally not fine enough.
This degrades the resource utilization. Comparatively, the MRBS
scheme uses a fixed length slots and assigns them according to
the expanded zero-one sequence. A channel has permission to
transmit if and only if it has a "1" in the given slot. Exact rate
matching can be achieved. An example is given in Fig. 4.

Suppose the requested rate is R; and the channel bandwidth is
R.Wehavep; = R;/R.Itis assumed that R; is arational number
less orequal to R and consequently p; = m; /l; for some integers
0 < m; <1;.So,p; represents the required proportion of request
ratebyuser: inthe provided capacity, whichisdenoted by 1. Given
pi, the sequence generator will switch between "1" and "0" with
respect to the slot number n. Please note that the asymptotic rate
is always equal to the request rate. We assume admission control
is carried out to make sure the sum of all requests is less or equal
to the available capacity. Thatis, >, p; < 1. An alternative is if
multiple channels are available and by mapping users to different
channels the condition ), p; < 1 willstill hold for each channel.
The system is in a stable state.

IV. MULTI-ACCESS CONTROL

If MRBS is applied to individual user independently without
any synchronization, it is possible that contention to use the
same slot by more than one user can occur. This leads to the
question of how to prevent such contention from occurring.

A. Conflict and Resolution

To fix ideas, assume there are M users in the system and each
has requested a rate I?; with corresponding p;. Each user has a
traffic regulator. By MRBS, the permission to use the channel
at slot j is given by the sequence

si(7) = [(7+ Dpil = [ x pil. 2

Each user is assumed to have a circular buffer of size "1" anal-
ogously equal to one packet defined as the amount of data to be
transmitted in one slot unit. The buffer can transmit and receive
data at the same time.

To illustrate our contention resolution algorithm, we have
the following example in a TD-CDMA system. Assume there
are three users, A, B, and C, with requested rates p; of 1/3,
1/4, and 1/6 respectively. MRBS slot patterns {1,0,0,...},
{1,0,0,0,...}, and {1,0,0,0,0,0,...} are generated, re-
spectively, according to their p; values. The buffering and
scheduling model is shown in Fig. 5, in which gray slot indi-
cates access request. In slot 1, all of the three users are "1" and
require an access. However, the BS can provide only "1" at
this moment. There is a conflict here which can be resolved by
proper buffering and transmission scheduling. We may buffer
B and C first and assign A for the access of first slot. In slot 2,
B and C have a higher priority since they have buffered data
now. Iteratively, slots are assigned to users in a conflict-free
manner. In our proposed scheme, the allocated transmission
slots also follows MRBS pattern. In this example, the aggregate
sum of the three requests is equal to 3/4. Consequently, the slot
allocation pattern is {1,1,1,0,...}. In the scheduling system,
a buffer of size "1" for each user suffices. To show that this idea
can be applied in general, we need some technical results. The
details are explained in the following.

Proposition 1: Let S(j) = Zi\il ! _osi(n)and S5 (j) =
) _o sir(n), where the MRBS {s;(n)} and {s;(n)} have an
asymptotic mean p; and p;; = Zi\il pi, respectively. Then,
0< SG) - Sg(j) < M~ 1,¥].

Note that S(j) is the total number of transmission slots re-
quired for all users up to time j while S, () is the total number
of provided slots for the aggregate rate p ;. Proposition I gives
the upper and lower bounds on the difference of transmission
slot demand S(j) and supply S, (). The difference is always
smaller than M. The proof is presented in Appendix C. It is
worth of pointing out that the number of provided slots is the
minimum necessary amount for the requests. The proposed
contention resolution algorithm allocates slot according to the
MRBS s;;(n) with a mean of the aggregate rate p;, and holds
the properties: 1) the total number of provided transmission
slots for the requests is kept at a minimum necessary level
and 2) the provided slots for requests still follows the MRBS
pattern. The incentive of first property is to maintain the optimal
resource utilization by using a minimum necessary amount
of transmission slots to satisfy all the requests. The second
property is useful for multiple level slot scheduling or resource
allocation as the resultant allocation pattern is always a MRBS.
This could be extended to multiple-layered model or hierar-
chical network. In this paper, we focus on the aforementioned
single-layered model, which can serve as the basis for future
works.

The result of Proposition I gives us a hint on how to solve the
multiaccess problem. Since the difference of S(j) and Sy, (j) is
always less than M, intuitively a buffering requirement of size
"1" at each user can be sufficient to accommodate all the users.
On the other hand, this will keep the buffering at minimum and
avoid excessive delay. To obtain a conflict-free algorithm, the
idea is to ensure that the MRBS sequences are modified while
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each user needs to buffer at most one packet of data. To achieve
this, a generalized MRBS slot scheduling algorithm (SSA) for
multiaccess control is described in the following.

B. MRBS Slot Scheduling

The MRBS-SSA assigns transmission priority to users ac-
cording to the following rules. First, a user with buffered data
has the highest priority. This rule aims to avoid excessive delay
and buffer overflow. Second, for users with the same priority
according to the first rule, the user with an earlier arrival has a
higher priority to transmit. Third, if previous rules fail to resolve
the priority, a user requesting a higher rate has a higher priority.
Users with the same rate are assigned different predefined pri-
orities. Each user has a circular buffer of size "1" as defined.

To initialize the algorithm, we construct s;(j) for each p; and
sy (g) for py from j = 0to N — 1, where N = LCM;(/;) in
which LCM is the lowest common multiple operator. Let b;(j)
be the amount of buffered data of user ¢ at time j. A priority indi-
cator I D; from 1 (highest priority) to M (lowest priority) is as-
signed to each s for their p; values. If p; > p;, then ID; < ID;.
If p = pjand ¢ < j, then ID; < ID;j. So, ID; is unique
for each i. Let d;(j) be the smallest positive integer such that
si(4 + d) = 1. The following MRBS-SSA can be run indepen-
dently among different users with known p; values.

Procedure (MRBS-SSA)
1) Start at j = 0, b;(0) = s,;(0) and go Step 3.
2) (Data buffering) b;(j) = b;(j — 1) + s:(4)-
3)If s;;(7) = 0, then go Step 5, else assign current service slot
to the highest priority user by the following.
3.1 (Buffered data has the highest priority) B = {i : b;(j) =
maxy, bi(7)}. If |[B| = 1, H = B and then go Step 4.
3.2 (B has multiple elements) D = {i € B : d;(j)
mingep di(j5)}. If |D| = 1, H = D and then go Step 4.
3.3 (D has multiple elements) H {i € D : ID;
mingep IDg)}.
4 bier(j) = bien(j) — 1.
5)Endifj = N —1,else j = 5 + 1 and go Step 2.

C. Properties of MRBS-SSA

In order to illustrate and prove the properties of MRBS-SSA,
starting from here, we use b;(j) and b;(5) to denote the amount
of buffered data of user ¢ at time j before and after slot alloca-
tion, respectively. Some technical results from the MRBS-SSA
are given in the following propositions.

Proposition 2: At any time j, by MRBS-SSA, no more than
one user receives a service slot.

Buffer

Buffering and scheduling model for MRBS-SSA. A buffer of size "1" for each user suffices.

Proof: Since ID; is unique for each 4, in Step 3.3, |H| =
1.Inthe case s ;;(j) = 1,aservice slot is assigned to the highest
priority user chosen by Step 3.1 to 3.3 in a deterministic way.
|H| is always equal to 1. So, no more than one user receives a
service slot. ~ [ |

Proposition 3:  Atany time j, by MRBS-SSA, 0 < b;(j) < 1
for all user ¢ if each of the arrivals follows their corresponding
MRBS of p;, where 2 = 1,2,..., M.

As a result, b; (j) < 1 guarantees there is no buffer overflow
while b;(j) > 0 shows that, if s 7, (j) = 1, there must be a user
with nonempty buffer which is assigned to transmit. So, every
service slot is utilized. By Proposition 2, this highest priority
user is uniquely defined such that exactly one user will transmit.
The proof of Proposition 3 is given in Appendix E.

Proposition 4: For rational number p;, where %
1,2,...,M, the order of transmission for all users by
MRBS-SSA is deterministic and periodic.

The proof is presented in Appendix F. In the beginning of
every N-slot cycle, s;(0) = 1, V 4. Since, s;(0) = 1, S(0) —
Sir(0) = M — 1. We need to buffer exactly M — 1 packets
at 5 = 0 after allocating the first service slot. This is the most
congested case. In the end of every N-slot cycle, b;(N —1) = 0.
All buffers are empty and this gives the lower bound on the
inequality of Proposition 1. MRBS slot allocation provides a
distributed deterministic channel splitting method in the sense
that both the server and clients can individually generate the
equivalent scheduled sequence as long as requested rates in the
system are given. This can be run in advance or in a real time
manner. The order of transmission is deterministic and periodic.

V. EXTENSION TO MRCS

The idea of MRBS has been further developed to the most
regular code sequence (MRCS). We have proposed a general-
ized fraction-valued sequence in [17] to represent an arbitrary
value in asymptotic mean. An MRCS allocates a fraction equals
to1,1/2,...,orupto 1/2¢ of the resource in each time slot. This
type of sequence can be used in a CDMA system to satisfy a re-
quested data rate with no fragmentation lost. For example, in a
UTRA single code CDMA system, each mobile user will be pro-
vided one transmission channel with a corresponding channel-
ization code. Variable spreading factor assignment is allowed.
Defining the frame duration as one transmission slot, transmis-
sion scheduling by means of MRCS can be realized by using
the OVSF code tree. In the paper, we do not deal with the issue
of dynamic spreading code reassignment as discussed in [18],
[19]. We assume that as long as the total rate in a given time
slot is less or equal to 1, it is realizable by some dynamic code
assignment schemes.
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A. MRCS

The sequence generating function is defined as

where 7 is a nonnegative integer, 0 < pr, < p < py < 1, pg
and pg are in the form of 2=%or0, i € Zt. To minimize the vari-
ance of MRCS, py, is chosen to be the closest value smaller than
p. Itis named as the lower-closest code (LCC) rate while py;, the
closest value greater or equal to p, is defined as the upper-closest
code (UCC) rate. So, pr, < p < py.lfpr > 0,pr =2 X pr.
When p = 27%, ¢(n) = py. Switching between the UCC and
LCC values, we can achieve any requested granularity asymp-
totically by such an evenly spaced fractional sequence.

As shown in Appendix G, MRCS is a periodic function
for any positive rational number p = m/l, where m and [
are relatively prime integers and 0 < m < [. It is cyclic
and deterministic. The period is equal to [. For example,
when p is 1/3, pr and py are 1/4 and 1/2 respectively. So,
ctn) = {1/2,1/4,1/4,1/2,1/4,1/4,...,}. The periodic
pattern {1/2,1/4,1/4} has a mean of 1/3. Comparing MRBS
and MRCS at p = 1/3, it is interesting to see that the MRBS
{1,0,0} has been transformed into {1/2,1/4,1/4} by redis-
tributing the "1" among "0"s. The fraction-valued MRCS is
more flexible to be used for various spreading factors and has a
smaller variance than the zero-one valued MRBS.

B. WCDMA Spreading Factor Optimization

MRCS can be employed in code division resource allocation
scheme to provide efficient channel splitting. Assume each user
has a request rate R;, which is expressible as a fraction p; of
the total available bandwidth R. So, R/2!T! < R; < R/2'
while 27! < p; < 27", In a capacity of 3.84 Mb/s, channels
of data rate from 15 to 960 kb/s are supported. Table I gives the
corresponding spreading factors from 4 to 256 with defined code
rates 2%, respectively, based on a chip rate of 3.84 Mc/s, where
1 = 2 to 8. For example, if R; is equal to 375 kb/s, the closest
lower and upper data rates are 240 and 480 kb/s respectively. So,
p; = 375/3840 = 25/256 and py, = 1/16. MRCS will switch
between 1/16 and 1/8 regularly to achieve an average of 25/256.
The sequence period is 256. The requested rate is provided in
the time average of the period with a minimum rate fluctuation.

C. MRCS Slot Scheduling in Multiple Access

Assume there are M users in the system and each asks for p;.
Code rate ¢;(j) is provided to user i at slot j following

ci(4) = (puey — PLe))
(J+pi J X pi

(nomsl o Ssl) @
Pu(i) — PL(®) Pu@) — PL®)

For simplicity, we assume p; is a rational number in the form
of m;/l; and the aggregate rate py, = >.,p; < 1. Similar
to MRBS, multiaccess control is essential to resolve spreading
code contention in multiple users. For example, there are three
users and each has p; of 1/3. So, all of them will have the se-
quence {1/2,1/4,1/4}. Atslot j = 0, the sum of ¢;(j) equals

TABLE 1
SPREADING FACTOR AND CODE RATE WITH
RESPECT TO REQUESTED DATA RATE

Data Rate (kb/s) Code Rate Spreading Factor
15 1/256 256
30 1/128 128
60 1/64 64
120 1/32 32
240 1/16 16
480 1/8 8
960 1/4

to 3/2 while the available aggregate code rate is 1, which cannot
satisfy all the users. Data buffering and scheduling should be
performed to accommodate each request from all the users.

We define an algorithm to resolve the multiaccess problem
based on MRCS here, called the MRCS-SSA. Similar to MRBS-
SSA, a user with more buffered data has a higher priority. In the
case several users have the same priority according to this rule,
the one with an earlier arrival has a higher priority to transmit.
If previous rules fail to resolve the priority, a user requesting a
higher rate has a higher priority. Users with the same rate are
assigned different predefined priorities. Following this idea, we
can find a proper scheduling for the MRCS based on the ap-
proach of MRBS-SSA to have an explicit transmission order
for all users. A generalized MRCS slot scheduling algorithm is
described in the following.

To initialize the algorithm, we generate c;(j) and c;;(j)
based on p; and p;, respectively. Let b;(j) be the amount of
buffered data of user ¢ at time j. A priority indicator 1 D; from
1 (highest priority) to M (lowest priority) is assigned to each ¢
for their p; values. If p; > p;, then ID; < ID;. If p; = p; and
1 < j, then ID; < ID;. So, ID; is unique for each 7. Under
the single code operation constraint, each user can transmit at
a rate in the form of 27]“, k € Z7T. Service rate assignment is
based on the aforementioned service disciplines with priority
order PO; defined in the following algorithm. (PO; = 1 is
the highest.) In Step 3.1 to 3.3, the allocation priority order of
users is explicitly determined and we assign the aggregate rate
to them from the highest priority one to the lowest. Scheduled
MRCS is formulated in a deterministic way.

Procedure (MRCS-SSA)
1) Start at j = 0, b;(0) = ¢;(7) and go Step 3.
2) (Data buffering) b;(j) = b;(j — 1) + ¢ (j).
3) Assign priority order for users.

3.1 (Buffered data has the highest priority) If b;(j) > br(j),
POI(j) < POLG).

3.2 For those have same priority by 3.1, PO;(j) < POg(j) if
ci(F+1) > c(j+1).

3.3 For those have same priority by 3.2, PO;(j) < POg(j) if
ID; < ID;.
4. Allocate service rate 7;(4) to 7 in the ascending order of PO;,
cir(9) = er(d) = %(9), %i(4) = max, 27", k € Z*, under
constraints (i) v;(j) < ¢ () and (i) vi(j) < b;i(4).
5) bi(5) = bi(5) — ()
6) 5 = 7 + 1 and go Step 2.
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TABLE 1I
SCHEDULING DELAY OF MRBS ARRIVALS VS. UNIFORM DISTRIBUTION (IN THE UNIT OF SLOT LENGTH)

Number Average scheduling delay Scheduling delay variance

of users MRBS arrivals | Uniform distribution | MRBS arrivals | Uniform distribution
2 0.9490 3.7410 3.1969 17.8341
3 1.4192 4.5569 7.9188 32.3883
4 1.8795 5.0402 14.3584 43.8101
5 2.3416 5.2152 20.0825 50.9110
6 2.7926 5.3225 30.8625 57.1646
7 3.2602 5.5592 38.6005 66.4987
8 3.7087 5.6455 48.5594 74.0398
9 4.1565 5.8023 59.8018 83.3085
10 4.5840 5.8766 71.2828 87.6026

VI. PERFORMANCE EVALUATION

A. Simulation on Slot Scheduling Algorithm

We have implemented the slot scheduling algorithms
MRBS-SSA and MRCS-SSA. In the simulations, the number
of users is random and between 2 and 10. Each user has a uni-
formly distributed p; € (0, 1). The generated p; is normalized
to make sure that the sum of all p; is less or equal to 1 and then
they are used to construct the most regular sequences for slot
scheduling. In the simulations, there is no unsolvable contention
with the provided buffering and scheduling disciplines. In a
long run, the original and scheduled sequences are compared
for their consistence on the asymptotic mean. The provided
service rates are fully shared by the users. The amount of data
buffered in each user is finite and bounded. A deterministic
transmission order of all users is formulated for such an explicit
bandwidth allocation.

B. Resource Utilization and Delay Constraint

Delay constraint is highly emphasized in wireless multi-
media traffics. In most regular sequences, transmission request
is evenly distributed to avoid excessive buffering requirement
and scheduling delay. As mentioned previously, among all
arrival sequences of a specific rate, the one which yields the
smallest mean delay as well as its higher moments in a queue
is the one with most regular interarrival times [15]. This en-
courages us to employ these regular sequences in bandwidth
allocation and at the same time to have effective resource
utilization. With appropriate slot scheduling, flexible multirate
transmission can be achieved in a conflict-free manner for
multiple users.

Table II gives the delay performance of MRBS arrivals in sim-
ulations. In our analysis, the number of users is from two to
ten. Under a specific number of users, each of them has a uni-
formly distributed p; € (0, 1). The generated p; is normalized
to make sure the sum of p; is less or equal to 1. Each simula-
tion set has been run for 1000 times and the average is taken.
Generally, the modified transmission slot sequence has a sched-
uling delay in comparison with the original MRBS due to the
service disciplines of multi-access control. The delay is in fact
equivalent to the time packets buffered in the queueing model as
shown in Fig. 5. The average delay and corresponding variance

are obtained. As a reference, the scheduling delay of arrival pro-
cesses with the same set of request rates in which "0"and "1" are
generated in a uniform distribution are measured. A comparison
is provided to investigate the difference due to different arrival
(access) patterns. The results in Table II show that the MRBS
arrivals have experienced smaller average scheduling delay and
delay variance than those from uniform distribution. It is more
important to look at the variance than the average value espe-
cially in the case of high-speed networks. There can be a high
tolerance on the average delay by keeping a sufficient buffering
before the start of service. It does not matter so much on the la-
tency but is quite sensitive to the variance in transit time. Due to
the property of most regular interarrival times, MRBS results in
the minimized average delay and its higher moments in access
contention under multiple users.

In addition, the bound on MRBS scheduling delay is de-
terministic. By Proposition 3, a buffer of size "1" for each
user is sufficient in contention resolution. For any arrivals,
buffered packet will be transmitted before the accumulation of
the coming one. Consequently, we can derive the upper bound
on the delay experienced by each packet in the corresponding
buffer. The worst case delay is equivalent to the durations be-
tween two successive arrivals in the sequence. That is, [1/p;]
slot lengths. The proof is given in Appendix H.

C. System Capacity and Blocking Model

We have employed the generalized Erlang B model [20],
[21] to investigate the blocking probabilities of different traffic
classes and the system capacity. Suppose there are k Poisson
arrival streams each with mean rate )\;. User from stream 7 is
defined as class ¢ customer. Each class ¢ customer has a request
of average rate b; kb/s. The service time for class 7 customer has
an exponential distribution of mean 1/y;. The traffic intensity
of class i is equal to \;/p;. If a class ¢ customer arrives and
cannot find a channel b; kb/s available, it is blocked. For a finite
bandwidth of C kb/s, the blocking probability of class 7 user is
given by

k
Pl =1 =P | n:) njb; <C =

i=1
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Class 1 2 3 4 5 6 7 8

120 240 360 480 600 720 840 960 (kb/s)
Rate
mapping

120 240

480 960 (kb/s)

Fig. 6. Mapping of request b; = {120, 240,...,960 kb/s} to the limited set
of supported channel {120,240, 480,960 kb/s} due to quantization effect in
conventional CDMA scheme.

where n is in the set of allowable states
k
Q=<{n:> b <Cp, ni>0.
=1

In the numerical study, we assume C' = 3.84 Mb/s according
to UTRA and the total arrival of intensity A is distributed by
equal probability into k streams such that A\; = A/k. The ser-
vice time y; is the same for all 7. System capacity and blocking
probability in multiclass arrivals is evaluated among the pro-
posed MRBS bandwidth allocation scheme with fully flexible
requested rates and conventional single-code CDMA or hybrid
TDMA/CDMA operation in which the channel granularity is
not fine enough. Due to quantization effect, we assume the latter
can support a requested channel in the quantized level 2° only.
A higher rate channel is provided in the case if the request is in
between two supported values as shown in Fig. 6. We have the
numerical analysis on the set of requests from 120 to 960 kb/s.

The blocking probabilities of different classes in conventional
CDMA and proposed MRBS scheme are calculated recursively
by the generalized Erlang B formula based on the algorithm
suggested in [20] and plotted in Figs. 7 and 8, respectively. The
results are obtained for two cases in which arrivals are from
Class 1 to 4 (120-480 kb/s) and Class 1 to 8 (120-960 kb/s),
respectively. Given the same capacity, it is intuitively reasonable
the blocking probability of the same class in the case of (Class
1-4) is larger than that in the case of (Class 1-8) since we need
to allocate more resource for some higher rate requests. This fact
can be found from both Figs. 7 and 8. In the case (Class 1-4)
of Fig. 7, the blocking probabilities of Class 3 (360 kb/s) and 4
(480 kb/s) are the same because a channel of 480 kb/s will be
given for a request of 360 kb/s in conventional scheme to satisfy
the service requirement. Similarly, in the case (Class 1-8), Class
3 and 4 have the same blocking probability curve while Class 5
to 8 have the same curve. In comparison, our proposed scheme
outperforms the conventional one as it gives a lower blocking
probability generally on various classes under the same total
arrival traffic intensity. From another point of view, the proposed
scheme allows a higher traffic intensity than the conventional
one under the same blocking probability.

The overall performance of the conventional CDMA and pro-
posed scheme is compared in Fig. 9. Average blocking proba-
bility is defined as the mean of blocking probabilities of dif-
ferent classes with weightings corresponding to their arrival in-
tensities. On the same blocking level, the proposed bandwidth
allocation scheme can support a higher total traffic intensity
than the conventional one. There is more than 10% capacity

2
3
8
o
o /o,
2 /¥
_‘;’ 102 [
S L - J
3] ; /
A
[ — (1-8) Class 5, 6,7, 8
A — - (1-8) Class 3, 4
B /’ /- —- (1-8) Class 2
10 /- (1-8) Class 1 E
, —x= (1-4) Class 3, 4
/ * - (1-4) Class 2
- - (1-4) Class 1
10-5 3 I I L I I L
2 4 6 8 10 12 14 16

Total Arrival Traffic Intensity (Erlang)

Fig. 7. Blocking probabilities of arrivals from different stream classes in
conventional CDMA.

| — (1-8) Class 8
| = - (1-8) Class 7
|-— (1-8) Class 6
| (1-8) Class 5

—— (1-8) Class 4
| =x= (1-8) Class 3
| % (1-8) Class 2
|- x- (1-8) Class 1
| =&~ (1-4) Class 4
l ~0- (1-4) Class 3
| e (1-4)Class 2
| 0 (1-4)Class 1

Blocking Probability

5 1 L I L 1

4 6 8 10 12 14 16
Total Arrival Traffic Intensity (Erlang)

Fig. 8. Blocking probabilities of arrivals from different stream classes in the
proposed MRBS bandwidth allocation scheme with fully flexible requested
rates.

gain under each blocking threshold. The flexible rate scheme
achieves a higher resource utilization efficiency and hence can
support more traffic in integrated multiclass services. This result
gives an illustration on the effectiveness of prefect rate match in
multi-rate operations.

VII. CONCLUSION

In this paper, we focus on the channel assignment efficiency
for integrated services in wideband CDMA systems. Channel
splitting optimization in multirate operation is proposed with
the most regular sequences. Time varying assignment of slot
resource can provide fully flexible transmission rate. MRBS has
been suggested in TD-CDMA bandwidth splitting to provide
collision free transmission even under strict buffering require-
ment and delay constraint. Every user can individually generate
the corresponding scheduled sequence with known p;. This
gives a relatively distributed solution for the whole system.
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0.7 T T T T T T

Class 1..8 (Conventional)
—  Class 1..8 (Proposed)
0.6~ | — - Class 1..4 (Conventional)
—— Class 1..4 (Proposed)

Average Blocking Probability
\

Total Arrival Traffic Intensity (Erlang)

Fig. 9. Overall comparison on the proposed MRBS scheme and conventional
CDMA.

In addition, we have explored fraction-valued MRCS for
spreading factor optimization in single-code CDMA systems
with OVSF technique. From our numerical analysis, resource
utilization efficiency under the proposed flexible rate scheme is
improved. It can accommodate a higher system traffic intensity.
It is interesting and challenging to have further investigation on
the MRCS.

APPENDIX A
EXPECTED BAE IN SINGLE CODE CASE

Let a; = 15 x 2! kb/s, where i = 0,1,...,7. Since R, is
uniformly distributed between a; and a7, the expect BAE is
given in the following:

6 . a/. 1
§j@m&emﬂﬁmxmmmﬁg%bug

=0

6 a a
i1 —
:E Gas ZX
4 a7 — ag

0.5(ai + ai+1) >

i—0 Git1
3 26: (aH_l — az)
4 =\ a7 —ao
3
=1
APPENDIX B

MRBS: ASYMPTOTIC MEAN AND PERIODICITY

For any real number p, the asymptotic mean of the MRBS
s(n) = [(n + 1)p] — [np] is given by the following:

" [np]
i 23 k) = i 21 -

For any positive rational number p = m/[, where m and [
are relatively prime integers and 0 < m < [, let n = il + j,
where 4,7 > 0 and j < [. Since s(n) = [(il + 7+ 1)m/I] —

[l + j)m/l]= [(j + Dm/l] = [jm/l], s(n) = s(j) for
0 < j <1 -1.So, the sequence has a period of [.
APPENDIX C
UPPER AND LOWER BOUNDS ON S(j) — S;;(j)

As defined in Proposition 1, we have the following expres-
sions on S(j) and Sy (), respectively:

M
:ZZ (n+ D)pi] — [n xpi]) ZfJ‘Fle

Sy (9)

Il Il
= M-I
+ e,
: —l (=]
s =
%EMM
®
[
- 1
M=
S
—_—
v

Let (j + 1)p; = a; ; + b; j, where a; ; is a positive integer
and 0 < bi_’j < 1.

M M
S() - = Z a;j+ bij] — {Z (ai; + bi,j)-‘

=1

(] — {Zb ,jw :

M M

Ifbl g = 0 V’L, Zi:l |—b1J—| - ’VZizl
Syir(g) = 0.

Otherwise, assume there are [ of b;; # 0, where

1<Z<MSOZL1|'”'|_lSmce0<bZ]<1
0 < Y M bi; < I Consequently, 1 < {Zf‘il bw-l < L
We have 0 < 2V Tb, ;] — [Zf\il bi’j—l < [ — 1, where
1<1< M.

Hence, 0 < S(j) —

H'P”ﬁs i

bi,j| = 0. Then, S(j)—

Sy (d) <M - 1.

APPENDIX D
UPPER AND LOWER BOUNDS ON THE MEAN OF MRBS

Proposition 5: 1f there are totally j "1"s within & slots in a
portion of MRBS, where ¥ > 1 and j < £k, then the corre-
sponding mean p obeys: (j — 1)/k < p < (j + 1)/k.

Proof: By the definition of MRBS, given any phase 6, j =
[(k+mn)p+ 0] — [np+6]. Letnp + 6 = [ + b, where [ is the
integer part and 0 < b < 1. So, j = [kp + b] — [b].

b =07 = [kp] = j— 1< kp<j=((G—1)/k) <
p < (j/k).

Iftb#£0,5j=[kp+bl—1=[kp+bl=7+1=j<
kp+b<j+1=(0—-1)/k) <p<(([+1)/k).

Hence, (j — 1)/k < p < (j + 1)k. Since, by definition,
0 < p < 1, we can have a tighter bound on p such that max{(j—
1)/k,0} <p <minf{(j +1)/k,1}. [

APPENDIX E
PROOF ON PROPOSITION 3 BY INDUCTION

Let P(j) be the statement 0 < b;(j) < 1,V 4, for any nonneg-
ative integer j. If max; b;(j) = 2, there exists a unique ¢ such
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that b;(j) = 2 and a slot is allocated for this user. Buffer over-
flows if b; (j) > 1. On the other hand, since a user with buffered
data has the highest priority to get a service slot, b;(j) > 0 if
there exists b;(j) > 0 when s;;(j) = 1.

When j = 0, by the property of MRBS, s;(0) = [p;] = 1 as
pi > 0. S0, b;(0) = 5;(0) = 1, Vi. Similarly, s 7, (0) = 1. This
service slot will be assigned to the user with buffered data and
the highest priority. So, 0 < b;(0) < 1 and P(0) is true.

Assume P(j) holds up to k& — 1. At time instant k, let the
number of user(s) with nonempty buffer, 2 > b;(k) > 0, be
f%- The number of user(s) with empty buffer, b;(k) = 0, is then
M — fi. Among the fj user(s) with nonempty buffer, assume
ay, of them have b;(k) = 2. (For these ay, users, they have b; (k—
1) = 1 and arrivals at k.)

The sum of buffered data is equal to f + ax. By Proposition
1, fr.+ag —SN[(]C) > 0. So, ifSNj(k) =1, fr+ar > 1.In this
case, there is at least one user with nonempty buffer. So, there
exists b;(k) > 0 and the statement b; (k) > 0 is true.

On the other hand, the statement El(k) < listrueif a; = 0.
So, assume fi > ap > 1. Let ¢, = ar — s;;(k), where the
service slot sy, (k) is either 0 or 1. Claim ¢, = 0. (In this case,
the statement holds.) Suppose ¢, > 0. Note in this case fr <
M — 1 since, by Proposition 1, fi + ¢ < M — 1. So, there
exists more than one user with empty buffer. Label these users
as F1, ..., Fy—y, . Let t; be the latest time before £ that F; is
allocated a service slot and t,,x = max; t;. Note tpax < k.
Label those with b;(k) = 2 among the f users, which have
IN)L(k —1) = 1andanarrival at k, by Iy, ..., F,, . Label the left
users, which have b;(k) = 1, by Fy, 41,..., Ff,.

Claim at time fyax, all users Fy,..., Ey_y, have empty
buffer. This is also true for F7y, ..., F,, because there is an ar-
rival at k, so if the buffers for these users are nonempty, one of
them would be served instead.

For any user in the group Fy, 41, ..., Iy, if the user receives
a service slot in [tyax + 1, &k — 1], there must be an arrival at or
after the service time excluding the served one since b; (k) = 1.
If the user receives a service slot, it must have empty buffer
at tax. Otherwise, the user would be served instead of users
Ey, ..., Ey—y, because there is an arrival at or after the service
time. That is, among the users F,, 11,..., Ff,, either the user
has empty buffer at time ¢y, (label as Fy, 11,..., Fa,+r)
or receives no service slot in [tnax + 1,k — 1] (label as
Fak+7‘+17 vey FfA)

Note in the interval [tmax + 1,k — 1], assume that there are
n service slots. These service slots are assigned to users among
Fy, ..., F,, +» only. Let the number of slots assigned to F; be
u;. So, Y ik ;LT u; = n. Note all these users have empty slot at
time ¢,,.x and nonempty buffer at k, so users Fi, ..., F,, (those
with b; (k) = 2) must have u; + 2 arrivals in [ty,ax + 1, k] while
users Fiy, 41, ..., Fa, 4+ (those with b; (k) = 1) must have u;+1
arrivals. By Proposition 5, p; > ((u; + 2 — 1)/(k — tmax))
fori = 1,...,a; while p; > ((u; +1 — 1)/(k — tmax)) for
i=ap+1,...,ar+7.So0, Z;’;f’p, > ((n+ag)/(k—tmax))-

Since the number of service slots in [tmax + 1, k] is equal to
n + sy (k), by Proposition 5, py; < ((n+ sz (k) +1)/(k —
tmax))- S0, if ¢ > 0, Zth;-li-r pi > py; since (n + ax) — (n +
sir(k)+ 1) = ¢ — 1 > 0. This is a contradiction. Therefore,

¢, = 0. Consequently, b;(k) < 1. Since 0 < b;(k) < 1, P(k)
is true.

Hence, the statement 0 < b; (j) < 1,V 4, is always true for
any nonnegative integer j.

APPENDIX F
ORDER OF TRANSMISSION BY MRBS-SSA: DETERMINISTIC
AND PERIODIC

Each MRBS is deterministic and has a period [; with respect
to p; = m;/l;. Let N = LCM;(l;). We can generate MRBS
for each 7 in N slots. Considering all 7 in an N-slot-block, this
block is also deterministic and periodic of duration V. By the
property of MRBS, V 7, s;(N) = s;(0) = 1 and, similarly,
sy (N) = s5,(0) = 1. By Proposition I, we have 0 < S(N) —
Si(N) < M—1.S0,S(N—1)—S5(N—1) = 0. As defined,
(bi(N —1) = S(N — 1) — Sy, (N — 1). By Proposition
< bi(j) < 1 forany j. So, b;(N — 1) = 0. This implies
i(N) = b;(0). By MRBS-SSA, each service slot is assigned
to the highest priority user in a deterministic way. Since each
N-slot-block has the same pattern, initial condition b;(N) =
b;(0), and service slot sequence, MRBS-SSA produces the same
scheduled block, which repeats the pattern in an N-slot-long.
Hence, we can conclude that the order of transmission for all
users is deterministic and periodic.

APPENDIX G
MRCS: ASYMPTOTIC MEAN AND PERIODICITY

For any real number p, the asymptotic mean of the MRCS is
given by the following.

n—1 — __np___

1 (pv —pr) % { - 1

nh_l,r;o ~ Z c(k) = nh_l,lgo . o —pr) | _ »
k=0

For any positive rational number p = m/l, where m and [
are relatively prime integers and 0 < m < [, letn = il + 7,
where 4,7 > 0 and j < [. Since 1/(py — pr) is an integer,
[((np)/(pv — )] = [((@l + 5)/(pv — pr)) x (m/1)]=
((im)/ (v = p)) + [((m)/(Upu —p2)))]. So, e(n) = (pr—
p2) % ([((G+1D)m) /(o =p2 )1~ ((im)/ U(pe —pr)])-
We have ¢(n) = ¢(j) for 0 < j < 1 — 1. As aresult, ¢(n) is
independent of ¢ and has a period [.

APPENDIX H
DELAY BOUND ON MRBS

From the result of Proposition 3, since 0 < Ez(k) <1, a
buffer of size "1" at each user ¢ is sufficient. This means that, for
each MRBS traffic, buffered packet will be transmitted before
the accumulation of coming one. So, the scheduling delay is at
most the duration between two successive "1"s. Including the
packet arriving time in delay measurement, this is equal to k+ 1
slot durations, where k is the maximum number of successive
"0"s between two "1"s. By Proposition 5, if there are totally j
"1"s within & slots in a portion of MRBS, the corresponding
mean p obeys (j — 1)/k < p < (j + 1)/k. We can derive the
upper bound on k£ + 1 by the substitution 5 = 0. Therefore,
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p < 1/k. This implies & < 1/p. Since 0 < p < 1, we can let
1/p = a + b, where a is the integer part and 0 < b < 1.

Whenb=0,1/p=a#0and1/p=[1/p].So,k < 1/p =
E<1l/p—1=k+1<1/p.Wehavek+ 1< [1/p].

Whenb # 0,k < 1/p = k < |1/p] = k < a. Since
[1/pl =a+1,k+1<a+1=][1/p].

Therefore, the scheduling delay experienced by MRBS of p;
in multiaccess control is always less or equal to [1/p;] slot
lengths.
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