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Abstract

In the fourth-generation (4G) mobile communication system, all communications including realtime
communications is expected to be carried by packets multiplexed on a shared radio channel to improve
the radio resource efficiency. Because the delay characteristics and the throughput of a packet radio
channel vary greatly with changesin both traffic volume and radio channel quality, NTT DoCoMo pro-
poses novel wireless QoS (quality of service) control technologies to guarantee QoS requirements and
achieve highly efficient realtime communication with a wide range of transmission rates.

1. Introduction

The fourth-generation (4G) mobile communication
system is expected to provide awide variety of appli-
cations and services through high-data-rate radio
channels. All communications including realtime
communications such as VolP, videophones, video
streaming, and digital TV broadcasting, will be pack-
et multiplexed on a shared radio channel to improve
the radio resource efficiency. These communication
services have individual requirements for bandwidth
and acceptable transmission delay, i.e., quality of ser-
vice (QoS). However, packet radio systems suffer
from drastic changes in the transmission delay and
channel throughput when packet traffic and radio
channel conditions fluctuate. To handle these dynam-
ic conditions, akey technology for implementing the
system is wireless QoS control for efficient wireless
packet multiplexing that takesinto account variations
in radio propagation and interference whil e satisfying
the QoS requirements of various applications[1], [2].
Thisarticle describes four novel wireless QoS control
technologies suitable for high-speed packet commu-
nication systems: radio-condition-aware admission
control, multistage hybrid scheduling, reservation-
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based reverse channel access protocol, and adaptive
battery conservation management. We are imple-
menting these technologiesin a prototype 4G system.

2. Features of wireless QoS control

Wireless QoS control isdesigned to providethefol -
lowing features.
(1) Guaranteed and best-effort services
Realtime communications has strict require-
ments regarding the bandwidth and acceptable
transmission delay. To cope with these applica-
tions, wireless QoS control provides guaranteed
services that can provide a flexible guaranteed
bandwidth and delay suitable for realtime com-
munications. Best-effort serviceswill also be pro-
vided for non-realtime communications and these
serviceswill takeinto account relative packet pri-
orities with/without radio channel conditions.
(2) Smooth working with IP-QoS
By assigning guaranteed-class packets to the
expedited forwarding (EF) class for the differen-
tiated services code point (DSCP) and best-effort-
class packets to the best effort (BE) class for the
DSCPR, we ensure that wireless QoS control can
work smoothly with Internet protocol (1P) QoS.
(3) Areafree guaranteed services
To improve radio channel efficiency, the adap-
tive modulation and coding (AMC) scheme is
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Table 1.

Examples of services provided according to wireless QoS control.

Service/applied technology

Guaranteed-class services

Best-effort-class services

) user location.
Services

» Guaranteed-rate service is provided
regardless of variation in interference and

» Guaranteed rate is set flexibly
considering a variable rate and the user
maximum and minimum requirements.

Best-effort service

Guaranteed QoS

Transmission rate and delay

Target application

Realtime application

Non-realtime application

Admission control
are considered.)

Applied (QoS request and radio conditions

Not applied

Scheduling between

Technologies

Priority control is applied in the order: packets within the guaranteed rate, best-effort

same-class users etc. are considered.

Multlstgge guaranteed and packets, and packets that exceed the guaranteed rate.
hybrid best-effort classes
scheduling Scheduling between | Guaranteed rate, admitted delay, fairness,

Fairness and radio conditions are considered.

assumed to be used in 4G. This scheme changes
the transmission rate according to the signal to
interference-plus-noise ratio (SINR). However,
from the user’s viewpoint, the rate should be con-
stant regardless of hig/her location. Our radio-
condition-aware admission control enables stable
and guaranteed services with a flexible guaran-
teed rate to be provided to realtime users regard-
less of the variation in interference and the loca-
tion of the mobile station. Examples of services
that can be provided depending on the type of
wireless QoS control used are shown in Table 1.

3. Architecture of packet transmission using
wireless QoS control

Wireless QoS control aims to provide a range of
guaranteed-rate and area-free reatime communica
tion servicesregardless of the packet traffic and radio
condition fluctuations. Smooth working with IP-QoS
and channel efficiency are also taken into account.
Based on this concept, we propose a novel wireless
QoS control [3]. The architecture for packet trans-
mission is shown in Fig. 1. It comprises several con-
trol factorsfor the medium access control (MAC) and
radio resource control (RRC) layers and a radio
resource control factor over these two layers. These
factors can work smoothly with IP-QoS. IP packets
arefirst mapped to the best-effort or guaranteed class-
es. For guaranteed-class users, radio-condition-aware
admission control is carried out to avoid an overload
among these users. For best-effort-class users, classi-
fication is carried out according to the DSCP imply-
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ing their relative priorities. In multistage hybrid
scheduling, guaranteed scheduling performs traffic
shaping to guarantee both the admitted rate and delay
requirements of guaranteed-class users, while best-
effort scheduling considers radio resource efficiency
and fairness among users and classes. In addition,
multistage scheduling gives priority to guaranteed-
class users. Transmission parameters are determined
according to the QoS class and channel conditions
based on information sent from the receiver. In the
downlink, radio resources can be allocated in a
straightforward scheme. In the uplink (reverse link),
a reservation-based access protocol is employed to
enable priority-based resource allocation required for
the wireless QoS control technology (See section 4.).

3.1 Radio-condition-aware admission control (RAC)

These days, many communication applications
have functions for responding flexibly to changesin
transmission rates by using variable rate coding.
Therefore, the guaranteed rate can be set flexibly
within avariable rate range, that is the maximum and
minimum requirements. This flexible admission con-
trol allows more users to be accommodated. Making
allowancesfor user movement and variationsin inter-
ference, the lowest modulation coding set is used as
the channel capacity criterion for admission control
decision, as indicated in Fig. 2(a), which shows the
transmission rate for three different modulation cod-
ing sets (MCSs). To utilize the statistical multiplexing
characteristics of packet communications for radio
resource efficiency, the resource utilization rate of the
guaranteed-class users is also considered. However,
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Fig. 2. Principle of radio-condition-aware admission control.

(b) Acceptable rate

not all the guaranteed-class users encounter poor con-
ditions. To improve the resource utilization efficien-
cy, the measured resource utilization rate for guaran-
teed-class usersis considered, as shown in Fig. 2(b).
Here, the total of the bandwidth requests that can be
accepted (i.e., the acceptable rate) is given by the ref-
erence capacity (y) minus the measured resource uti-
lization rate (i.e., the realtime measured traffic (x))
and amargin (a). That is, the acceptablerate =y - (X
+ ).

3.2 Multistage hybrid scheduling (MHS)
The scheduling that determines the transmission
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order when all user packets are multiplexed onto one
common radio channel is important for maintaining
service quality and supporting various applications
and service classes. Furthermore, in wireless commu-
nication systems, an important purpose of scheduling
isto increase the efficiency of radio resource utiliza-
tion. There have been many proposals for scheduling
that takes into account QoS requests [4] or that aims
to increase the radio resource utilization efficiency
[5]. However, in the 4G system, there are demandsto
provide arange of guaranteed rates and maintain the
service quality for realtime communications without
deteriorating the radio resource utilization efficiency.
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Fig. 3. Principle of multistage hybrid scheduling.

To satisfy these demands, multistage hybrid schedul -
ing (MHS) has been proposed [6], [7]. Its principleis
shownin Fig. 3. Here, we explain the downlink trans-
mission case. As described above, each packet is
classified as either a guaranteed- or best-effort-class
packet; that is, IP packetswith aheader of EF and BE
are mapped into the guaranteed and best-effort class-
es, respectively. Either each user has his/her own
individual buffer or best-effort-class packets with the
same DSCP can share a buffer because, from the
viewpoint of the QoS requirement, flow control based
on the guaranteed rate and acceptable delay are nec-
essary for individual guaranteed-class users, while
class-based flow control is sufficient for best-effort-
class users. However, for scheduling that takes into
account the radio resource utilization efficiency, it is
necessary to consider the radio propagation condi-
tions of each user, and individual buffersare required
not only for the guaranteed-class users, but also for
best-effort-class users.

In MHS, a different scheduling scheme is used
between the guaranteed- and best-effort-class users.
Guaranteed scheduling considers guaranteeing both
the admitted rate and delay requirements of guaran-
teed-class users, while best-effort scheduling consid-
ers the radio resource efficiency and fairness among
all best-effort-class users. Examples of scheduling
applicable to both types of users are described bel ow.
(1) Guaranteed class

» Weighted round robin (WRR): Each user in
turn sends a weighted number of packets.

» Header early first (HEF) [8]: A time stamp is
attached to each packet. The time stamps of the
packets at the tops of the buffers are compared
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and the packet with the earliest time stamp is

scheduled first.

In both of these methods, the number of pack-
ets transmitted within one turn depends on the
guaranteed rate declared by the users.

(2) Best-effort class

* Proportional fairness (PF) [9]: The ratio of
instantaneous SINR to averaged SINR is mea-
sured for each user. The packets are scheduled
based on thisratio in order from highest to low-
est. This method takes into account the radio
resource efficiency and fairness among users.

* Class-based queuing (CBQ): When users of the
same DSCP class share a buffer and DSCP
class-based QoS control is used, weights are
assigned to each class according to its priority
and packets are taken from the buffers accord-
ing to their weights.

(3) Scheduling between guaranteed and best-effort
classes (multistage scheduling)

In multistage scheduling, guaranteed-class
packets within the guaranteed rate are selected
first. Then, packets of best-effort-class users are
selected for transmission. Finaly, packets that
exceed the guaranteed rate are selected.
Resources are assigned on a block basis, and in
the case of a guaranteed-class user, the guaran-
teed rate is also considered during resource allo-
cation. Here, the transmission block size of auser
is determined according to higher radio channel
conditions using a channel quality indicator dur-
ing transmission.
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3.3 Performance of RAC and MHS

Computer simulation results for the satisfaction
rate for guaranteed-class users and the transmission
rate for best-effort-class users are shown in Fig. 4. In
these figures, round robin (RR) indicates the perfor-
mance of a method without RAC and MHS, while
priority scheduling (PS) indicates the performance of
amethod that gives unconditional priority to the guar-
anteed-class users. We can see that wireless QoS can
increase the satisfaction rate of guaranteed-class
users without grestly degrading the transmission rate
of best-effort-class users by setting the guaranteed
rate dynamically within the range between the maxi-
mum and minimum rates requested by users and by
performing scheduling that takes into consideration
the guaranteed rates. RAC and MHS makeit possible
to am for efficient utilization of the radio resources
while guaranteeing the delay and transmission rate
for guaranteed-class users. These methods can simul-
taneously maintain some degree of fairness among
best-effort-class users by taking into account the
radio resource efficiency and fairness[3], [6]-[8].

4. Reservation-based rever se channel access
protocol [10]

For downlink packet transmission, resource alloca-
tion on a packet-by-packet basis is relatively easy
because the base station can manage al the transmis-
sions on the downlink packet channel. On the other
hand, packets in the reverse channel are generaly
transmitted in a random access manner. In this man-
ner, a massive transmission with the same timing
causes packet loss due to multiple access interfer-
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ence. As aresult, each realtime packet may suffer an
unacceptabl e transmission delay caused by arandom
access retry under relatively heavy traffic conditions.
According to the wireless QoS architecture (See sec-
tion 3.), al packets are categorized into two classes:
guaranteed and best-effort. Realtime packets are cat-
egorized into a guaranteed class, in which the trans-
mission rate and delay are guaranteed by RAC and
MHS. Incidentally, in MHS, the guaranteed-class
packetsthat are below the guaranteed rate are always
transmitted before best-effort-class packets. In the
downlink channel, the transmission order of the pack-
ets can be easily arranged because all packets are
assembled at a base station and arranged by central-
ized control. On the other hand, packetsinthereverse
channel are not; they are accumulated in distributed
gueuesfromindividual mobile stations. To satisfy the
QoS requirement for realtime communications and to
increase the radio resource utilization efficiency in
such a distributed queue environment, two schemes
have been proposed.
(1) Prioritized resource allocation (PRA) [11]
Thisisareservation-based scheme. Two differ-
ent resource allocation areas in the time domain
are established for the guaranteed and best-effort
classes. The guaranteed-class packets have a
wider allocation area so that they can obtain radio
resources before the best-eff ort-class packets can.
With this scheme, almost al the bandwidth can
be occupied by guaranteed-class packets. Figure
5 shows an example of thetime dot alocation in
the PRA scheme.
(2) Reservation-based random access protocol with a
temporarily assigned dedicated control channel
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Fig. 4. Performance of RAC and MHS.
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(RAP-TDC) [12], [13]

In this protocol, only a low-rate temporarily
dedicated control channel (TDCCH) is “tem-
porarily” assigned between a base station and a
mobile station during a packet burst. In this chan-
nel, reservation signals for access and transmis-
sion control parameters are transmitted simulta-
neously. After a reservation has been accepted,
user packets are transmitted on assigned common
packet channel (CPCH) slots. This scheme pre-
vents the packet-by-packet setup delay by main-
taining transmission parameters using the
TDCCH. In addition, the mobile station can
transmit its reservation signal without any con-
flict with other reservation signals, so this scheme
enablesthe short delay packet transmission that is
required for realtime communications. The inter-
leave reservation mechanism that enables us to
remove the channel inefficiency caused by the
round trip delay of the reservation protocols is
also employed. In addition, because the reserva-
tion signal istransmitted without collisions, when
the reservation is denied because of atemporary
lack of resources, the terminal can continuously
retry the request. Transmission control signals,
such asthe transmission power control (TPC) com-
mand, channel quality indicator, and acknowledg-
ment signals, are continuously exchanged in the
TDCCH to enable immediate packet (re)trans-
missions in both directions. If no packets are
transmitted in the CPCH during a predetermined
time, whichisreferred to astherelease delay time
below, then the TDCCH isreleased. It takes alit-
tle time to reestablish the TDCCH, so the release
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delay time should be adaptively set according to
the QoS requirement of the transmitted packets.
In addition, it iseffectiveto coordinate therelease
delay time with a dormant control timer such as
the timer described in section 5.

5. Adaptive battery conservation management

In existing mobile communication systems, a
mobile station intermittently receives paging signals
that are periodically transmitted by a base station dur-
ing its stand-by time (which is defined as the idle
modein thispaper). Thisschemeisgenerally used for
battery conservation. Moreover, sincethe termination
of asession can be clearly defined in aconnection ori-
ented manner, the mobile station can immediately
trangit to the idle mode after a session ends. On the
other hand, in connectionless communications, ses-
sion initiation and termination are generally indis-
tinct, so it is effective to employ atimer that is initi-
ated after each packet has been received or transmit-
ted. When thistimer expires, it initiates the transition
to idle mode. When a packet addressed to a maobile
station that isin idle mode reaches a base station, the
base station informs the mobile station by sending
packet arrival notifications (i.e., by pagingit) using a
periodically transmitted signal. Therefore, this
scheme involves awake-up delay. In the convention-
al battery conservation method, because thereis only
one timer for entering idle mode and one paging
interval, the requirement for the acceptable transmis-
sion delay of realtime communications cannot be sat-
isfied when applying this method to the 4G system.
To overcome these problems, adaptive battery con-
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Fig. 6. State transitions in adaptive battery conservation management.

servation management (ABCM), which takes into
consideration the QoS requirements, has been pro-
posed for connectionless communication systems
such asthe 4G system [14].

In packet communications, the communication
state of the mobile station can be classified into three
states where i) packets are transmitted and received
continuously, ii) no packets are transmitted or
received for along time, and iii) no packets are trans-
mitted or received for ashort time. ABCM paysatten-
tion to thisfeature, and anew state called battery sav-
ing mode is defined to improve battery conservation.

The ABCM state transition diagram for the mobile
station is shownin Fig. 6. Three mobile station states
are defined: the active, idle, and battery saving
modes. For the battery saving mode, two submodes
(BSM-EF and BSM-BE) are defined that correspond
to the two QoS classes. The guaranteed-class mobile
station transits to BSM-EF and the best-effort-class
mobile station transits to BSM-BE. The transition to
the corresponding state is triggered by the transmis-
sion and reception of packets or by the expiration of
atimer. The battery saving mode is an intermediate
state between the active and idle modes, and the con-
trol signal from the base station is received intermit-
tently, asintheidle mode. The difference between the
battery saving and idle modes is that the intermittent
receiving cycle is shorter in the former, and BSM-EF
is assigned a shorter period than BSM-BE because it
has stricter delay requirements. Furthermore, the
timer for the transition from active mode to battery
saving mode is also set corresponding to the guaran-
teed and best-effort classes, so the timer for the guar-
anteed class is longer than that for the best-effort
class. This method makesit possible to guarantee the
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packet transmission delay for the guaranteed class,
although battery conservation is equivalent to that of
the conventional methods without an intermediate
state like the battery saving mode. For the best-effort
class, on the other hand, effective battery conserva-
tion is possible (although an increase in delay equiv-
alent to at most the intermittent receiving cycle is
unavoidable). Simulation resultsindicate that ABCM
achieves better battery conservation than convention-
al methods.

6. Conclusion

This article described some wireless QoS control
technologies that have been proposed for the 4G sys-
tem and are currently under evaluation. In the future,
we plan to evaluate them in more detail by simulation
and test their compatibility and effectiveness for var-
ious applications in aradio environment using a pro-
totype system.
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