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Abstract-

This paper presents a multi-state channel model for
rate adaptation and MAC scheduling in the WCDMA
system. According to the cumulative density function
of the received SINR in the physical layer, a set of
thresholds are determined to change spreading factors
via the Transport Format (TF) selection procedures in
the MAC layer. Moreover, we proposed a new cost
function based TF selection procedure to incorporate
all the important factors, such as service priority,
buffer occupancy, and the number of data blocks to be
sent. This new TF selection algorithm in the MAC
layer combined with the multi-state rate adaptation
scheme in physical layer can achieve the ultimate
goals of the wireless scheduling simultaneously: (1)
throughput enhancement; (2) power saving; and (3)
service fairness guarantee.

Keywords: Rate Adaptation, Channel Variation,
Transport Format Selection

I . INTRODUCTION

SCHEDULING is a very important technique for
resource management in both wireline and wireless
networks. In wireless networks, many scheduling
techniques, such as weighted fair queuing [1],
packetized general processor sharing [2], have been
proposed to provide fair channel access among many
contending hosts. However, to apply these wireline
scheduling algorithms to wireless networks is
nontrivial because wireless networks present many
challenges in both channel environments and system
requirements.

The key challenges in designing wireless scheduling
algorithms are aimed not only to achieve the goal of
fairness as in wireline networks, but also to enhance
throughput and save the user terminal’s power
consumption in a time-varying wireless channel. In a
typical wireless channel, the effects of path loss,
shadowing, multi-path fading, and user mobility will
lead to channel wvariations, thereby causing
performance degradation if using the traditional
wireline scheduling algorithms. For example, for a
user scheduled to transmit in bad channel condition,
the user’s data will be lost most likely. Furthermore,
the wasted transmission power will shorten the battery
life of user terminals. Consequently, one of the most
important factors in designing wireless scheduling
algorithm is to take into account of channel variation
of wireless systems.

Specifically, the goal of wireless scheduling is to
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Fig. 1. Two-State Rate Adaptation Model.
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make channel variations transparent to users
dynamically allocating radio resource according to
channel conditions. One of the most popular models
used in current wireless scheduling algorithms is the
two-state Markov channel model [3]. The two-state
Markov model defines the channel as good (or
error-free) state if the channel gain is above a
predetermined threshold, or bad (or error) state if
below the threshold. Figure 1 shows an example of a
typical wireless fading channel and its corresponding
two-state Markov channel model. As shown in Fig. 1,
the basic idea of wireless scheduling is to stop
transmitting data when the channel state is in bad state
during the time window [t, t]. This backlogged flow
is compensated when the channel state is changed
back to the good state in the later time window [t,, t3].
To compensate the backlogged flow, the scheduler
will allow additional channel access in good state to
make up the deferred data in the bad state.

The drawback of the two-state (on-off) model for
wireless scheduling is the inefficiency in utilizing
radio resource. For example, in the time window [t3, t4]
in Fig. 1, the scheduler will ask a user to stop
transmission because of bad channel condition. In fact,
the channel condition in [t;, t4] may not be so bad that
the channel can still be used to transmit data at a lower
rate. On the other hand, we can transmit at higher data
rate in [t2, t3] than in [ty, t;] because channel quality in
[to, t3] is better than that in [to, t;]. It is obvious that the
current two-state Markov model does not utilize the
channel capacity efficiently. This observation
motivates us to divide channel conditions into multiple
states and thus propose a multi-state rate adaptation
scheme for wireless scheduling.

In order to implement the proposed multi-state rate
adaptation for wireless scheduling, we propose to
utilize the transport format (TF) selection procedures
in the MAC layer of the WCDMA system. Basically,



the chip rate in WCDMA systems is fixed, while the
data rate can be changed by using different spreading
factors [4]. According to [5][6], spreading factor (SF)
at the physical layer can be determined by selecting
different transport formats in the MAC layer. Thus the
problem of rate adaptation for wireless scheduling can
actually be achieved by selecting an appropriate
transport format (TF) in the MAC layer in every
transmission time interval (TTI), i.e. 10 msec. to 80
msec.

In this paper, we propose a new TF selection
procedure that incorporates all the important factors in
scheduling, such as the service priority, buffer
occupancy, and the number of data blocks to be sent.
This new TF selection algorithm in the MAC layer
combined with the multi-state rate adaptation scheme
in physical layer can achieve the ultimate goals of the
wireless scheduling simultaneously: (1) throughput
enhancement; (2) power saving; and (3) service
fairness guarantee.

The rest of this paper is organized as follows. In
Section II, we present our proposed rate adaptation
scheme. In Section I, we discuss how to use TF
selection to achieve rate adaptation for wireless
scheduling. Section IV shows the simulation results,
and Section V gives the concluding remarks.

II. PROPOSED MULTI-STATE RATE

ADAPTATION ALGORITHM

Unlike most wireless scheduling algorithms using
the two-state Markov model, we propose a multi-state
rate adaptation scheme based on the cumulative
density function (CDF) of the received SINR. The
basic idea of the proposed multi-state rate adaptation
scheme is to partition the CDF of the received SINR
into multiple regions and map each region to different
data rates in the rate adaptation for scheduling
algorithms. In the following, we explain why different
regions in CDF can represent different data rates. In
the CDMA systems, the received energy of bit-to-
noise density ratio, E,/N,,can be written as

E, S-w

_ b5 - - @00 1
N, (I+N)-R, 0

where S/(I+N) is the signal to interference plus noise
ratio, W is the bandwidth, and Rb is the data rate.

Denote the processing gain (PG) as

PG, = lO-logm(%b) )

Then, from (1) and (2)

E,

= SINR,, + PG, (3)

0 JdB

Equation (3), implies that for a required (£, /N ), »

we can determine a suitable spreading factor or

processing gain according to the received SINR.
Figure 2 shows an example of CDF of the received

SINR with multiple rate adaptation regions. The key
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Fig. 2. An example of the CDF of the received SINR.

question for the multi-state rate adaptation is how to
design the multiple SINR thresholds. We suggest the
following procedures to determine these thresholds for
rate adaptation:

1. Set the required block error rate (BLER). For
example, 10 % of BLER is required in the
WCDMA system for moving propagation
conditions as specified in [7][8].

2. Determine the corresponding E, /N, for the

required BLER through simulation. For BLER
equal to 10 %, the required E, /N, is 7 dB.

3.  Based on (4), calculate the required SINR
thresholds for different spreading factors.

n = (Eb /No )required,dB -10- 1Oglo SFz (4)

where SF=2%, i=1 to 3.
By putting these thresholds into the CDF curve, we
can determine the analytical average throughput as
follows.

Throughput

average

= Z prob(state,)- Throughput(state,)
(5)

The analytical throughput can be used to verify our
simulation results.

We consider two compensation schemes for rate
adaptation.

Figure 3 and 4 show the increment compensation
and direct compensation for rate adaptation with 4
states, respectively.

A. Rate Adaptation with Incremental Compensation

To adapt data rate with incremental compensation,
the next state of adaptation can only be one of the
neighboring states or the current state itself. For
example, if the current system state is in ‘SF=16’, and
the SINR measurement is lower than 77,, then the

next state will be state ‘SF=64" although the measured
SINR might falls in the region of state ‘STOP’ state.
On the contrary, if the received SINR is higher than
7, for the state ‘SF=16’, then the next state will be

‘SF=4".
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Fig. 3. Multi-state rate adaptation model with
Incremental Compensation.
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B. Rate Adaptation with Direct Compensation

For rate adaptation with direct compensation, the
next state is the region matching the received SINR. In
this case, we can increase or decrease data rate much
faster so as to truly reflect the actual channel
condition.

Fig. 4. Multi-state rate adaptation model with direct
compensation.

III. TRANSPORT FORMAT (TF) SELECTION

A. Background

In WCDMA systems, when we adapt data rates, we
need to select a different transport format (TF) to
change spreading factors. The TF is defined as a
format offered by MAC to the layerl for the delivery
of a transport block set (TBS) during a transmission
time interval on a transport channel. There are some
attributes in each transport format:

1. Dynamic Part:

(a) Transport Block Size;
(b) Transport Block Set Size;
2. Semi-static Part:
(a) Transmission Time Interval;
(b) Error protection scheme to apply;
(c) Coding rate;
(d) Static rate matching parameter;
(e) Size of CRC;

By selecting different Transport Block set size as
shown in Table 1[9], we can get the different
spreading factors. When Transport Block Set Size
changes from 320 to 5760, the number of blocks per
TTI (ex.20 msec.) become 1, 2, 4, 8, and 18. So we
can select different TF per TTI to match different SF.
And the desired SF is based on the channel condition.

B. Proposed TF Selection Procedure
In order to utilize radio resource effectively and

achieve the QoS requirement, it very critical to choose
a proper Transport Format (TF). There are usually

four input parameters for TF selector: 1) Buffer
Occupancy (BO); 2) RLC SDU Delay; 3) service
priority; and 4) link quality. BO is the number of
bits in the RLC layer's buffer [10]. RLC SDU delay is
the time which service's data goes through the RLC
layer. A service with higher service priority will be
transmitted with more radio resource (it means higher
rate or serve earlier). Link Quality indicates the quality
such as BER or SNR of physical layer.

Parameter SF=64 | SF=32 | SF=16 | SF=8 | SF=4
Information bit rate 1 64 128 256 384
[kbps]
DPDCH (Physical
Rate)[kbps] 60 120 240 480 960
Transport Block
Size(bits) 320 320 320 320 320
Transport Block Set | 35, | 640 | 1280 | 2560 | 5760
Size(bits)
Transmission Time 20 ms| 20ms | 20 ms | 20 ms | 20 ms
Interval
Transport Blocks per
TTI 1 2 4 8 18
Type of Error Conv. | Conv. | Conv. | Conv. | Conv.
Protection Coding|Coding | Coding | Coding | Coding
Coding Rate 1/3 1/3 1/3 1/3 1/3
Rate Matching attribute| 256 256 256 256 256
Size of CRC 16 16 16 16 16

Table 1. Transport Format Set in the Scheme.

Figure 5 shows the block diagram of TF selector in
the MAC layer and its relation to the RRM and RRC.
When the connection is established, the Radio
Resource Management Controller (RRMC) will assign
a group of TFs (also named TFS, transport format set)
according to the type of services. Each connection has
different service priority. When the data bits enter the
RLC layer, they will be buffered into the queue first,
and then RLC controller divides data into multiple
blocks with proper size according to the TF indicated
from the TF selector. The TF selector makes the
decision according to the four parameters mentioned
above.

Proposed
Crrterion for
Scheduling

Fig. 5. System block diagram of TF selection.



Figure 6 shows the TF selection procedures.
At the setup time:
(1) RRMC will send TFS and service priority to
TF selector.

At the (n-1)th frame time:

(2) After data is buffered in the queue of RLC, RLC
will send primitives to TF selector including BO
and RLC SDU delay.

(2) TF selector gets the link quality information

from physical layer.

At the nth frame time:

(4) TF selector determines a proper TF and send to
RLC layer based on the four input parameters
received in the preceding frame time.

(5) RLC cut the indicated data from its queue and
send it to Mac layer.

(6) TF selector sends transport blocks to physical
layer and TFI for multiplexing to TFCI.

(7) At last, TFCI is sent to physical layer.

Uplink TF Selection Procedure

UE UE UE MAC TFI Mux UE UTRAN
RRMC RLC TF selector to TFCI PHY layer PHY layer
Setup  [| (1) 7Fs & priofd
I @eos || ||
R RLC SDU delay
TTH(n-1) (3) Lihk Quality (by feefiback ch.)
(@TF
71 (n) (5) Data
(6) TFI
(6) Data
(7) TRCI

F igi 6. TF Selection Procedures.

C. Proposed Cost Function for Multi-Service TF

Selection

Basically a service with higher priority will be
transmitted with more radio resource, i.e. with higher
rate or to be served earlier. In the conventional system,
a service with higher priority will get the total
transmission resource per TTI. Thus the lower one
can get the right to transmit only after the service with
higher priority has an empty buffer. This strictly
priority method will cause a large delay for the service
with low priority and waste radio resource. For
example, when the service with higher priority only
has two blocks in its own buffer to be transmitted, if
the channel condition actually can allow the user to
transmit eight blocks at this TTI, then the strictly
priority method does not utilize the radio resource
efficiently since it wastes six blocks space in this TTI.
This situation usually happens when the service with
higher priority transmits in the lower rate than the total
available rate.

In order to utilize the transport resource effectively,
we propose a cost function incorporating the priority,
the buffer occupancy and the number of blocks to be

transmitted and apply this cost function for TF
selection. The proposed cost function for TF selection
is written as follow.

Cost = min[i (prii2 (BO, —TBS, ))2 ) (6)
i=1

where pri, is i" service’s priority, BO, is the "
service’s buffer occupancy, and 7BS,is the number

of transport block sets for the i service. Based on (6)
the TF selector will calculate all the possible TBS

combinations among services per TTI to find the TBS

combination to minimize the cost. For example,

assume the total available resource is three blocks in

the next TTI. Service 1 with priority 10 has two blocks

in its buffer for transmitting and service 2 with priority

5 has three blocks in its buffer. Then the possible TBS

combinations are listed in the following table:

Poss1b'le TBS TB Sl B Sz Cost

combination
1 2 1 2500
2 2 0 5625
3 1 2 10625
4 1 1 12500
5 1 0 15625
6 0 3 42500
7 0 2 40625
8 0 1 40000
9 0 0 45625

According to the definition of the cost function in
(6), the TBS combination 1 has the minimum cost.
Hence the TF selector will choose this TBS
combination for transmitting in the next TTI.

IV. SIMULATION RESULTS

We perform simulation to evaluate the effectiveness of
the proposed joint physical layer multi-state rate
adaptation and MAC scheduling for single service and
multiple services under a Rayleigh fading channel,

Fig. 7 shows an example of the received SINR in
Rayleigh fading channel with Doppler frequency equal
to 5.556. The top plot in Fig. 7 is the actual SINR, and
the bottom one is the measured SIR in every TTI (i.e.
20 msec in this example).

mean SINR per slot

SINR
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TTI, unit 20 ms
Fig. 7. An example of received SINR in a Rayleigh
fading channel with Doppler frequency equal to 5.556.
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Fig. 8. Throughput comparison for different
scheduling schemes assuming perfect SINR
prediction in Every TTI, where TTI equal to 20
msec.

According to the channel condition in Fig. 7, Figure 8
shows the number of blocks successfully transmitted in
every TTI for three cases: 1) no scheduling (top one);
2) two-state scheduling (middle one); and 3)
multi-state scheduling (lowest one). In this simulation,
we assume that the algorithm can perfectly estimate
the mean SINR in the next TTI. In the figure, one can
find that the two-state scheduling can prevent the
unnecessary power consumption when channel is bad,
while the multi-state scheduling not only can save
power, but also improve the throughput. Table 2 lists
the power consumption and throughput for two-state
and multi-state adaptation normalized to the power
and throughput without using scheduling. These
simulations results also match the analytical results
obtained from Eq. (5).

Power Throughput
Two-State Scheduling 81.8 % 84.81 %
Multi-State Scheduling | 94.8 % 260.65 %

Table 2. Power and throughput ratio compared to the
case without scheduling under perfect SINR
prediction.

In practice, we cannot predict SINR perfectly for
the next TTI as the case in Fig. 8. Figure 9 shows the
performance of rate adaptation scheduling algorithms
if the TF of the next TTI is based on the measured SIR
in the current TTI. Table 3 illustrates the power
consumption and throughput of the two-state and
multi-state adaptation normalized to the power and
throughput without using scheduling. Compared Table
2 and 3, one can see that the performance degradation
due to measurement delay for one TTI is not much in
our case.

Power Throughput
Two-State Scheduling 82.0 % 84.02 %
Multi-State Scheduling 94.8 % 258.07 %

Table 3. Power and throughput ratio compared to the
case without scheduling under measurement based
algorithm.

Throughput per TTI without scheduling

10 15 20
Throughput per TTI of Two State

2 30

TTI, unit 20 ms
Fig. 9. Throughput comparison for different
scheduling schemes based on the measured SINR.

Without using ARQ mechanism, Fig. 10 compares
the performance of transmitting an image file with TF
selection and that without using TF selection. The left
picture is the original picture before file transmission
and the other two pictures are the results without and
with TF Selection under proposed multi-state rate
adaptation. One can easily see the picture without TF
selection will lost a lot of blocks, whereas the picture
with TF Selection can adapt the channel variations,
thereby resulting in better performance.

Use TF=
without ARQ

Use TF=
without ARQ

Criginal
Bit-Map picture
Fig. 10. Effect of multi-state rate adaptation on
transmission of an image file.

Now we consider the performance of rate adaptation
by combining TF selection with ARQ retransmission
mechanism. Figures 11 and 12 show the
retransmission ratio and total retransmission time
respectively when we use different number of
transport blocks per TTI to transmit data in Rayleigh
fading channel. Here, we define the retransmission
ratio as

retransmission _time

Ratio @)

retransmission
];otal _ transmission _time

Retransmission will happen when the CRC check
for a data block is detected incorrectly at receiver. In
the retransmission case, the mobile will spend more
TTIs to send the same data until the receiver’ CRC
check is correct. The higher the retransmission ratio is,
the more the errors happen. One can observe that
although the total transmission time is the fewest when
the number of transport blocks equals 18 blocks per
TTI as shown in Fig. 12, but it will also introduce a
large amount of errors as shown in Fig. 11. On the



other hand, although the error happens less often when
the number of transport blocks is 4 and 2 blocks per
TTI, they need a much longer transmission time. Now
we use a TF selector to change the number of transport
blocks dynamically per TTI according to channel link
quality. The retransmission ratio will be just a little
higher than the case using 4 transport block rate per
TTI, but it can save almost 40% transmission time.

Retransmission Ratio

o o o o
[N w = n
T

Retransrnission time/Total transmission time

o

u}
use TF selector 18 =] 4 2
Transport Block Set(TBS) per TTI

Fig. 11. Retransmission ratio with different number of
blocks per TTI.
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Fig. 12. Total transmission time (ms) with different
number of block per TTIL.

In the following, we will show the effectiveness of
the TF selector for multiple services with different
priorities. Here, we assume that a single user transmits
two services with different priorities. Table 4 lists the
selected services and their parameters. The first
service is a real-time audio service, with higher
priority, and the other is a normal data service with
lower priority.

Servicel Service2
Service type Audio(real-time) data
Service priority 10 5
Data rate 72 kbps 72 kbps
Transport block size 320 bits 320 bits
Data amount 282 blocks 282 blocks
Arrival rate 9 blocks per 9 blocks per
(from high layer) | 2 TTT(40ms )| 2 TTI (40ms)

Table 4. Services Information for Simulation

Figures 13 and 14 show the number of blocks queued

in the buffer and the number of blocks available to
transmit for both types of services for the conventional
strict priority based TF selection. Figures 15 and 16
illustrate the performance based on our proposed cost
function based TF selection. For service 1 the queue
length and service time in both systems are similar, but
the queue length in buffer 2 in Fig. 15 is significantly
less than that in Fig. 13 (about 60%). Furthermore, the
service time for service 2 in Fig. 16 is also less than
that in Fig. 14 (about 20%).

These results indicate that our algorithm can utilize the
available transport blocks more effectively and
achieve weighted fairness between different services.
This is because we take into account not only the
priority but also buffer occupancy to minimize the cost
function. Hence, the service with higher priority will
be assigned more transport blocks to reduce the cost.
On the other hand, when the service’s buffer with
lower priority is too large such that the cost increases
drastically, this algorithm also assigns transport blocks
to the service with lower priority. Consequently, the
buffer queue will be reduced.
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Fig.13. Buffer occupancy for each service with
conventional strict priority based scheduler.
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Tl
=]

o 20 40 =i1] 60 100 120 140 160

—
(=]

o
o
=1
=
=1
@
=1
@
=1
=1
=1
o
=1
=
=1
=
=

Mum. of Blocks for ServiceBum. of Blocks for ServicelMurn. of Blocks Availahle
o o B
L L L |

=
[

m O

(=]
o

20 40 =11 a0 100 120 140 160
per TTI

Fig. 16. Available transport resource with proposed
cost-function based MAC scheduler.

V. CONCLUSION

In this paper, we proposed a new multi-state
channel model for MAC scheduling and rate
adaptation in the WCDMA system. This multi-state
channel model for MAC scheduling is developed
based on the cumulative density function of the
received SINR in the physical layer. According to this
model, a set of multiple thresholds can be determined
to adapt channel variations and change spreading
factors via the transport format selection procedures in
the MAC layer.

Moreover, we proposed a new cost function based
selection procedures to incorporate all the important
factors in scheduling, such as service priority, buffer
occupancy, and the number of data blocks to be sent.
This new TF selection algorithm in the MAC layer
combined with the multi-state rate adaptation scheme
in physical layer can achieve the ultimate goals of the
wireless scheduling simultaneously: (1) throughput
enhancement; (2) power saving; and (3) service
fairness guarantee.

One possible research topic extended from this
work is to consider the impact of faster channel
variations and to incorporate other channel quality

prediction schemes to the rate adaptation scheme for
variable spreading factors multi-rate CDMA systems
or adaptive modulations based multi-rate CDMA
systems.
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