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The measurements of physical level parameters can become the area where decisions about cognitive radio will have the most
striking effect. Field-programmable gate array (FPGA) enables real-time analyses of physical layer data to satisfy constraints
like dynamic spectrum allocations, data throughput, and the coding rate. Cognitive radio will be based on simple network
management techniques, using remote procedure calls. Intelligent knowledge-base system (IKBS) techniques will be used to
search the parameter space in selecting changes to the system. Worldwide Interoperability for Microwave Access
(WiMAX) PHY-layer functions will be managed cognitively by a FPGA-based controller to optimize the performance of
the system. Instead of simple bit loading methods, the global multi-criteria optimization promise possibility to adapt more
parameters with respect to several objectives. In this paper, the application of particle swarm optimization to fixed
WiMAX-OFDM (Orthogonal Frequency Division Multiplexing) parameter adaptation is presented and compared with
the greedy bit loading algorithm.
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I . I N T R O D U C T I O N

The instant WiMAX parameters relies nowadays only on
information available at the base station (BS). Adaptation of
parameters like channel state information (CSI), carrier fre-
quency offset (CFO) modulation type, frequency index,
antenna gain, or beamforming is only possible within a prede-
fined set of configuration values and is not influenced by any
feedback of the subscribers. Recent research proposed to
increase the performance and quality of service by adding a
processor to the physical layer of the subscriber [1] or the
BS [2]. The proposed BS processor allows to adapt the par-
ameters dynamically but the decision process depends fur-
thermore only on information accessible at the BS. Limberg
et al. [3] presented a technical description of a fully program-
mable multi-core baseband processor for LTE/WiMAX
terminal, which has a dedicated run-time scheduler hardware
unit. The intelligence knowledge-based system (IKBS) pro-
posed in this paper extends the baseband processor role to
send feedback from the subscribers to the BS. The BS will
use this additional information to further increase the
quality of service. A particle swarm optimization (PSO) is
shown as an example of the optimization technique for
fixed WiMAX-OFDM parameters.

An OFDM technology, supported by both Wireless
MAN-OFDM and WirelessMAN-OFDMA WiMAX modes

prompts to adapt several basic radio parameters. For
example, the power of individual subcarriers and modulation
order can be adapted to actual channel state. Besides the stan-
dard bit loading methods represented by a greedy algorithm
[4], the adaptation of the OFDM system parameters can be
done with the use of global optimization methods. A discrete
form PSO [5] has been proposed for the use in cognitive
radios by Zhao et al. in [6]. In that paper, the maximization
of data throughput and the minimization of bit error rate
and total transmitted power have been considered as the adap-
tation criteria. As the simulated results have demonstrated, it
is not easy to fulfill all these criteria in the same time, so a new
criterion of desired data rate is defined in this paper.
Moreover, the possibility of switching-off the subcarriers has
been added, depending on the actual radio channel conditions
and user needs.

The rest of the paper is organized as follows. Section II illus-
trates WiMAX-OFDM frame structure in frequency and time
domain and shows how the frequency index relates to an
OFDM symbol. Section III describes the proposed IKBS that
works cooperatively between the BS and the subscribers by
incorporating processors into the physical layers of WiMAX.
Section IV describes the PSO, which has been chosen as an
example of the optimization technique that could be applied
in the IKBS. Section V shows the simulation results of the
PSO and greedy algorithm in the WIMAX-OFDM-256.

I I . W I M A X − O F D M − F R A M E
S T R U C T U R E

A frame-based transmission has been used in the
WiMAX-OFDM. The frame duration is a central periodic
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time based on the frame start preamble, which has been
selected by the BS, and which should not be changed. The
allowed specific frame durations are 2.5, 4, 8, 10, 12.5 and
20 ms. A frame consists of a downlink and an uplink
subframe.

As shown in Fig. 1, the OFDM symbol is made up from 256
subcarriers which are classified to three subcarrier types: data
subcarriers, pilot subcarriers, and null subcarriers. The basic
structure of a WiMAX-OFDM frequency domain has 256
subcarriers (NFFT) spread over 3.5 MHz bandwidth with
15.625 kHz subcarrier spacing as determined by the IEEE
802.16 WirelessMAN-OFDM [7]. In the WiMAX-OFDM
the data subcarriers are dedicated for data transmission and
200 out of 256 subcarriers are used. The eight pilot subcarriers
are dedicated for various estimation purposes. The null sub-
carriers are not used for transmission at all, such as the
lower 28 frequency guard subcarriers, the higher 27 frequency
guard subcarriers, and the one and only one DC subcarrier
(center frequency).

WiMAX is a point-to-multipoint protocol (PMP) provid-
ing equipment manufactures and operators with a standard
for access profiles as well as known interoperability levels
allowing for multi-vendor environments. PMP is a concept
where multiple subscribers, Fig. 2, can access the same radio
platform using multiplexing methods as well as queuing.
The PMP protocol used is a connection-oriented system
that can take on a star or mesh configuration using frequency
division duplex or time division duplex. Forward error correc-
tion operations are combined with quadrature phase shift
keying (QPSK), 16-state quadrature amplitude modulation
(16QAM), and 64-state QAM (64-QAM); therefore, radio
link quality is a function of coverage and interference couple
with modulation format used in an allotted bandwidth and
spectrum as shown in Fig. 1 [7].

Figure 1 shows the sub-channel frequency index consisting
of three categories. The data subcarrier index range is 2100 ≤
k ≤ +100, exempt the pilot subcarrier indices (288, 263,
238, 213, 13, 38, 63, 88), and the DC subcarrier index
(k ¼ 0). The other two null subcarrier ranges are the lower
(2128 ≤ k ≤ 2101) and the higher (+101 ≤ k ≤ +127) fre-
quency guard subcarrier bands.

Figure 3 illustrates a WiMAX frame-based timing diagram.
In Framen21, the BS periodically broadcasts the frame control
header (FCH), which includes a downlink (DL-MAP) and
uplink (UL-MAP) map. All subscribers obtain the DL-MAP
for the current frame and the UL-MAP for the current or
future frames. The subscribers on receipt of the DL-MAP

and UL-MAP are ready to calculate their downlink and
uplink burst times (frequency index and time slots) depending
on the offsets. For instance, in the downlink subframe time,
SS1 gets the first burst data then SSi and followed by the last
burst data, which is for the SSn station. In the uplink subframe
time, the data bursts sequence is SS2, SS1, SSn then SSi. The BS
has planed these bursts.

In Framen, a different map has been broadcasted as an
FCH, for the downlink subframe time. SS1 gets the first

Fig. 1. WiMAX-OFDM-256 sub-channel index diagram.

Fig. 2. WiMAX PMP topology.

Fig. 3. WiMAX frame-based timing diagram.
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burst data with more bandwidth than in the previous frame.
SSn has not got a chance to receive data in this downlink sub-
frame due to contention. For the same reason, SS1 cannot send
information in the uplink subframe, whereas SSn gets a possi-
bility for both, downlink and uplink, subframes.

In an UL-subframe, all subscribers usually ask for bandwidth
request for download/upload bursts. IKBS proposes that all sub-
scribers could additionally use the UL-burst time slot to send a
feedback to the BS. This feedback contains instant information
about the channel parameters, which could be useful to create
an efficient FCH (DL-MAP and UL-MAP).

I I I . I K B S P R O C E S S O R

The proposed IKBS works cooperatively between the BS
and the subscribers by incorporating processors into the
physical layers of each side. Figure 4 shows the IKBS is
acting as a close-loop system whereas the broadcasted
FCH (DL-MAP+UL-MAP) content depends on a BS pre-
knowledge and an additional feedback of the subscribers
through a previous uplink subframe (UL-burst). The feedback
contains instantly measured parameters, which could be con-
sidered from the subscriber in the current frame like e.g.
signal-to-noise ratio, error rate, CSI or CFO. The IKBS con-
trols instantly the parameter of the configurable functions,
which are already available in the WiMAX physical layer [7].

I V . P A R T I C L E S W A R M
O P T I M I Z A T I O N B A S I C S

PSO has been initially proposed as an optimization technique
for the use in real number spaces [8]. A new potential solution
is represented as a particle having position xid and velocity vid

in a D-dimensional space. Each ith particle keeps a record of
the position of its previous best performance in vector pid

(personal best). The velocity vid is adjusted according to the
best previous position of ith particle and the best previous
position from any other particles in the neighborhood (pgd)
(global best). The velocity of the ith particle is adapted accord-
ing to the iterative expression [8]

vt
id = vt−1

id + c1r1 pt−1
id − xt−1

id

( )
+ c2r2 pt−1

gd − xt−1
id

( )
, (1)

where r1 and r2 are random positive numbers from interval
k0,1l. Variables c1 and c2 denote acceleration coefficients (per-
sonal and global scaling factor), index d corresponds to the
dimension index of the solved problem and t represents the
iteration index. After the velocity iteration, a new position
of ith particle is calculated as

xt
id = xt−1

id + vt
id. (2)

A discrete binary version of PSO has been proposed in [5]
in order to apply the method to problems with parameters
better represented in the form of discrete binary variables
instead of real ones. Two basic differences between continuous
and discrete PSO are:

– The particles are represented as variables in binary form
instead of the real numbers.

– Velocity has been transformed into the change of prob-
ability. It means chance of the binary variable taking the
value 1.

Details about the method itself are out of scope of this
paper and can be found in the original work [5] or in the
recent paper dealing with its use in cognitive radios [6]. In dis-
crete PSO, a position of ith particle at iteration t is described
by a vector xt

i = xt
i1, xt

i2, . . . , xt
iD,

[ ]
, where D (solution space

dimension) is the number of bits to represent a particle xi
t.

This number of bits is determined by the range and the
necessary precision of the optimized parameters.

The performance of each particle is evaluated through the
fitness function f. The fitness function can be expressed as
the combination of several objective functions fk:

f =
∑

k

wkfk, (3)

where wk are the weighting coefficients. In our experiments
two objective functions have been used. All the objective func-
tions have been set up to approach value 1 in the optimal situ-
ation. The first objective function is minimizing the bit error
rate (BER) as used in [6]:

f1 = fBER = 1 − log10 (0.5)

log10 (Pbe)
, (4)

where Pbe denotes the average BER over N subcarriers. To
achieve the constant data rate, we have defined second objec-
tive function:

f2 = fDATA = 1 − T−1 ∑N
n=1 log2 Mn − Rd

Rd

∣∣∣∣∣
∣∣∣∣∣, (5)

where T is a duration of OFDM symbol, Mn denotes the
modulation order on nth subcarrier and constant Rd is a
total desired user defined data rate. As the data rate allocated
on the OFDM subcarriers approaches desired data rate Rd, the
objective function tends to 1. According to our simulation
results, this criterion relaxed the requirements in contrast
with data rate maximization criterion. As a result, the data
rate assigned to subcarriers corresponds better to the subcar-
rier channel gains as will be presented in the result section.Fig. 4. The proposed IKBS processors.
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V . A P P L I C A T I O N T O F I X E D W i M A X

A) Simulation setup
The PSO adaptation method according to the above-
described algorithm has been applied to
WirelessMAN-OFDM physical layer (fixed WiMAX), [7].
The fast Fourier transform (FFT) of length 256 is per-
formed in this case. Some the most important physical
layer parameters are summarized in Table 1. The PSO
algorithm has been tailored to specific properties of fixed
WiMAX. The data subcarriers (192 in total) are divided
into 16 subchannels. There are thus 12 subcarriers in
each subchannel. The positions of subcarriers in the sub-
channels are non-contiguous, and are defined in standard
[7] as shown in Fig. 1.

The adaptation has been performed individually for each
subchannel. In each run of the PSO, 12 non-contiguously
placed subcarriers have thus been adapted. The possibility to
assign zero power on the subcarriers with low SNR was
used in order to exclude the deep-faded subcarriers from the
transmission. The vector xi

t, describing the ith particle thus
contains 1 bit per subcarrier to store the information about
the actual use of the corresponding subcarrier. The modu-
lation types used in the simulations were BPSK, QPSK,
16QAM, and 64QAM. Two bits per subcarrier are necessary
to represent the information about the used modulation
type. The searching space dimension is equal to 36 bits per
each subchannel. The number of particles equal to 50 has
been found optimal for this setup as the compromise
between a convergence and complexity. The particle’s posi-
tions in vectors xi

t have been initialized randomly. The weight-
ing coefficients in the fitness function have been set equally:
w1 ¼ 0.5, w2 ¼ 0.5. After approximately 20 iterations, the
fitness function converged to the desired value 1 and the
optimization has been terminated. The global optimum is
preferred (global scaling factor c2 ¼ 4, personal scaling
factor c1 ¼ 0.8).

As the BPSK and M-QAM modulations on the
subcarriers have been expected, the bit error rates that enter

equation (4) have been calculated using one of the well-known
equations [9]:

Pe =
1
2

erfc

���
Eb

N0

√( )
, (6)

Pe ≈
1

log2 M
2 1 − 1���

M
√

( )
erfc

���
Eb

N0

√( )( )
, (7)

where Eb denotes the energy of signal with the lowest ampli-
tude, N0 is a channel noise power spectral density, and M
the modulation order for the case of M-QAM.

In order to estimate the optimization performance, the
Stanford University Interim (SUI) frequency selective
models [10] for fixed wireless applications have been con-
sidered. As the duration of OFDM cyclic prefix is 8 ms, the
SUI-4 and SUI-3 models have been used thorough the simu-
lations with maximum delay spread of 4 and 1 ms and with K
factor 1. The additive white Gaussian noise with constant
power spectral density in the whole frequency band of
operation has been expected.

The optimization using the PSO has been also compared to
greedy method [4], the one of the standards bit loading algor-
ithms. Its basic function can be described as follows. If nth
subcarrier already carries bn bits, the power needed to trans-
mit one additional bit is

DP+
n = 2bn

gn
, ∀n, (8)

where gn is the channel gain to noise ratio of nth subcarrier.
The bit-filling method then assigns additional bit to the sub-
carrier with the lowest DPn

+ needed. An important conclusion
from this is that a basic greedy algorithm always moves in one
direction – the bits can be added (bit-filling) or removed
(bit-removal) only. As the radio frequency channel varies
with time, the greedy algorithm has to be reset to the initial
state. On the contrary, employing global optimization
methods represented by the PSO, the particles can use their
previous state for a re-adaptation.

B) Results
The maximum number of bits (no channel coding assumed
for simplicity) per one WirelessMAN-OFDM symbol is
equal to 192 × 6 ¼ 1152 bits (all subcarriers in all subchan-
nels used with 64QAM). The optimization goal has been to
minimize the BER and to achieve a data rate corresponding
to 800 allocated bits in one OFDM symbol (approximately
70% of maximum data rate). The results for single realization
of the SUI-3 channel and both the PSO and greedy method are
presented in Figs 5 and 6, respectively. Corresponding channel
attenuation, symbol error rate (SER) and assigned subcarrier
bits are shown for each subcarrier. Moreover, the data/pilot
indicator (1 for data, 2 for pilot) is added to Fig. 5 in order
to emphasize different uses of the subcarriers. As can be
seen from these figures, the number of bits allocated to
individual subcarriers correspond inversely to the channel
attenuation.

In the next experiment, the performance of PSO and
greedy bit allocation has been compared for varying channel

Table 1. OFDM parameters used in WiMAX.

Parameter Fixed WiMAX
OFDM-PHY

Mobile WiMAX scalable
OFDMA-PHY

FFT size 256 128 512 1024 2048
Number of used data

subcarriers
192 72 360 720 1440

Number of pilot
subcarriers

8 12 60 120 240

Number of null/
guardband subcarriers

56 44 92 184 368

Cyclic prefix or guard time
(Tg/Tb)

1/32, 1/16,
1/8, 1/4

Channel bandwidth
(MHz)

3.5 1.25 5 10 20

Subcarrier frequency
spacing (kHz)

15.625 10.94

Useful symbol time (ms) 64 91.4
Guard time (1/8) 8 11.4
OFDM symbol duration

(ms)
72 102.9
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maximal delay spread. The delay spread has been varied from
0.5 to 7 ms and both methods were used to adapt the OFDM
parameters. The simulations have been carried out for three
different percentages of maximum data rate 225, 70, and
100%. The average BER’s for both greedy and PSO are
shown in Fig. 7. The PSO outperforms the greedy algorithm
for lower required data throughputs. Inversely, the use of
the greedy algorithm results in lower BER for 70% of
maximum data rate. The both methods perform the same in
the case of maximum data throughput required, as there is
no other option than to assign 64-QAM on all subcarriers.

Performance of both used methods almost does not depend
on the maximal channel delay spread (in condition that
delay spread does not exceed the guard interval duration
8 ms).

V I . C O N C L U S I O N A N D F U T U R E
W O R K

Of the possible control mechanisms an IKBS processors have
been proposed, which work cooperatively between the BS and

Fig. 6. Greedy algorithm results for SUI-3 channel. Channel attenuation, SER, and assigned subcarrier bits as a function of subcarrier index.

Fig. 5. PSO optimization results for SUI-3 channel. Channel attenuation, SER, assigned subcarrier bits, and data/pilot indicator as a function of subcarrier index.
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subscribers by incorporating processors into the physical
layers. The proposed system will be based on simple
network management techniques, using remote procedure
calls, whereas the processor is mainly used for management
tasks. Signal-to-noise ratio, error rate, CSI, CFO, and
dynamic spectrum allocations are the main parameters,
which could be improved using baseband processors (IKBS
processors). As an example of the suitable technologies, the
application of PSO to fixed WiMAX OFDM parameter
adaptation has been presented.

A new objective function – difference between user-defined
data rate and actual data rate has been proposed. The per-
formance of particle optimization in the RF channel has
been compared to the performance of greedy algorithm. As
the real radio frequency channel varies with time, the greedy
algorithm has to be reset to the initial state, while using
global optimization methods, represented by the PSO, the
particles can use their previous state for a re-adaptation.
Moreover, the additional objective functions can be defined.
The experiments with bandwidth minimization are currently
investigated (inner subcarriers can be preferred against the
outermost), etc.

The system will be implemented on an FPGA for
WiMAX-OFDM-256. FPGA technology allows configuring
physical layer functions through a baseband processor
in real time according to BS decisions. In future work
the proposed idea of an IKBS processors using PSO
could be extended to mobile WiMAX, MIMO, or LTE
technologies.
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