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Abstract The explosion of new wireless communication technologies and ser-
vices has led to the increase in spectrum demand. The fixed spectrum allocation
approach has resulted in current day spectrum scarcity and poorly utilized licensed
spectrum. In order to overcome these problems, a new concept of accessing the
spectrum, defined as dynamic spectrum access (DSA), is proposed. DSA mecha-
nism enables unlicensed or cognitive users (CUs) to temporarily utilize a spectrum
hole for a period of time. In this work, DSA based on cognitive radio (CR)
technology is chosen due to its features of able to sense, learn, adapt and react
according to the environment. The proposed design of the system consists of four
main functional blocks: spectrum sensing, spectrum management, spectrum
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decision and data transmission. Spectrum management is further divided into three
parts: spectrum identification, synchronization and link management. This paper
focuses on the establishment of link management module in simplex mode. The
implementation is done using GNU Radio and USRP SDR platform. The GMSK
based and IEEE 802.15.4 standard radios, equipped with DSA capability using CR
technique, have been developed and tested. The results show that the link module
has successfully maintained CU’s seamless communication while the DSA
mechanism offers significant improvement in terms of achieved packet rate
ratio (PRR).

Keywords Dynamic spectrum access - Cognitive radio - Spectrum sensing -
Spectrum management and spectrum decision

1 Introduction

There has been tremendous demand for radio spectrum recently due to emerging of
new wireless communication technologies and services such as long term evolu-
tion (LTE) and LTE-advanced. Traditional static spectrum allocation policies as
practiced in many countries including Malaysia has resulted in spectrum scarcity
as most radio bands are already assigned to users by the regulators. However, a
number of spectrum occupancy measurements [1-4] has shown that the licensed
spectrum is poorly utilized where some bands are overcrowded while other por-
tions are moderately or rarely utilized as shown in Fig. 1. Cognitive radio (CR) is a
promising technology to provide highly reliable communication for all users in the
network wherever and whenever needed and to facilitate efficient spectrum utili-
zation. It promotes spectrum sharing approach where unlicensed or cognitive users
(CUs) are allowed access to licensed channel as long as there is no interference to
licensed or primary users’ (PUs) transmission.

There are two basic approaches of spectrum sharing which are the underlay and
overlay. Underlay approach allows CUs to simultaneously share the spectrum with
licensed user but the transmission of information is strictly limited to be below the
designated threshold [5, 6]. In contrast, the overlay spectrum sharing prohibits CUs
to simultaneously use the same frequency which is in use by PUs. Hence, CUs
have to robustly identify a spectrum opportunity (spectrum hole).

Dynamic spectrum access (DSA) is an enabling technology for overlay spec-
trum sharing. IEEE 1900.1 working group defined DSA as a technique which
enable a radio to dynamically change its operating frequency in real-time based on
the condition of the environment and the objectives of the system [7, 8]. With
DSA, CUs can temporarily utilize unoccupied bands but need to be sufficiently
agile to vacate the space (time, frequency or spatial) once PUs are detected as not
to cause harmful interference [5-8].
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Fig. 1 Local spectrum utilization [1]

DSA can be realized through a number of available technologies, which include
adaptive radio [9], cognitive radio (CR) [10], and reconfigurable radio [11, 12].
The most appropriate means to realize these radios are through the use of several
existing software defined radio (SDR) platforms in the market [13—19]. A working
prototype of DSA hardware implementation using GNU radio and USRP is
presented in [20]. The work utilizes energy detector as its sensing method.
Synchronization between two communicating CUs is established using simplex
mode. A CU transmitter senses the channel to determine its status before the
packet is transmitted. Each time it changes channel, CU transmitter will broadcast
a number of synchronization packets on the found free channel. By sweeping
channel and detecting the transmitted synchronization packet, the channel used by
CU transmitter will be known by CU receiver.

In the work presented here, a similar DSA based CR system is developed using
universal software radio peripheral (USRP) and GNU radio as hardware and
software platforms, respectively. The proposed design consists of four main
functional blocks which are spectrum sensing, spectrum management, spectrum
decision and data transmission. However, the process of establishing communi-
cation between two CUs is further enhanced and made more effective by having a
link management module, integrated with spectrum identification and synchroni-
zation as parts of spectrum management. This module is in simplex mode and is
responsible for spectrum mobility where seamless communication requirements
for CUs are maintained during the transition to better spectrum. An open platform
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technology is also utilized to facilitate flexible modification according to users’
requirement and specification.

The rest of the paper is organized as follows. Section 2 presents the design
concept of DSA based CR system. The details of Link Management module is
explained in Sect. 3. The CR network model is introduced in Sect. 4 while Sect. 5
discusses the implementation set-up and the results. The conclusion of this paper is
outlined in Sect. 6.

2 Design Concept of CR System for DSA

The proposed design of the CU system with DSA is illustrated by the block
diagram in Fig. 2. It consists of four main functioning blocks: spectrum sensing,
spectrum management, spectrum decision and data transmission. Spectrum sens-
ing is used to sense the spectrum and detects the presence of the PU on the scanned
spectrum. Spectrum management is responsible for identifying the spectrum hole
(spectrum hole identification), establishing synchronization and managing links
with other CUs or secondary users (SUs).

Spectrum decision is responsible for summarizing the output from spectrum
management which is the availability of the spectrum hole, the status of the
synchronization and the status of the link and make decision on when and how to
communicate, for instance the use and how long the channel can be utilized. Last
but not least, the data transmission which functions is to forward data packets to
the USRP (i.e. assemble and transmit the data). This paper highlights the work on
link management in spectrum management module. More details on the operation
of the CU can be found in [21].

3 Link Management

Link management resides in spectrum management module in the designed CR
system. It is responsible for keeping seamless communication between CUs even
when it changes its physical parameter such as the channel identification (id) used
or spectrum band. In this work, the link management is in simplex mode. How-
ever, it can be easily extended to duplex mode as the system is built on open
platform. The design of link management considers that the control packet has
been successfully carried out.

The link management process begins after CU senses the spectrum hole. As
shown in Fig. 3, once spectrum hole is found, CU transmitter will initiate syn-
chronization and connection id with the corresponding CU receiver by sending the
control packet using the default channel (channel 20 as in Table 1). This is to
ensure the corresponding CU has been informed that communication between both
parties will begin or resume using the identified channel. Channel 20 is chosen as
the default channel as it does not interfere with the neighboring access point.
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Table 1 Chann.el and Channel Frequency (GHz)

frequency used in CR system

20 1 2.404

[20]
2 2.408
3 2412
4 2416
5 2.420
6 2.424
7 2.428
8 2.432
9 2.436
10 2.440
11 2.444
12 2.448
13 2.452
14 2.456
15 2.460
16 2.464
17 2.468
18 2472
19 2.476
20 2.480
21 2.484
22 2.488
23 2.492
24 2.496

The same process for sending data is repeated for the next time frame using the
next identified spectrum hole as shown in Fig. 3.

In this figure, T, is the sensing time equal to 31.59 ms. T,,, is the signal
propagation delay as given in Eq. 1;

d
Tprop = v (1)

where d is the distance between the transmitter and the receiver which in this case
is equal to 0.66 m, and v is the speed of the speed of the light (300 x 10° m/s).
Thus T}, is equal to 2.2 ns. Tdf is the data packet transmission time and can be
derived using Eq. 2,

Tdf = Tpx (No. of Packets) (2)
F
Ip = T (3)

where F is the frame size, L is the link rate and Tp is the time needed to transmit a
packet of data and can be calculated using Eq. 3. The frame size in GMSK based
radio is 2 packet/frame and Tp is equal to 65.744 ms. Therefore Tdf is equal to
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131.488 ms. 9, is offset which is needed by the CU receiver to stabilize after
changing to a new channel or spectrum band. Since USRP is used in this study and
its response on the channel and spectrum band changes is very fast, therefore 9, is
set to zero. J, is the remaining time until the next frame and can be calculated
using Eq. 4;

8 = Tt — Tdf (4)
In this work, Tt is equal to 192.25 ms. Therefore, J, is equal to 60.762 ms. The
utilization of the link can be calculated using the following equation:
U Tdf
 Ts+ 2Ty + 6y + Tdf + 6,

(5)

Putting all the value in the equation gives U equal to 0.6839. The dominant
parameters which degrade the utilization of the CR system is Ts and J,. The
utilization can be improved by minimizing Ts and J, and it can be done as follow:

e Using faster and more powerful computer to execute the GNU Radio as this will
speed up the processing of the signal processing block of the GNU Radio.

e Using joint sensing and data transmission as proposed in [22]. This technique is
better if it is used with USRP2 which provides better bandwidth to exchange the
data from SDR hardware to the GNU Radio.

e Choosing a lower sensing time for the CR system. However, this will degrade
the Pd and Pfa.

4 CR Network Model

Figure 4 illustrates the CR network model used in this work. In this figure, PU and
CU radios are operating in the same frequency band which in this work is at
2.4 GHz ISM band. The frequency started at 2.404 GHz which is channel 1 and
end at 2.496 GHz which is channel 24. CU is assumed to operate in the PU
coverage area.

4.1 CU Characteristics

Table 2 shows the parameters used by CU in this work. There are two types of CU
radio system tested which are the GMSK based radio and IEEE 802.15.4 standard
radio. Both radios operates in ISM 2.4 GHz band. The link rate of GMSK based
radio is 500 kb/s and the bandwidth is 1 MHz. The maximum payload size of the
radio is 4085 bytes which is limited by the maximum value of packet length in
MAC header. The length can be increased by adding the size of the packet length
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Table 2 Parameters used for SU radio

Parameter GMSK based IEEE 802.15.4 standard
Modulation GMSK 0-QPSK

Bitrate 500 kb/s 256 kb/s

Band 2.4GHzISM Band 2.4GHz ISM Band
Bandwidth 1 MHz 3 MHz

Max. payload size 4085 bytes 128 bytes

MTU 4108 bytes 156 bytes

in the PHY header. The maximum transfer unit (MTU) for the GMSK based radio
is 4108 bytes. For IEEE 802.15.4, the link rate is 256 kb/s with the bandwidth of
3 MHz. The modulation used in this radio is offset quadrature phase shift keying
(O-QPSK) and the maximum packet length allowed is 128bytes and the MTU is
156 bytes.

4.2 PU Characteristics

The parameters used for the PU radio in this work are listed in Table 3. PU is
operating in the same band as CU which is the ISM 2.4 GHz. This is to prove that
PU and CU can share the same band. The bitrate of this radio is 500 kb/s with
1 MHz bandwidth. The modulation used for PU radio in this work is the differ-
ential phase shift keying (DQPSK) and the packet size transmitted is 1500 bytes.
PU on and off time is based on work in [23] which is 352 and 650 ms, respectively.
PU packet is generated every 30 ms within the on time.
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Table 3 Parameters used for

> Parameter PU Radio
PU radio -
Modulation DQPSK
Bitrate 500 kb/s
Band 2.4GHz ISM Band
Bandwidth 1 MHz
Pkt Size 1500 bytes

5 Implementation Setup

In the implementation of the CR system, four USRPs, one laptop and one personal
computer (PC) were used as shown in Fig. 5. PC with USRP A acts as the CU
receiver, PC with USRP B as the monitoring node (the spectrum analyzer), laptop
and USRP C as the CU transmitter and laptop with USRP D acts as the PU
transmitter. Daughter board used for this implementation is RFX2400 which
covers frequencies from 2.3-2.9 GHz. In this implementation, only two channels
are used as prove of concept purposes. The channels are channel 22 (2.488 GHz)
as channel A and channel 23 (2.492 GHz) as channel B. These channels are
considered since they do not overlap with the neighboring access points (WLAN)
which can interfere with the USRP frequency operating at 2.4 GHz band.

5.1 Results of CR Network Implementation
on GMSK Based Radio

The graphical results of the GMSK based CR network implementation are pre-
sented in Fig. 6a—d. In Fig. 6a, it is observed that PU and CR transmitters are
transmitting at different channel frequencies in the same band; the signal with
lower amplitude transmitting at 2.492 GHz is the CU signal with GMSK modu-
lation while the higher one transmitting at 2.488 GHz is the PU signal with
DQPSK modulation.

When PU appears on the channel where the CU is currently transmitting as
shown in Fig. 6b, CU will stop its transmission as shown in Fig. 6¢c. CU will
search for another free channel. Once the free channel is identified, CU will
continue its communication by using this new free channel or spectrum hole as
shown in the picture in Fig. 6d.

It is crucial for CU to change the channel frequency used not only to give the
PU privilege of using the channel but also to protect it from interference. Figure 4
shows that the effect of interference on CU’s packet reception rate for GMSK
based radio. As shown in Fig. 7, with only 50% power transmission by PU, the
packet reception rate (PRR) of CU drops to 0.084, a reduction of 91.6% from the
original value.



416 M. Adib Sarijari et al.

(a) (b)

(c) (d)

Fig. 6 a Overlay spectrum sharing between PU and CU b Detection of PU in the channel
occupied previously by CU ¢ CU stops transmission d CU finds another spectrum hole and
resumes transmission
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Fig. 8 PRR for IEEE 802.15.4 standard radio with and without DSA based CR system

5.2 Results of CR Network Implementation
on IEEE 802.15.4 Standard Radio

Similarly for the IEEE 802.15.4 standard radio, the graph in Fig. 8 shows that the
DSA based CR system improves the PRR of CU significantly. IEEE 802.15.4
standard radio without DSA mechanism suffers from the interference caused by
the PU badly. As shown in this graph with only 37% power transmits used by the
PU, CU’s PRR dropped to 0.176, which is a reduction by 82.6%. However, for the
IEEE 802.15.4 radio which is equipped with DSA capability, the PRR value is
maintained at around 1.0 even though PU transmits at 100% power.
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6 Conclusion

The complete CR system for DSA which consists of spectrum sensing, spectrum
management and spectrum decision has been implemented and tested. The
working link management module which is part of the spectrum management is
also successfully developed and implemented. The calculation shows that the
minimum link utilization of the work is 68% and this can be improved by reducing
the sensing time.

Furthermore, CU system deploying proposed DSA is shown to significantly
improve the spectrum utilization in terms of packet reception rate for both GMSK
based and IEEE 802.15.4 standard radios. Future works include the implementa-
tion of the link management in duplex mode and more measurements to evaluate
the performance of the developed system.
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