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Abstract

In this paper, a new spectrum sensing method based on energy detection is proposed and analyzed in a cognitive
radio(CR) system. We employ a delay diversity receiver for sensing the primary user’s spectrum with reasonable cost
and complexity. Conventional CR with the receiver equipping multiple antennas requires additional hardware and
space for installing multiple antennas in accordance with increase in the number of antennas. If the number of
antennas increases, detection probability as well as hardware complexity and cost rise. Then, it is difficult to make
a primary user detector practically. Therefore, we adopt a delay diversity receiver for solving problems of the
conventional spectrum detector utilizing multiple antennas. We derive analytical expressions for the spectrum sensing
performance of the proposed system. From the simulation results, it is demonstrated that the primary user detector
with the delay diversity receiver has almost half the complexity and shows similar or improved performance as
compared with that employing multiple antennas. Therefore, the proposed spectrum sensing structure can be a
practical solution for enhancing the detection capacity in CR system operations. The results of this paper can be
applied to legacy CR systems with simple modifications.
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[ . Introduction

In accordance with the growth of wireless communi-
cation technologies, the demand for radio-frequency spec-
trum resources is increasing in order to satisfy user
needs. However, spectrum is inherently a limited natural
resource. Therefore, the spectrum scarcity problem can
occur. In the current spectrum regulatory framework, fre-
quency bands are statically assigned to specific services.
Also, unlicensed users cannot make use of the spectrum
resources that are already allocated to the licensed users.

A recent survey report for spectrum utilization, which
is published by the Spectrum Policy Task Force(SPTF)
within the Federal Communications Commission(FCC),
has indicated that most of the actual licensed spectrum
bands are under-utilized in vast temporal and geographic
dimensions'". In [2], it has been indicated that the
maximum total spectrum occupancy is 13.1 % from 30
MHz to 3 GHz in New York City and less than 35 %
below 3 GHz in Washington, D.C. Also, for as much as
90 % of the time, large portions of the licensed bands
remain unused.

Then, cognitive radio(CR)B], which is the advanced
scheme of software-defined radio(SDR)™, has been pro-

Cognitive Radio(CR), Delay Diversity, Energy Detection, Multiple Antennas, Receiver Complexity,

posed in order to improve the efficiency of spectrum
resource utilization. CR has three basic functions. One is
to sense the surrounding environment. Another is to
learn in both supervised and unsupervised modes. The
other is to adapt within any layer of the radio co-
mmunication system by making corresponding changes
in certain operating parameters, which are as follows:
transmission of power, carrier frequency, and modulation
strategy". Therefore, by employing CR technology, we
can sense, manage, share, and change the spectrum
resources' . Spectrum sensing is used to determine
which portions of the spectrum are available and to
detect the presence of licensed users when a user ope-
rates in a licensed band. Spectrum management is to
select the best available channel. Spectrum sharing is to
coordinate access to the channel with other users. Spec-
trum mobility is to vacate the channel when a licensed
user is detected. Among these functions, spectrum sen-
sing is an essential and fundamental requirement for the
development of CR systems, as it enables CR to adapt
to its environment by detecting the unused spectrum re-
sources, which are known as spectrum holes.

There are several spectrum sensing techniques, such
as matched filter detection, energy detection, cyclosta-
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tionary feature detection, wavelet detection, and cova-
riance detection™ . And there are cooperative techni-
ques for increasing the probability of detection in fading
channels" ") In cooperative spectrum sensing, local
spectrum sensing results from several CR users are
transmitted to the fusion center and combined for detec-
ting a primary user(PU). Wireless channels between the
PU and CR users are normally assumed to be a Rayleigh
fading channel with additive white Gaussian noise(AWGN).
But the channels between the CR users and fusion center
are assumed to be a perfect channel!"® !,

In other words, the transmitted signals from the CR
user are the same as the signals received at the fusion
center. However, since the links between the CR users
and fusion center are also wireless channels where inter-
fering signals and noise exist, it is impossible for the
fusion center to receive the local sensing results from
several CR users without any error. In [22], the spec-
trum sensing performance is analyzed in a realistic en-
vironment where the radio channels between the CR
users and fusion center are characterized by Rayleigh
fading channels. And in order to further improve the
spectrum sensing performance and achieve reliable detec-
tion over wireless multipath fading channels, multiple
antennas are adopted in [23] and [24]. Since spectrum
sensing with multiple antennas performs pre-detection
combining while cooperative spectrum sensing only allows
post-detection combining, the former outperforms the
latter under the same conditions such as the number of
branches and the correlation among branches.

Although it has been shown that the spectrum sensing
performance improves as the number of antennas increa-
ses, the CR user with multiple antennas also requires
additional cost associated with antenna elements and
strict zoning requirements. In order to overcome those
shortcomings of the system with multiple antennas, the
delay diversity receiver has been proposed and analyzed
for synchronous CDMA channels in [25] and [26]. This
receiver can achieve the performance enhancements of
the polarization and spatial diversity receiver, but with
about half the complexity for the same diversity order.

With this motivation, we propose the spectrum sen-
sing scheme with the delay diversity receiver and derive
analytical expressions for the performance of the pro-
posed CR system. We can expect that the CR system
with the delay diversity receiver can increase the detec-
tion performance with low cost and complexity. In ge-
neral, the energy detection method is often used for
sensing the PU’s spectrum because it is simple, and the
CR user does not have the knowledge about the signal
to detect. Therefore, we employ the energy detection me-
thod for sensing the spectrum.

The remainder of this paper is organized as follows.
In Section II, the proposed CR system with the delay
diversity receiver is described and compared with the
conventional CR system with multiple antennas. In order
to analyze the performance, the statistics of the decision
variables and the expressions for the detection proba-
bility and false-alarm probability are derived in Section
M. In Section IV, simulation results for the proposed
system are presented. Finally, concluding remarks are
provided in Section V.

II. System Models

2-1 Conventional CR System with Multiple Antennas

In Fig. 1, the block diagram for the conventional CR
system with multiple antennas is shown. This conven-
tional system is composed of N receive antennas, N
signal processing parts, N local decision parts, and one
global decision part. In order to guarantee that the
signals between each pair of receiver antennas fade inde-
pendently, each receiver antenna is sufficiently separated
in space. At each antenna element, a received signal is
converted into a baseband signal through RF and IF
Circuit block. And the resulting signal is converted into
a digital signal through an analog-to-digital converter.
Signal characteristics, such as a period, are detected at a
Power/Feature Measurement block. Then, a local deci-
sion is made based on the detected characteristic. In
order to make an efficient and reliable decision as to
whether a primary user is occupying the spectrum band
assigned to him, a global decision is made by using
local decision results from /Vantenna elements.

The conventional CR system with multiple antennas
achieves a performance improvement in spectrum sen-
sing accordingly as the number of antenna elements in-
creases. However, the system complexity rises in pro-
portion to increase in the number of antenna elements.
Therefore, we can expect that the cost of the CR system
rises, too.

#1
RF and IF A/D Power /Feature Local
[ f !
Circuit Block Converter Measurement Decision
#2
RF and IF A/D Power /Feature Local
- o !
. Circuit Block Converter Measurement Decision
Global
Decision

#N
RF and IF A/D
-]

Circuit Block Converter

Power /Feature Local
Measurement Decision

¥

Fig. 1. Conventional CR system structure with multiple
antennas.
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Fig. 2. Proposed CR system structure with delay diversity
receiver.

2-2 Proposed CR System with Delay Diversity Receiver

In this paper, we propose a CR system that can
enhance the spectrum sensing performance with low cost
and complexity. Fig. 2 shows the proposed CR system
with the delay diversity receiver. The proposed system is
composed of N/2 receive antennas, N/2 delay elements,
NJ2 signal processing parts, N/2 local decision parts, and
one global decision part. One antenna element is com-
posed of a normal branch and a delay branch. The radio
frequency(RF) signal received from one antenna element
is intentionally delayed by a pre-determined amount at
the delay branch and added to the next RF signal of the
normal branch, which is received from the same antenna
element. In order to guarantee independence of the
fading statistics and avoid overlap between the delayed
and normal signals, the pre-determined intentional delay
needs to be larger than the maximum excess path delay
of the meaningful multipath signals from the normal
branches.

In this case, it is assumed that N is an even number.
The proposed CR system has N/2 normal branches and
N/2 delay branches. Therefore, it has a total of N bran-
ches. The proposed CR system can be easily applied to
the conventional CR system with some modification of
the antenna subsystem and does not require additional
hardware units or space unlike the CR system in Fig. 1.

The main point of the proposed CR system with the
delay diversity receiver is to achieve the performance
enhancement of the CR system with N multiple ante-
nnas, but with about half the complexity for the same
diversity order. Both the conventional and proposed CR
systems utilize N physical antenna elements as the diver-
sity source. But the delay diversity receiver requires only
a half number of RF, IF, and sensing modules through
the signals at the RF level with intentional delays.

[lI. Performance Analysis

In this section, the detection probability, false-alarm
rate, and miss detection probability are derived for each
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type of CR system. In the performance analysis, the
following assumptions are made for simplicity of
analysis: 1) all the signals from antenna elements are
independent; 2) the wireless channel is the Gaussian
channel; 3) local decision results are combined with an
equal gain combining(EGC) scheme.

3-1 Conventional CR System with Multiple Antennas

If the hypothesis Hy represents the case where the PU
is not in the frequency band of interest, and the H,
represents the case where the PU is in the band, the
signal detection problem can be modelled by a simple

binary hypothesis-testing problem as follows™>" 7121,
Hy: y [K=n,[K
Hy: y [Kd=h, [ K+n ,[£ (1

where &~=1,2,*,K, n=1,2,~*,N, v ,[k] is a received signal
at the n“ antenna of the CR system, % ,[A] is an im-
pulse response of the channel between the PU and the

n™ antenna of the CR system, x 4] is a transmitted

signal from the PU, and 2[4k is AWGN with zero
mean and variance o%. And K denotes the number of
samples.

In order to detect the PU, the energy detection method
is employed in this paper. The energy of the received
signal at the n* antenna of the CR system, £ ,[4], can
be expressed as

E K=y, [4l°% 2)

And in order to judge whether the PU exists or not in
the assigned frequency band, E ,[4] is compared with a
predetermined threshold of the n * antenna, y ,, which
is determined according to a false-alarm probability. Hen-
ce, a local decision result of the n “ antenna elements,

D [k, can be expressed as
D [K=HE,[K—x ), (3)

where H( -) represents the Heaviside step function. In
other words, if £ ,[4] is more than or equal to y ,, the
local decision result is D [Al=1. And if £ [4] is less
than y ,, D ,[k=0. Then, for making a global decision,
N local decision results are combined and compared
with a predetermined threshold y, which is determined
in accordance with a decision rule. A global decision,
DK, is calculated as

na=nl-L 3 0,18y 4)

If DLk=1, the PU is in the frequency band. There-
fore, the CR user cannot use the spectrum. However, if
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DL k=0, the primary user is not using the frequency
band. Then, the CR user has the right to utilize the
spectrum. There are several decision rules®™"!, which are
AND, OR, and MAJORITY rules. If the values of 7 are
1/N, 1, and N/2, the decision rules are called AND, OR,
and MAJORITY rules, respectively. In an AND rule,
one of D [kl is "0", and the global decision is made as
the PU is absent. In an OR rule, one of D[] is "1",
and the global decision is made as the PU is present. In
a MAJORITY rule, the global decision is made by a
majority of D ,[Al.

The probability density functions(PDFs) of the recei-
ved signal at the n“ antenna, y,[4], for H, and H,
cells can be expressed as (5) and (6), respectively.

1 2
1 0= ool ) 8

(y—u)? )

_ 1 (
f H)=—F—— -
P A S T (©)

where 1y, is a mean value of x[4]. After the local

decisions, the decision variable V4] used for the global
decision can be expressed as

VK= nzflpn[k]. o

Hence, the PDFs of W4l for H, and H, cells can
be expressed as (8) and (9), respectively.

_ 1 (_ VZ)
AV )= a7 O\ 20 ) ®)

1 exp(*i(viLl v 2)
V 2n0?, 20%, ’ 9)

N N
where p = 71\, ,72::10”[k] and o= Tlv HZ:}lD%,[k] —u?.

fAvH)=

The detection probability for a given value of the
decision threshold is defined as the probability of the
event that the decision variable VI4] corresponding to
an H, cell exceeds the decision threshold y, which can
be obtained by

P,= fy f v H)dv (10)
where P, represents the detection probability of an
cell. Upon substituting (9) into the above equation, it
can be derived after some algebra that

_ e 1 (7 (Vle V)Z)
Py fx \/Znozvexp 2062, dv.

(1)

Letting z=

_ (" 1 (_Lz) _ (Y_llv)
PD f\'*u v \/2775 exp 2 dz Q [0} ?

S v (12)

V— .
%, then (11) can be rewritten as
.

where @ -) is a standard normal complementary cumu-
lative distribution function(CDF)" P4,

The threshold value is determined from the false-
alarm probability, P ,, associated with an A cell. The
false-alarm probability is defined as the probability of
the event that the output decision variable corresponding
to an H cell exceeds the decision threshold, which can
be expressed as

Poy= fy £ (v Hdv. (13)

Upon substituting (8) into (13) and performing the re-
quired integrations, the false-alarm probability is ob-
tained by

2

= [ el -5t )
Poy= - dv.
“ f Vexo?, T\ 205, (14)

By letting z:O—V, then (14) can be rewritten as
14

Pra= fiﬁexp<—272)dzz Q(%)

= (15)

3-2 Proposed CR System with Delay Diversity Receiver

At each antenna element, there are two kinds of
signals. One is from the normal branch and the other is
from the delay branch. Therefore, the combined signal at
the n“ antenna of the CR system can be expressed as

HU: yn[k]:n T[k]

Hy: v, lA=h,[AQK A
+h Lk—11®x k—]+n LA, (16)

where k£=1,2,...,K, =1 is the predetermined delay

value and n J 4] is the sum of AWGN from the normal

and delay branches with zero mean and variance o%.

The energy of the received signal at the n“ antenna
branch of the CR system can be expressed in (2). How-
ever, a local decision result of the n % antenna elements,
D [k, can be expressed as

n

D,I[HZH(%EH[[{]_Y n)- (17)
And the global decision can be calculated as
_ 1 _

When there are A and H, cells, the PDFs of v [4]
can be expressed as follows.

-

£y Hy) 7ol P\ T 07 ) (19)
__ 1 (_w)

Ty H) =" = exp 20% ) (20)
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where 1 2= 1y nprmar T 1 N perny @D 0 4= 0N Normar
0% Detay- 1 N Normas @0 11y pes, are mean values of the
received signal at the normal and delay branches, res-
pectively. 0% nprmas @nd 0% pen, are variances of the
received signal at the normal and delay branches, respec-
tively.

After the local decisions, the decision variable V4]
can be expressed as

VK= ,ﬁl)"[k]' Q1)

Hence, the PDFs of W4 when H; and H cells are
tested are given by

R
Ty H) =" o e\ =557 ), (22)

1 (v—u ) *
fV(VHl):\/meXp(_ZOZVV)’

where 1 = ﬁ Hg}Zan[k] and o%= ﬁ ,ﬁle%’[k] _
u 2v~

The PDFs of the decision variable V[4] in (22) and (23)
are similar to those of the conventional CR system
except for the forms of mean and variance. So measures
of the system performance can be expressed as (12) and

(15).

(23)

IV. Simulation Results

In this section, the spectrum sensing performance of
the proposed system employing the delay diversity re-
ceiver is evaluated and compared with that of the
conventional system. In order to verify the performance
of the proposed system, its detection probability is tested
for a pre-specified false-alarm probability at a given
signal-to-noise ratio(SNR), various system parameters,
and different decision rules. We consider 1, 2, 4, and 8
multiple-antenna systems. Also, we consider the propo-
sed system with 1, 2, and 4 antennas. The PU’s signal
is a binary phase shift keying(BPSK) signal. The wire-
less channel is assumed to be an AWGN channel. And
the false-alarm probability is set at 1 %.

Fig. 3 shows the detection probability performance
with varying SNR for the proposed CR system emplo-
ying the delay diversity receiver when the AND decision
rule is applied. It is shown that the detection probability
decreases as the number of antennas increases. The
reason for this is that the global decision result is "0" if
one of the local decision results is "0". Therefore, in
accordance with the increase of the number of antennas,
the probability that all local decision results are "De-
tection "decreases, and the detection probability of the
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—S— Conventional CR (1-Antenna)
= Conventional CR (2-Antenna)
~O— Conventional CR (4-Antenna)

==X== Conventional CR (8-Antenna)

- -®- - Proposed CR (1-Antenna)

- W Proposed CR (2-Antenna)

-~ Proposed CR (4-Antenna)

Detection Probability

Fig. 3. Detection probability of the proposed system for
AND decision rule.

global decision also decreases. The proposed CR system
achieves remarkable spectrum sensing performance over
the conventional one for comparable complexity. The
cases of 8, 4, and 2 antennas for the conventional CR
system are identical to those of 4, 2, and 1 antenna for
the proposed CR system on the basis of the number of
received signal paths. For the detection probability of
0.6, the gap of the required SNR between the proposed
CR system with 2 antennas and the conventional one
with 4 antennas is about 4 dB. This means that the
received power level of the conventional CR system
with 4 antennas needs to be 4 dB larger than that of the
proposed one with 2 antennas in order to achieve the
same spectrum sensing performance at the same level of
AWGN. In the cases of both the same number of the
received signal paths and the same number of the
antennas, the detection probability of the proposed CR
system is higher than that of the conventional one at a
similar or half the cost and complexity. The saved
resources can be used to enhance the capacity of the CR
system.

—S— Conventional CR (1-Antenna)
- Conventional CR (2-Antenna)
-O— Conventional CR (4-Antenna)

==X==Conventional CR (8-Antenna)

- -® -Proposed CR (1-Antenna)

- B Proposed CR (2-Antenna)

-— Proposed CR (4-Antenna)

Detection Probability

SNR [dB]

Fig. 4. Detection probability of the proposed system for
OR decision rule.
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Proposed CR (2-An

na
-0~ Proposed CR (4-Antenna)
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SNR [dB]

Fig. 5. Detection probability of the proposed system for
MAJORITY decision rule.

In Fig. 4, comparisons of the detection probability for
the proposed CR system against the conventional CR
system are shown when the OR decision rule is used. It
is shown that as the number of antennas increases, the
detection probability decreases. This is because the
global decision result is "1" if one of the local decision
results is "1". Therefore, the probability that all local
decision results are "Miss Detection" decreases, and the
detection probability of the global decision increases
according to increase the number of antennas. When the
number of antennas is the same, the sensing performance
of the proposed CR system is better than the conven-
tional one is. However, if the number of the received sig-
nal paths is identical, there seldom exists a difference in
the detection probability. From the results, the spectrum
sensing performance is considerably enhanced by adding
delay units to the CR system with multiple antennas. Besi-
des, when the number of the received signal paths is iden-
tical, the CR system with the delay diversity receiver has
low complexity and shows a similar or superior detec-
tion performance to that with multiple antennas.

In Fig. 5, the detection probability performance of the
proposed system is presented when the MAJORITY de-
cision rule is utilized. When the number of the received
signal paths is identical, two systems show similar spec-
trum sensing performances. However, the conventional
CR system requires high cost and considerable comple-
xity. Therefore, we can reduce the cost and complexity
of the CR system by employing the delay diversity re-
ceiver for achieving similar performance.

This research was supported by the MKE(The
Ministry of Knowledge Economy), Korea, under the
ITRC(Information Technology Research Center) su-
pport program supervised by the NIPA(National IT
Industry Promotion Agency(NIPA-2009-(C1090-0902-
0005)).

V. Conclusions

In this paper, we proposed and evaluated the spectrum
sensing method with the delay diversity receiver for
enhancing the detection performance without the increase
in cost and complexity. In the conventional CR system
with multiple antennas, not only spectrum sensing per-
formance but also cost and system complexity increased
as the number of antennas increased. Therefore, it was
difficult to implement the practical CR system equi-
pping multiple antennas. However, with almost half the
complexity, the proposed CR system could achieve si-
milar or higher performance than the conventional CR
system did. In other words, the spectrum sensing perfor-
mance was considerably enhanced by adding delay units
to the CR system with reasonable cost and complexity.
The proposed CR system is expected to provide a
practical solution for improving the spectrum sensing
capacity. Of course, some additional time is required due
to delay.
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