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Analysis of Linear Equalizers for Cooperative
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Abstract—In this paper, we consider a multi user multiple input
multiple output (MU-MIMO) based cooperative reporting system for
cognitive radio network. In the reporting network, the secondary
users forward the primary user data to the common fusion center
(FC). The FC is equipped with linear equalizers and an energy
detector to make the decision about the spectrum. The primary user
data are considered to be a digital video broadcasting - terrestrial
(DVB-T) signal. The sensing channel and the reporting channel are
assumed to be an additive white Gaussian noise and an independent
identically distributed Raleigh fading respectively. We analyzed the
detection probability of MU-MIMO system with linear equalizers and
arrived at the closed form expression for average detection
probability. Also the system performance is investigated under
various MIMO scenarios through Monte Carlo simulations.
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l. INTRODUCTION

URRENTLY insufficiency in radio frequency spectrum
has a serious setback because the present spectrum
schemes cannot further hold an increase in the number of
users. Therefore, CR (cognitive radio) technique is the likely
solution to improve spectrum utilization by spectrum sharing.
CR is an active wireless communication system that is aware
of its location and access the idle radio frequency spectrum
when the Primary User (PU) who holds the right to use the
spectrum is idle [1]. The user(s) who access the idle/unused
spectrum opportunistically is secondary user's (SU) and the
SU has to detect the existence of the PU, for that, SU has to
sense the spectrum every so often. The challenge in sensing
the spectrum is SU should minimize the interference to the PU
and should efficiently sense the spectrum holes
Cooperative spectrum sensing improves the detection
probability under multipath fading, shadowing and receiver
uncertainty by utilizing spatial diversity and it is well
discussed in [2]-[5]. Recent research shows much interest in
using MIMO for cognitive radio systems. Introducing MIMO
system will bring spatial diversity at both transmitter and
receiver and achieves diversity gain to improve the error
performance and transmits multiple copies of data
independently to improve the capacity. Lots of studies are
carried out in employing MIMO system in the CR network to
improve the detection performance. In [6]-[10], the authors
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analyzed the performance of SU equipped with multiple
antennas to sense the PU signal. Authors in [11]-[13] analyzed
spectrum sensing by deploying centralized MIMO system for
reporting. In [11], [12] local decision made by SU is reported
to the FC and decision fusion is performed by FC to make the
final decision wherein [13] soft data fusion is performed.

The IEEE 802.22 standard is aimed at using cognitive radio
techniques to utilize the unused television broadcast service
spectrum to get broadband access in the rural and remote
areas. The spectrum sensing techniques and performance
analysis of different sensing schemes for IEEE 802.22 WRAN
standard over fading channels is discussed in [14]-[18]. For
fixed Broadband Wireless Access (BWA) applications,
multiple antenna technologies have significant benefits [6],
[19]. Thus the use of cooperative MIMO system can meet a
considerable increase in the performance WRAN system [15],
[16], [20], [21].

The FC combines the signal received from different SU's
using conventional diversity combining schemes like Equal
Gain Combining (EGC), Maximum Ratio Combining (MRC)
and optimal soft combining [5] and performs energy detection
(ED) which is simple and low complex. The ED does not
require any information about the PU signal. The statistical
and the performance analysis of ED over multipath fading
channels are discussed in [22], [23]. In [12], the authors
proposed cooperating spectrum sensing and a realistic
reporting channel with the MMSE detector at FC to perform
decision fusion. In [24], [25] the authors studied transceiver
design techniques with MMSE and ZF equalizer to improve
the data rate for CR system.

In this paper, we consider a cooperative MU-MIMO based
reporting system for IEEE802.22 standard where the PU
signal is DVB-T data. We assume the sensing channel as
Additive white Gaussian channel and 11D Rayleigh reporting
channel. The SU forwards the sensed DVB-T signal to the FC
on a Time division multiple access basis and the FC performs
equalization to minimize the effects due to channel
uncertainties and estimates the actual transmitted data by
means of Minimum Mean Square Error (MMSE) and Zero
forcing (ZF) equalizers to improve the detection performance
reasonably over the spectrum of interest. To make the decision
on the presence of DVB-T signal FC performs energy
detection. We derive a closed form expression for the average
detection probability of FC over 11D Rayleigh for multiple SU
with MMSE and ZF equalizer. Finally, we analyze the
detection performance of various multiple antenna scenarios.
The rest of this paper as follows: Section Il discusses about the
proposed system model. Section Ill evaluates the average
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detection probabilities of FC over IID Rayleigh for MMSE
and ZF. While Section IV outlines the simulation results,
Section V concludes the paper.
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Fig. 1 Cooperative - MIMO reporting system

We consider a CR network of single primary user, K
secondary user with single antenna to sense the primary user
signal and Ny transmitting antenna to report to the FC and a
FC with Ny receiving antenna and equipped with Linear
equalizer and energy detector as shown in the Fig. 1. The
sensing channel is assumed to be an AWGN for analysis and
the reporting channel experiencing 11D Rayleigh fading. The
signal received at K" SU is given by,

™ _ w” s Ho €))
Ry (n) @
k ; H: 1

where s~ (0,1) is nt" PU sample received at Kt SU,

,En)~]\f(0,1) is the noise signal and both assumed to be
circularly symmetrical complex random variable, 1 < k < K
andl1<n<N.

The signal received at the FC is given by,
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where Ry, is [Ng X N; Wk(") is [Ng X NI; R is [Ng x 1]

and H,E”) is [Nz x Ny] vectors respectively from K" SU.
The FC performs energy detection and the output of the

detector when H,i") is an AWGN channel is given by,

Ng Np

Yy = ZZ|Rfc(i,j)|2 ®)

i=1n=1

where Y is the observed energy value at FC. The sum of
squares of N Gaussian random variable with zero mean and
unit variance follows a central chi-square (y2) distribution
with 2N degrees of freedom under #, and noncentral (x?)

distribution with 2N degrees of freedom and 2Ny non
centrality parameter under ;. Adding L 11D noncentral (x?2)
variable with 2N degrees of freedom and non-centrality
parameter 2Ny will result in another noncentral (x2) variable
with 2NL degrees of freedom and non-centrality parameter
2NLy . Where y is the instantaneous SNR [22], [23], [26] and
L = Nz X N; is the number of diversity branches. If K
independent SU with N;. transmitting antenna and the FC with
Ngantennas, then the total diversity paths will be K X Ny X
Nr [27], [28] therefore the degrees of freedom and non
centrality parameter of the central and noncentral (x2)
variable will be given as 2NKL and 2NKLy respectively. The
Probability Density Function (pdf) of Y can be written as,

(NKL)

f=4  TOKD o 4

NKL-1

y 2 —(y+2NKLy)
(amezy) 5 2

where T'(.) is gamma function and I, is the vt order
modified Bessel function of the first kind [22], [23], [29]. The
probability of detection (P;) and probability of false alarm
(Py) at the FC is given by [2], [5], [22], [23], [28]

Py = Pr (Y > (A#)) = Quk.(/2NKLy,V2) (5)
I‘(NKL,&)
Py =Pr (Y > (AH,)) = 2 (6)

T(NKL)

where A is the decision threshold, T(.,.) denotes the
incomplete gamma function and Q,,(a, b) is the generalized
Marcum Q-function.

A. Average Detection Probability analysis of ZF Equalizer

The FC estimates the signal from K" SU using the weight
matrix of ZF and is given by,

W, = [ (7)

where [H]t = (H"H)~'H is the pseudo inverse of the matrix
H [27]. The estimated PU data at FC is given by,

R p(m)

)
kzf — [RfC] !

Wz f (8)

The output of the energy detector under ; is given by,

K N
S3me
kzf

k=1n=1

©)

The P, of the FC with ZF is obtained as in (5) over an AWGN
channel is given by,

Pz =Pr(Y > Q#H)) = QNKL( /ZNKLny, «/7) (10)

where y is the instantaneous SNR of the ZF equalizer.
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To obtain a closed form expression of an average detection
probability the conditional P; over the AWGN channel is
convolved with the output SNR distribution. The P¢ of (6) will
be the same for any fading channel condition as it is
considered noise only criteria and independent of SNR. The
pdf of output SNR y, of the ZF equalizer over IID Rayleigh
with K SU's is given by [30],

Nr=KNr [ —¥zr KNp

e#] (1)

KNr (yzf KNT)
7(Ng — KNp)! 14

f(]/zf) =

where ¥ is the average SNR of each diversity branch. The
average detection probability at FC can be obtained by,

M-1

(Ng — KNp)!

@) e ()

Pazs = [ 10r2s) Ques ( [2NK L1 V) vy (12
0

The integration in (12) can be solved by using [31, eqn. 29]
while making the change of variable, M = NKL, x = [y,;,

P _ KN~ 2(Ng — KNy), a = V2NKL and b = V. Finally

2 7
the average detection probability Pz at FC with multiple SU

is expressed as in (13), where € = Z(N“_Zw Fe(ogag) s

the confluent hyper geometric function [29], [30], [32]-[34],
where G,_, can be evaluated and obtained as in [23], [29],
[31].

Pazr = Nr—-KN7+1 M-1
(59

B. Average Detection Probability analysis of MMSE
Equalizer

In the case of MMSE, the weight matrix is given by

-1
Wimse = [[H{V1F ] + In,ol] (V) (14)

where Iy, identity matrix, o, is the noise variance, [H]" is
Hermitian transpose of matrix the H. The estimated PU data at
FC is given by

pm) )
er,mese - [Rfc]k Winmse (15)

The output of the energy detector under £, is given by,

K N
Yinmse = Z Z ||R\I(<1,1721mse

=1n=1

2

(16)

The P, of the FC with MMSE is obtained as in (5) over an
AWGN channel is given by,

Pammse = Pr (Y > A7) = Qnir(V2NKLYmmserV2) (17

Ny +K—1 q"r
P = N, ( T ) N
d,mmse J’ R NR 1 +qymmse

I1l. RESULTS AND DISCUSSION

Z(M—l)!(w)

ANLy
) b < N (13)
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The pdf of output SNR y;mse Of the MMSE equalizer over
11D Rayleigh with K SU's is given by [30],

Ny +K—1 qr

Fmmse) =N (V7 )(

f ymmse R NR 1 +q,ymmse
X 1Fo(Ny + K; T, S)

where g is an arbitrary constant ¢ > 0, 1Fo (. ;. , .) is the hyper
geometric function [29], [32], [33], [34]

N
C = diag (INT_l,?—;IK) (19)
T = (Iyjsx-1—qC™") (20)
S = diag((l + qVmmse )_1 'INR—l) (21)

The average detection probability at FC can be obtained by
Pd,mmse = J- f(ymmse) QNKL(\/ ZNKLmeser \/Z)dymmse (22)
0

The average detection probability Pgmmse at FC with
multiple SU can be obtained from (23).

Np+K
> (ymmse)NIrllCl ~Nr X 1F0 (NT + K; T; S) QNKL (\/ ZNKLmeser \/z)d)/mmse (23)

the performance of ZF and MMSE equalizers respectively,

The DVB-T signal of bandwidth 8 MHz operating in 2K with a single SU for reporting and the sensing time is 15 ms.

mode with QPSK modulation and a code rate of 1/16 is
considered. The sensing channel is assumed as AWGN and
the reporting channel experiences a Rayleigh fading. The
Threshold is obtained from (6) to meet the given false alarm
probability of 0.01. The number of Monte Carlo realizations
used for calculating the probability of detection is 1000.

We consider the study of performance of different multiple
antenna scenario for reporting, In Figs. 2 and 3 we analyzed

The observation shows 1x4 system and the MMSE has better
performance and also as the number of receiving antenna
increased at FC has a better detection probability.

The multiple SU analysis is shown in Figs. 4 and 5 with
different multiple antenna scenario and the number of SU
considered for analysis is K=5 and sensing time is 15 ms. The
observations show MMSE and 1x4 system has better
performance similar to single SU case also the MMSE with
1x4 system achieves an interesting detection probability,

Nr+K
) (Vmmse) VR C| VR (18)
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according to [35] the minimum requirement for practical
implementation of WRAN system the SU have to detect the
DVB-T signal at -22.2 dB SNR with detection probability is
about 90% and the minimum probability of false alarm is 0.1.
In Fig. 4 the detection probability of 98% is achieved about
-23 dB. Thus, by employing multiple antenna at FC in a
centralized cooperative reporting system we met the minimum
requirement to implement WRAN system practically and also
the proposed system shows better performance at lower SNR
levels using the energy detector.

Average Detection Probabiltiy Py

Average SNR(dB)

Fig. 2 ZF Single User

Average Detection Probabiltiy Py

Awerage SNR(dB)

Fig. 3 MMSE Single User

Average Detection Probabiltiy Py

10

Average SNR(dB)

Fig. 4 ZF Multi User

Average Detection Probabiltiy Py

Average SNR(dB)

Fig. 5 MMSE Multi User

IV. CONCLUSION

In this paper we have discussed MU-MIMO spectrum
sensing based reporting system for detecting DVB-T signal.
The SU forwards the received DVB-T signal to the FC and we
assume that the reporting channel has no bandwidth limitation
and channel state information available at FC. The FC
estimates the received PU data with linear equalizers and
performs energy detection to make the final decision. The
average detection probability of FC with linear equalizer
under multiple SU case operating over an IID Rayleigh
reporting channel and the AWGN sensing channel is obtained.
Finally the performance of the proposed system under
different multiple antenna scenario was analyzed through
Monte Carlo simulations. As the simulation results met the
minimum requirement to implement WRAN system
practically, in future the studied system model will be tested
on a real time wireless platform.

REFERENCES

[1] S.Haykin, "Cognitive Radio: Brain Empowered  Wireless
Communication," IEEE Journal on selected areas in commn,Vol.23,
No.2, pp. 201-220, 2005.

733



[2]

[3]

[4]

[5]

[6]

[71

(8]

[0]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:8, No:5, 2014

Akyildiz F. lan, Brandon F. Lo, and Ravikumar Balakrishnan,
"Cooperative spectrum sensing in cognitive radio networks: A survey,
"Physical Commns.,VVol.4, No.1, pp. 40-46, 2011

Ganesan,G., and Y. (G.) Li., "Cooperative spectrum sensing in cognitive
radio-part I: Two user networks," IEEE Trans. Wireless Commns., VVol.6
No.6, pp. 2204-2213, 2007.

Ganesan,G., and Y. (G.) Li.," Cooperative spectrum sensing in cognitive
radio-part Il: Multiuser networks,” IEEE Trans. Wireless Communs.,
Vol.6 NO.6, pp. 2214-2222, 2007

Jun Ma, Zhao,G., and Y.Li., "Soft Combination and Detection for
cooperative Spectrum Sensing in Cognitive Radio Networks," IEEE
Trans. on wireless commns. , Vol.7 No.11 pp. 4502-4507, 2008.
Mietzner, J., Schober, R., Lampe, L., Gerstacker, W.H., Hoeher, P.A.,"
Multiple-antenna  techniques for wireless communications - a
comprehensive literature survey," IEEE Communications Surveys and
Tutorials, Vol.11, No.2, pp. 87-105, 2009.

Pu Wang, Jun Fang, Ning Han, Hongbin Li, "Multiantenna Assisted
Spectrum Sensing for Cognitive Radio,” IEEE Trans. on Vehicular
Technology, Vol.59, No.4, pp. 1791-1800, 2010.

Taherpour, A., Nasiri-Kenari, M., Gazor, S., "Multiple antenna spectrum
sensing in cognitive radios," IEEE Trans. on Wireless Commns., Vol.9,
No.2, pp. 814-823, 2010.

Rui Zhang, Teng Joon Lim, Ying Chang Liang, Yonghong Zeng,
"Multi-antenna based spectrum sensing for cognitive radios: A GLRT
approach," IEEE Trans. on Commns., VVol.58, No.1, pp. 84-88, 2010.

Rui Zhang, Ying Chang Liang, "Exploiting Multi-Antennas for
Opportunistic Spectrum Sharing in Cognitive Radio Networks," IEEE
Journal of Selected Topics in Signal Processing, Vol.2 No.1, pp. 88-102,
2008.

Singh, A., Bhatnagar, M.R., Mallik, R.K., "Cooperative Spectrum
Sensing in Multiple Antenna Based Cognitive Radio Network Using an
Improved Energy Detector,” IEEE Communications Letters, Vol.16
No.1, pp. 64-67, 2012.

Liza, J.,, Muthumeenakshi, K., Radha, S., "Cooperative Spectrum
Sensing in a Realistic Cognitive Radio Environment," International
Conference on Recent Trends in Information Technology (ICRTIT),
pp.375-379, 2011.

Hariharan, S., Venkata Siva Prasad, S., Muthuchidambaranathan, P.,
"Average detection probability analysis for cooperative-MIMO spectrum
sensing in cognitive radio networks," International Conference on
Advances in Computing, Communications and Informatics (ICACCI),
pp. 133-136, 2013.

Daniel Riviello, Roberto Garello, Sergio Benco, Floriana Crespi and
Alberto Perotti, "Sensing of DVB-T Signals for White Space Cognitive
Radio Systems," The Third InternationalConference on Advances in
Cognitive Radio, pp. 12-17, 2013

Danev, D., "On signal detection techniques for the DVB-T standard,"
International Symposium on Communications, Control and Signal
Processing (ISCCSP), pp. 1-5, 2010.

Lei Chen, Qihang Peng, Jun Wang and Shaogian Li, "Sensing schemes
for DVB-T in cognitive radio context," International Conference on
Communications, Circuits and Systems, pp. 314-318, 2007.

Danev, D., Axell, E., Larsson, E.G.," Spectrum sensing methods for
detection of DVB-T signals in AWGN and fading channels”,
International Symposium on Personal Indoor and Mobile Radio
Communications (PIMRC), pp. 2721-2726, 2010.

Sunmin Lim, Hoiyoon Jung, Myung Sun Song, "Cooperative Spectrum
Sensing for IEEE 802.22 WRAN System,” Proc. of Internatonal
Conference on Computer Communications and Networks, pp. 1-5, 2009.
Jian Li and Petre, MIMO Radar Signal Processing, John Wiley and
Sons, 2009.

Saeed, R.A., Mokhtar, R.A., "TV white spaces spectrum sensing Recent
developments, opportunities and challenges,” International Conference
on Sciences of Electronics, Technologies of Information and
Telecommunications (SETIT), pp. 21-24, 2012.

Hongjian Sun, Nallanathan, A., Jing Jiang, Cheng-Xiang Wang,
"Cooperative spectrum sensing with diversity reception in cognitive
radios," International Conference on Communications and Networking
in China (CHINACOM), pp.216-220, 2011.

Urkowitz, Harry. "Energy detection of unknown deterministic signals,”
Proceedings of the IEEE., Vol.55, No.4, pp. 523-531, 1967.

F.F.Digham, M.S Alouini and M.K.Simon, "On the Energy Detection of
Unknown signals Over fading Channels,” IEEE Trans. on Communs.,
Vol. 55, No. 1, pp 21-25, 2007.

[24] Keonkook Lee, Chan-Byoung Chae, Joonhyuk Kang, Tae-Kyung Sung,
"MMSE receiver spatial sensing technique for cognitive radio
networks,” International Symposium on Communications and
Information Technologies (ISCIT), pp.377-381, 2012.

[25] Keonkook Lee, Chan-Byoung Chae, Heath, R.W., Joonhyuk Kang,
"MIMO Transceiver Designs for Spatial Sensing in Cognitive Radio
Networks," IEEE Trans. on Wireless Communs., vol.10, No.11, pp.
3570-3576, 2011.

[26] Papoulis, A., and Unnikrishna Pillai, S., Probability, Random variables
and Stochastic Process, 4th Ed., New work, McGraw-Hill, 2002.

[27] Yong Soo Cho, Jaekwon Kim, Won Young Yang and Chung G. Kang.,
MIMO-OFDM wireless communications with MATLAB, John Wiley and
Sons, 2010, Ch. 13.

[28] Daniel W. Bliss, Siddhartan Govindasamy, Adaptive Wireless
Communications: MIMO Channels and Networks, Cambridge Press,
2013, Ch. 16.

[29] Gradshteyn, I.S. and Ryzhik,I.M., Table of Integrals, Series and
Products, 6th ed., CA: Academic San Diego, 2000.

[30] Honig, Michael L. Advances in Multiuser Detection, Hoboken, NJ:
Wiley, 2009, Ch. 6.

[31] Nuttall, A.H., "Some Integrals Involving the QM function,” IEEE trans.
on Information Theory, vol.21, No.1, pp. 95-96, 1975.

[32] Morales-Jimenez, D.; Lopez-Martinez, F.J.; Martos-Naya, E.; Paris, J.F.;
Lozano, A., "Connections Between the Generalized Marcum Q-Function
and a Class of Hypergeometric Functions," Information Theory, IEEE
Transactions on , vol.60, No.2, pp.1077-1082, 2014.

[33] Bateman, Harry. Tables of Integral Transforms. New York, NY:
McGraw-Hill, 1954. N. pag. Print

[34] Milton Abramowitz and Irene A. Stegun, Hand book of mathematical
functions with formulas, graphs, and Mathematical Tables. 1964.

[35] Shellhammer, S. and Chouinard, G., Spectrum sensing requirements
summary, |IEEE Std.802.22-06/0089r4, 2006. http://www.ieee802.org/
22/Meetingdocuments / 2006 July / 22-06-0089-04-0000- Spectrum
Sensing-Requirements-Summary.doc.

S. Hariharan received his B.Eng. Degree in Electronics and Communication
Engineering from Periyar University, Salem, Tamilnadu, India, in 2004, and
the M.Eng. Degree in Communication Systems from Anna University,
Chennai, India, in 2006. Currently he is pursuing his Ph.D. in Wireless
Communication Networks in the Department of Electronics and
Communication Engineering, National Institute of Technology (NIT),
Tiruchirappalli, India. He is a recipient of Canadian Commonwealth
Scholarship Award-2011 for Graduate Student Exchange Program in the
Department of Electrical and Computer Engineering, University of
Saskatchewan, Saskatoon, SK, Canada. His research interests include
cooperative spectrum sensing, statistical signal processing, orthogonal
frequency division multiplexing (OFDM), multiple-input and multiple-output
(MIMO) systems and vector quantization.

P. Muthuchidambaranathan received his B.Eng. Degree in Electronics and
Communication Engineering from Government College of Technology,
Coimbatore, India, in 1992, the M.Eng. Degree in Microwave and Optical
Engineering, from A.C. College of Engineering and Technology, Karaikudi,
India, in 1994. He obtained his Ph.D. degree in optical communication from
the National Institute of Technology (NIT), Tiruchirappalli, India in 2009. He
is currently working as an Associate Professor in the Department of
Electronics and Communication Engineering, National Institute of
Technology (NIT), Tiruchirappalli, India. His research interests include
wireless communications, and optical communications. He published his
research papers in refereed international journals, and international and
national conferences. He is an author of the textbook ““Wireless
Communications" (published by Prentice Hall of India).

734



