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Abstract— In this paper, we consider the coexistence between a
large number of cognitive radio users and a licensed user in order
to enhance the spectrum efficiency. Zero-forcing beamforming
(ZFB) is utilized as a downlink precoding technique that precan-
cels inter-user interference in our multiuser cognitive multiple-
input/multiple-output (MIMO) system. When there is a large
number of users, the system performance can be significantly
increased by selecting a subset of users and a set of receive
antennas for each user. In particular, to reduce the complexity,
we propose a receive antenna selection method followed by multi-
user selection in order to maximize the downlink throughput as
well as mitigate the interference to the primary user. Performance
results show that our proposed method is able to achieve
significant complexity reduction at the expense of a little sum-rate
throughput loss.

I. INTRODUCTION

Recently, intense competition for spectrum usage has arisen,
especially for the spectrum below 3 GHz. Studies from the
Federal Communication Commission (FCC) have shown that
the utilization of licensed spectrum only ranges from 15%
to 85% [1]. To deal with the conflicts between spectrum
congestion and spectrum under-utilization, the FCC needs a
distributed and dynamic approach to manage radio frequencies
in order to perform better spectrum sharing. To accomplish
this, “cognitive radio” has been proposed as a smart and
agile technology which allows non-legitimate users to utilize
licensed bands opportunistically [2]. However here and in
contrast to this conventional approach, we allow the cognitive
radio to proceed with simultaneous transmission, if certain
conditions are met. Thus, when sharing the spectrum with the
primary user, one tries to find a way to increase the system
performance while getting rid of the harmful interference
caused to the primary user.

In a multiple-input/multiple-output (MIMO) system, multi-
ple antennas can be used at the transmitter and receiver. A
MIMO system takes advantage of the spatial diversity that is
obtained by spatially separated antennas in a dense multipath
scattering environment. MIMO systems may be implemented
in a number of different ways to obtain either a diversity gain
to combat signal fading or to obtain a capacity gain. Multiple
antennas can be usually deployed at the base station, but they

1 This work was supported in part by a research grant awarded by the
Hong Kong Research Grant Council under Grant # N_-HKUST622/06.

cannot be used easily at the mobile users due to the size and
cost constraints. Hence, the small number of antennas at the
receiver may limit the performance of the system. One solution
to this is to serve multiple users at the same time.

MIMO spatial multiplexing systems using linear receivers
are important in practice due to their low complexity advan-
tage. Compared to the optimal Maximum Likelihood receiver,
linear receiver can lead to a loss of diversity which is critical
in independent identically distributed (i.i.d.) Rayleigh fading
channels. Antenna selection is a promising method which is
capable of achieving high diversity order with low complexity
implementation for MIMO systems with linear receiver. The
main idea behind antenna selection is to select a small set
of best antennas from a larger set of available antennas. The
optimal selection is the exhaustive search over all the possible
combinations in order to obtain the antenna that gives the
best performance in terms of signal-to-noise ratio (SNR) or
capacity [3]. However, the computational complexity required
for such a selection scheme is very high and it was shown to
grow exponentially with the total number of antennas. Various
antenna selection algorithms have been presented in [3]. The
simplest scheme is based on the power of received signals.
However, this method is not optimal and breaks down when
MIMO spatial multiplexing is applied for high capacity. For
receive antenna selection, a good approach was proposed by
Gorokhov [4] to find a near optimal subset selection based
on maximizing the channel capacity, but this algorithm is
considered to have a high complexity.

In our paper, we propose a novel receive antenna selection
technique followed by user selection for MIMO spatial cog-
nitive systems. For the receive antenna selection, each user
selects the most favorable receive antenna. In particular, by
applying SVD to all users’ channel matrices, only the eigen-
vectors whose corresponding singular values are the maximum
are considered. Secondly, among these candidate eigenvectors,
the algorithm chooses a set of size M users which are nearly
orthogonal to each other and nearly orthogonal to the primary
user based on near-orthogonal user selection scheme. Our
algorithm combined with a zero-forcing beamforming (ZFB)
is able to achieve a reduction of the complexity of search and
required feedback, when the receive antennas are selected, at
the expense a little loss in throughput.
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The rest of the paper is organized as follows. In Section II,
the system model and the problem formulation are introduced.
The proposed algorithm for user and receive antenna selection
is described in Section III. In Section IV, the complexity
computation is analyzed. Numerical results are presented and
discussed in Section V. Finally, conclusions are drawn in
Section VI.

II. SYSTEM MODEL

In our system, the primary network consists of a primary
base station that transmits signals to a single primary user.
In the same area, a cognitive radio network shares the same
spectrum resource with the primary network. The secondary
cognitive network has a single cognitive base station serv-
ing K secondary users. We consider the downlink of the
cognitive radio network in which the base station, deployed
by a uniformly spaced M -element antenna array, transmits
independent signals to the K cognitive users, each equipped
with Ny antennas, k = 1,--- , K. Throughout this paper, we
assume that M << K, and that the devices in the primary
network are equipped with a single antenna. Due to sharing
of the same frequency, the received signal at the primary user
is interfered by the signals transmitted by the cognitive base
station. Similarly, the received signals at the cognitive radios
are interfered by the signal transmitted by the primary user.

Assume that in one time slot, a block of information symbol
s = [s1, 89, -+ ,5K]7 are sent from the cognitive base station
in which sg, (1,---,K) is the desired signal for user k.
()7 stands for the transpose. We assume that s contains
uncorrelated unit-power entries. The transmit signal is given
by

x = WPs, 1

where W = [ Wi Wy - WK } denotes the transmit
beamforming matrix, and P accounts for power loading.
The receive signal at the k-th cognitive user is given by

Y = Hpx+ /Ppgrsy + ny, 2)

where H;, € CV**M denotes the channel from the cognitive
base station to the k-th cognitive user. The (n,m)-th entry
hi(n,m) ~ CN(0,1) is i.i.d complex Gaussian with zero
mean and unit variance and represents the complex channel
gain from the transmit antenna m to the receive antenna n of
the k-th cognitive user. P, denotes the transmitted power of
the primary user. gy, represents the (N x 1) channel vector
between the primary base station and the k-th cognitive user,
and s, represents the transmitted signal from the primary base
station. Finally, n; is a (N; x 1) vector of additive noise
whose entries are i.i.d. complex Gaussian with zero mean and
variance oZ. Note that y;, (k = 1,---,K) are physically
distributed across the K cognitive users. Multiuser decoding
is therefore not feasible. Hence, each user treats the signals
intended for other users as interference.

One of the drawbacks of using multiple antennas is the
associated complexity. With this motivation, we use antenna

selection as a means to alleviate this complexity while exploit-
ing the diversity provided by the transmit and receive antennas,
in MIMO cognitive system. In our work, with the proposed
receive antenna selection, each user selects the most favorable
antenna at the receiver side. Hence, the MIMO system will be
equivalent to a multiple-input/single output (MISO) system.
Based on this fact, the capacity of the cognitive system can
be written as

K
R= log (1+ SINR;),
k=1

3)

where SINRy, denotes the signal-to-interference and noise ratio
of the k-th cognitive user. Using the received signal expression
in (2), it can be expressed as

‘thkPP/@
D DT W2 Py + |giP Py + 0F

SINRj, = 4

where hy, is a (M x 1) vector and denotes the channel link
between the cognitive base station and the k-th cognitive user.

To determine the beamforming weight, ZFB is investigated,
in which the base station determines the beamforming vector
associated with each selected user by optimizing a certain
criterion to reach a specific purpose such as maximizing the
throughput or minimizing the interference. The mutual inter-
ference among the selected users can be nulled by selecting
appropriate weighting vectors according to the principle of
ZFB [5] which transforms the broadcast channel into multi-
parallel independent and orthogonal sub-channels. In ZFB, the
weight beamforming vectors are selected such that they satisfy
the interference free condition hyw; = 0 for j # k. With
ZFB, the beamforming weights vectors W (S) are obtained by
inverting the channel matrix of the selected users H(S) so
that an interference free between the cognitive channels can
be achieved, where S is the set of the M selected cognitive
users. W(S) is then given as

&)

In the above equation, (-)' and (-)** stand for the pseudo-
inverse and the conjugate transpose, respectively. The use of
ZFB at the cognitive base station is aimed to significantly
decrease the complexity of precoding in the proposed selection
algorithm.

In this paper, we propose a spectrum sharing scheme that
enables the opportunistic use of the cognitive users to coexist
with the primary user in order to improve the spectrum
efficiency. In particular, the core aim behind our work is
to formulate a low-complexity algorithm that pre-selects the
best receive antenna for each user, then a set of M cognitive
users with single best antennas are selected in order to reduce
the interference to the primary user. Furthermore, the receive
antenna selection basically aims to reduce the complexity of
search of the user selection.
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Fig. 1.  MIMO SVD block diagram. The plot shows the proposed user

selection algorithm for the MIMO downlink system.

ITI. PROPOSED USER AND RECEIVE ANTENNA SELECTION
ALGORITHM

In this section, we develop an algorithm with low com-
plexity that selects the best set of receive antennas, and then,
from those candidates, the set of users that satisfies the system
conditions are scheduled.

A. Receiver design

The receiver processing strategy adopted in this paper will
be explained in the following. The SVD of the channel matrix
Hj, is given by

where Ay is an (Ny x M) diagonal matrix containing the
singular values of Hy, Uy and Vy, are (IV;, X Ni) and (M x

M) unitary matrices, respectively. The received vector for the

k-th user yy, in (2) can be rewritten as

where n;, = /P,gis, + ng. Let uy ,, be the n-th column of
Uy.. Multiplying both sides of (7) by uﬂn, we can get

Tk = fenX+Wpn, k=1,--- K, n=1,---,Ny8)
where
Thn = WY, ©))
frn = VA (k)VE,, (10)
and
Wi = ujf, g a1

In the above equations, vy, denotes the n-th column of vy,
and /A, (k) is the n-th singular value of Hj, corresponding
to Vi . The channel decomposition is depicted in the block
diagram of a MIMO user in Fig. 1.

After the SVD, the resulting system can be viewed as a
MIMO broadcast with Z,f:l Ny, single antenna users with
channel gains f} ,,. In such scenario, different possibilities
can be considered at the receiver side. The first case is to
treat each receive antenna as an independent user, where there

will be Zszl N}, single antenna receivers. Then, each k-th
user should feedback IV, times the amount of information
since it has Vi channel links corresponding to each receive
antenna. The second case is to assign at most one beam to each
user. In such case, each user just feeds back its channel gain
corresponding to the selection scheme and the corresponding
index n for that channel gain. Another case is to assign
multiple beams to each user. So, NV, beams are either assigned
to the k-th user or no beams at all. As mentioned earlier,
the first case is effectively the same as having 25:1 Ny
cognitive users with single receive antennas. The second case
is a generalization of the case with N = 1, and it turns out
that the analysis of this case is very similar to the case with
N = 1. On the other hand, the last case is quite different from
the previous two and requires more effort to be analyzed. In
terms of the amount of feedback, clearly the first case requires
N times more feedback than that of the second and the third
cases.

In [6], based on SVD, the system is viewed as a MIMO
channel with Zszl Ny, and the selection can be applied to
those single users. However, by applying this method, the
antennas can be selected from the same user, which is not
fair. Indeed, to guarantee fairness between users and multiuser
diversity, all users should have the chance to be selected. In
[7], for the MIMO case, each receive antenna at the receiver
is treated as an individual user, then the system will be
equivalent to Zszl Ny, single antenna receiver. Based on the
aforementioned receiver, it has been also shown that each
receive antenna should be treated as an individual user in
order to achieve the largest throughput. Therefore, the K user
(M x Np) system is converted to (Z,{;l Np)-user (M x 1)
system.

B. Receive antenna selection

In the following, the proposed antenna selection algorithm
will be described. The key idea behind our scheduling al-
gorithm is that each user selects at the first stage the most
favorable receive antenna of index m. The receive antenna
is selected based on the channel conditions, i.e., for each
user we select the receive antenna with the best channel
link. In particular, by applying SVD to all users’ channel
matrices, only the eigenvectors whose corresponding singular
values are the maximum are considered. Using such a method,
the amount of feedback and the size of selecting space for
selecting the candidates is reduced. Let .4 denote the set of
the selected receive antennas. The algorithm is described in
the following.

Let p, ¢ be the indices for the selected receive antenna
and its corresponding user, respectively. After the antenna
selection, the selected coordinate matrix can be written as

_1¢7 T L fT
F= [flh,pl fquz qu,PM

where f is given in (10). After applying ZFB, W = Ft,
using (8), the received signal is given by

Tqp = /\pz(QI)\/Plsl"'qu,Pl’ l=1,---,M (13)

17, (12)
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where [ is the index of the received signal. Obviously, applying
ZFB is of great interest of decomposing the channel to M
interference-free sub-channels among users.

Receive Antenna Selection

1) Initialization: A = 0.

2)Fork=1:K,
2.1) Using SVD, the k-th cognitive user calculates
the eigenvectors and singular values of its channel
based on (6). Then, it sends back the maximum
singular matrix values, along with their
corresponding “right” eigenvectors, to the cognitive
base station.
2.2) Select the receive antenna n such that
n = argmax A, (k), A= AU {n}.
end
3) Sort the elements in .4 in a descending order of
An (k).

The next step is the user selection. In this step, we apply a
user selection on the K selected antennas.

C. Near-orthogonal user selection

We propose an efficient algorithm with low-complexity,
which we refer to as near-orthogonal user selection [8], for
selecting the set of the appropriate users in order to improve
the system performance. The near-orthogonal user selection
algorithm is performed in two sub-steps. Firstly, a cognitive
user k is selected when the near-orthogonality condition to the
primary user is satisfied. The near-orthogonality is defined as
follows:

Let A(hy,hy) & bl

© (I [[ 1]
orthogonal if and only i

A(h;,hj) <9,

then, user 7 and j are near-

(14)

where ¢ is the threshold of orthogonality. The selected users
are then sorted based on their channel magnitudes in order to
guarantee that the scheduled users have relatively large channel
gains. In the second step, if the number of users in the set S
of the selected users satisfies |S| < M, the algorithm proceeds
to the selection part (i.e., the users are selected if they satisfy
the near-orthogonality condition to each other). Otherwise, the
algorithm is stopped. After this user selection, the interference
of the selected users to the primary user and to each other
is reduced. Besides, the selected users have a relative large
channel gains.

IV. COMPLEXITY ANALYSIS

In this section, we investigate the complexity of our algo-
rithm in terms of the amount of feedback required from the
users to the base station, and the number of searches required
for selection in both receive antenna and user selection.

A. Receive antenna selection

The use of the receive antennas selection will allow us
to further decrease the complexity of the user selection. In

this subsection, we investigate the complexity of our proposed
algorithm in terms of the amount of feedback required from the
users to the cognitive base station and the search complexity.

As can be observed in the proposed algorithm, only the
eigenvectors that belong to .4, must be sent back to the base
station, along with their corresponding singular values. In fact,
2M values should be fed back to the cognitive base station
for each eigenvector and singular value. In our algorithm, each
cognitive user selects one receive antenna. Hence, the total
number of real values to be fed back is 2M K. As such, the
amount of feedback is reduced compared to the one in [7],
which is equal to 2NM K.

Our method is also able to reduce the search complexity. In
the step of receive antenna selection, only one eigenvector
for each cognitive user is pre-selected. Therefore, the size
of search space for the user selection stage decreases from
(Zszl Ni) as in [6] to K, when we use our proposed receive
antenna selection algorithm.

B. User selection

For simultaneous transmission, Dirty Paper Coding (DPC)
[9] was shown to be the optimal strategy in MIMO broadcast
channels. However, DPC is known to be difficult to implement
in practical systems. In the following, the complexity of the
our proposed algorithm is analyzed and compared with that of
DPC

o The complexity of DPC is presented by an optimization
problem that can be solved by a sum-power iterative
algorithm with high complexity [10]. Compared to DPC,
the complexity of our scheme is obviously reduced using
near-orthogonal user selection algorithm.

« To obtain the beamforming weight vectors, DPC requires
many matrix multiplications and inversions along with
singular value decompositions [11]. However, using our
proposed scheme, only one matrix inversion is needed to
get the beam weight vectors.

o DPC needs to perform pre-coding that uses concatenated
coding with high complexity [12]. For our scheme, be-
cause of the use of ZFB, there is no interference pre-
substraction required.

Obviously, the proposed user selection algorithm is able
to lower the complexity compared to the exhaustive search.
Besides, the receive antenna selection is capable to further
reduce the complexity of search.

V. SIMULATION RESULTS

Note that §,, and J,. are the thresholds of orthogonality to the
primary user and the cognitive user, respectively. In Fig. 2, the
sum-rate of cognitive users under the proposed algorithm and
the TDMA scheme, averaged over the channel distributions,
as a function of the number of users, for M = 2, N = 2,
0p = 0.9 and 6. = 0.9, is presented. With the TDMA scheme,
the user with the best channel condition is scheduled. The plots
show that the performance of our proposed user and antenna
selection algorithm is better than the system deploying TDMA
transmission scheme.
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Fig. 2. Proposed selection algorithm vs. TDMA.

20 T T

T T
—©&— w/o receive antenna selection
—b— w/ receive antenna selection

Sum-rate (bps/Hz)
o

o
T
L

150 200 250
Number of cognitive users (K)

50 100 300

Fig. 3. Sum-rate versus Number of users with and without receive antenna

selection.

Fig. 3 compares the sum-rate throughput of the proposed
algorithm with and without receive antenna selection, when
M = 2,6, = 08 and 6. = 0.7. It can be seen that
near-orthogonal user selection with receive antenna selection
has worse performance than near-orthogonal user selection
without receive antenna selection. We define the selection
without antenna selection by the case where the system is
equivalent to the one with Z,le N}, single users. This is
expected, since in scheduling schemes, the multiuser diversity
is exploited. In fact, a system with Zszl Ny, cognitive users
achieves a better performance compared to a system with only
K users.

Fig. 4 compares the sum-rate throughput of the proposed
algorithm with different number of antennas at the cognitive
users N = 2,4,(k = 1,---,K). In this plot, the number of
transmit antenna is fixed to 2, §, = 0.8 and J. = 0.7. When
the number of antennas at the receivers is large, the sum-
rate throughput increases, which exploits the receive antenna
diversity.

Sum-rate (bps/Hz)

150 200 250
Number of cognitive users (K)

50 100 300

Fig. 4. Sum-rate versus Number of users with different number of antennas
at the receiver.

VI. CONCLUSION

In this paper, we have considered the co-existence between
cognitive users and a primary user. For this purpose, we have
proposed a low-complexity receive antenna scheme followed
by user selection in order to maximize the sum-rate throughput
of the MIMO cognitive system and limit the interference to
the primary user. Simulation results have shown that, when
users are equipped with multiple antennas, our proposed user
selection along with receive antenna selection is capable to
further reduce the complexity of the selection with little loss
of the sum-rate throughput.

REFERENCES

—
—

Federal Communications Commission, “Spectrum Policy Task Force,”

Rep. ET Docket no. 02-135, Nov. 2002.

[2] S. Haykin, “Cognitive radio: brain-empowered wireless communications,”
IEEE J. Select. Areas Commun., vol. 23, pp. 201-220, Feb. 2005.

[3] A. F. Molish and M. Z. Win, “MIMO systems with antenna selection,”
IEEE Microwave Mag., vol. 5, no. 1, pp. 4656, Mar. 2004.

[4] A. Gorokhov, D. A. Gore, and A. Paulraj, “Receive antenna selection for
MIMO spatial multiplexing: theory and algorithms,” IEEE Trans. Signal
Processing, vol. 51, pp. 2796-2807, Nov. 2003.

[S] H. Viswanathan, S. Venkatesan, and H. Huang, “Downlink capacity
evaluation of cellular networks with known-interference cancellation,”
IEEE J. Sel. Areas Commun., vol. 21, no. 6, pp. 802-811, Jun. 2003.

[6] T. Yoo and A. Goldsmith, “On the optimality of multi-antenna broadcast
scheduling using zero-forcing beamforming,” IEEE J. Select. Areas
Commun., vol. 24, pp. 528-541, Mar. 2006.

[7] M. Sharif and B. Hassibi, “On the capacity of MIMO broadcast channels
with partial side information,” IEEE Trans. Inf. Theory, vol. 51, no. 2,
pp. 506-522, Feb. 2005.

[8] K. Hamdi, W. Zhang, and K. B. Letaief, “Joint beamforming and
scheduling in cognitive radio networks,” in Proc. IEEE GLOBECOM,
Washington, DC, USA, Nov. 26-30, 2007, pp. 2977-2981.

[9] M. Costa, “Writing on dirty paper,” IEEE Trans. Inf. Theory, vol. 29, pp.
439-441, May 1983.

[10] N. Jindal, W. Rhee, S. Venkatesan, S. A. Jafar, and A. Goldsmith,
“Sum power iterative water-filling for multi-antenna Gaussian broadcast
channels,” IEEE Trans. Inf. Theory, vol. 51, pp. 1570-1580, Apr. 2005.

[11] S. Vishwanath, N. Jindal, and A.Goldsmith, “Duality, achievable rates,
and sum-rate capacity of Gaussian MIMO broadcast channels,” IEEE
Trans. Inf. Theory, vol. 49, pp. 2658-2668, Oct. 2003.

[12] U. Erez and S. Brink, “Approaching the dirty paper limit for cancelling

known interference,” in Proc. Allerton Conf. Commun., Control, Comput.,

Allerton, IL, Oct. 2003.

Petitioner Samsung Ex-1042, 0005

4042



[

-

IEEE I

INTERNATIONAL CONFERENCE
ON COMMUNICATIONS

2008

2008 IEEE International
Conference on Communications

Proceedings

|IEEE COMMUNICATIONS SOCIETY

oy

< IEEE

Petitioner Samsung Ex-1042, 0006



2008 IEEE International Conference on Communications
Copyright © 2008 by The Institute of Electrical and Electronics Engineers, Inc.

All rights reserved.

Copyright and Reprints Permission

Abstracting is permitted with credit to the source. Libraries are permitted to photocopy beyond the limits of
U.S. copyright law for private use of patrons those articles in this volume that carry a code at the bottom of
the first page, provided the per-copy fee indicated in the code is paid through the Copyright Clearance
Center, 222 Rosewood Drive, Danvers, MA 01923.

Other copying, reprint, or reproduction requests should be addressed to:
IEEE Copyrights Manager, IEEE Operations Center, 445 Hoes Lane,
P.O. Box 1331, Piscataway, NJ 08855-1331

IEEE Catalog Number CFPOSICC-CDR (CD ROM)

CFPOSICC-PRT (Softbound)
ISBN-13  1-4244-2075-9 (CD ROM)
ISBN-13  1-4244-2074-2 (Softbound)

Additional copies of this publication are available from

IEEE Operations Center

P. O. Box 1331

445 Hoes Lane

Piscataway, NJ 08855-1331 USA
+1 800 678 IEEE

+1 732 981 1393

+1 732 981 0600

+1 732 981 9667 (FAX)

email: customer.service@ieee.org

Produced by the IEEE Conference eXpress Publishing

For information on producing a conference proceedings and
quotations, contact conferencepublishing@ieee.org
http://www.ieee.org/web/publications/pubservices/confpub/index.html

Petitioner Samsung Ex-1042, 0007



	TIER2_Low-Complexity Antenna Selection and User
	ICC_2008_Title_page
	ICC_2008_Copyright_notice



