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Abstract—Cooperative Cognitive Radio Networks (CCRN) is a
promising concept recently studied to enhance cellular networks.
The basic idea is that a primary user (PU) transmits his traffic
assisted by some selected secondary users (SUs), which transmit
also their own traffics using the same channel. The existing
works in the literature propose the use of the same channel by
applying a time division approach, where a time slot is dedicated
to secondary traffic transmission, which degrads system perfor-
mance. To overcome this problem, the use of multiple antennas
enables simultaneous primary and secondary transmissions. Fur-
thermore, the integration of beam-forming techniques removes
the interference generated by this simultaneous transmissions.
However, for almost systems proposed so far, only the PU and
one SU can transmit simultaneously. In this paper, we propose
a new scheme of CCRN where SUs communicate with a fusion
center (FC) over a TV White Space (TVWS) band and perform
a modulation matrix that allows simultaneous transmissions of
the PU and all SUs with no interferences. Finally, we prove
by theoretical studies and simulations that the suggested model
improves significantly the rate of secondary users yet retaining
gotl)d performances for the primary link.

Index Terms—Cognitive Cooperative Radio Network, Zero-
Forcing Beam-Forming, TV White Space, MIMO.

I. INTRODUCTION

To increase spectrum utilization efficiency, the cognitive
communication proposes that a PU, which has full access to
frequency resources, selects some other users called secondary
users (SUs) to dynamically access the spectrum resources.
The selection could be based on different criteria [1,2]. For
example, spectrum sharing technique allows PU to allocate
spectrum resources to SUs in an autonomous way [3]. More-
over, the cooperative communication gives the possibility that
SUs assist primary traffic transmission as relays and benefit
of dedicated resources for their own secondary transmission.
Hence, CCRN presents a win-win context for PU and SUs.
Authors in [4-7] consider that PU and SU are equipped with
single antenna. In such configuration the frame duration is
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divided into three phases. The first one is for transmission
between PU and selected SUs, the second one is for the
transmission between SUs and the Primary Receiver (PR),
whereas the last phase is dedicated to the secondary traffic
transmission. The gain obtained from this cooperation is thus
still limited. To overcome this inconvenient, Multiple-Input-
Multiple-Output antennas (MIMO) systems were integrated
to CCRN [8-10]. The degree of freedom is thus increased,
allowing a MIMO SU to transmit independent streams. Fur-
thermore, the interference between the independent streams
can be canceled using beam-forming techniques [11]. It has
been shown that for the studied Multiple User MIMO (MU-
MIMO) CCRN systems, the primary link performances is
improved with the increase of SUs. However the secondary
link quality is limited by the fact that all SUs share the time
resource allocated to secondary transmission. In this work,
we propose a new MU-MIMO-CCRN schema, which gets
profit from both MIMO and TVWS band. TVWS means the
spectrum allocated initially to broadcasting services but not
used in the considered location [14-16]. In our system, MIMO
is used for independent simultaneous streams of all SUs with
PU, whereas TVWS band is used for communication between
SUs and the FC in order to remove interferences between
SUs thanks to a modulation matrix based on Channel State
Information (CSI) [12,13]. Hence, our SUs and the FC are
considered as secondary users of the TVWS band. -
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Figure 1. Secondary transmission coordinated by a Fusion Center

In our model, as shown in Figure 1, we consider a PU
with a single antenna at both transmitter and receiver sides.



The PU transmits the primary traffic to the selected multiple
antenna relays (SUs), which then transmit this data to the
PR. During the first phase, some SUs are allowed to transmit
their own traffic SU2 and SU3. They communicate with a
FC using TVWS band to exchange the CSI. Then the FC
is able to perform an appropriate modulation vector, based
on Zero-Forcing-Beam-forming techniques (ZFBF) [12,13]
which help each secondary user to cancel interferences with
the other SUs. SU2(R) and SU3(R) will receive primary
stream and one secondary stream. Then SU2(R) and SU3(R)
can estimate primary and secondary data using appropriate
decoding vectors. Such original schema improves the utility
of both primary and secondary links.

This paper is organized as follows: section II gives an
overview of the used technologies namely TVWS band shar-
ing, and ZFBF for MU-MIMO scenarios. Section III presents
the system model and formulates the rate of primary and
secondary links. Section IV is dedicated to simulation results
analysis. Section V concludes the paper and gives some
perspectives as future work.

II. CONSIDERED TECHNOLOGIES

A. TVWS band sharing

TV White space refers to a new concept of TV broadcast
spectrum sharing that has emerged after digital switchover
process where the analogue terrestrial TV was replaced by
digital terrestrial TV in almost countries in the world. The use
of the TVWS is considered to be a promising technique as
it contributes to greater spectrum efficiency, and allows sec-
ondary users to take advantages of high transmission quality
offered in UHF and VHF bands. Another great advantage is to
reduce the spectrum crisis problem by enabling transmission
beyond the crowded bands. Recently, a large research work
has been dedicated to this promising concept. For instance,
many research works and trial tests are led in several countries
such as US [14], United Kingdom [15] Canada and others.
The coexistence of independent networks in TV-WS was also
studied in [16] through the study of different scenarios and
mechanism as well as the proposition of coexistence decision
algorithms. One major concern of TVWS is to avoid harmful
interferences between primary and secondary services via an
opportunistic spectrum access for TVWS exploitation, which
is finally one feature of cognitive radio [17]. The advantage
of opportunistic spectrum access is the dynamic and real-
time update of system parameters. Two main methods were
proposed to reach opportunistic spectrum access: sensing and
geolocation. The former method requires the presence of
some sensors in the secondary network; by using one of the
sensing techniques, it detects unused bands and transmits this
information to secondary network elements. Regarding the last
method, each device determines its location and then uses a
database to determine the white spaces in his location [18].
In this paper, TVWS band based on geolocation is used for
communication between FC and SUs to avoid interferences
with radio communication band.
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Figure 2. TVWS system using geolocation.

B. ZFBF for MU-MIMO system

The ZFBF techniques are one of the powerful methods used
in order to mitigate interference between users [12,13]. This
technique calculates coding and pre-coding vectors to cancel
the MU interferences. We explain in the following lines this
technique under a CCRN context.

Let’s consider at first the simple case of two users: a primary
single antenna user, and a secondary user with 2 antennas at
the transmitting and receiving sides as shown in Figure 3.

Encoding vector us Decoding vector vs

ST

PT

Figure 3. Transmission of two streams for Multi user MIMO system.

We denote by Hgr-sg (2x2), hpr_pr (Ix1),
hpr_sr(2x1), hgt_pr(1x2) channel coefficient matrices
between different pairs of transmitters/receivers. The SU
performs an encoding vector ug so that the secondary stream
is canceled at the primary receiver which is expressed as:
hgr_pr * us = 0. The estimation at the PR is expressed as:

Sp = hpr_pR *Sp + 1p (D

For the secondary receiver a decoding vector vg is applied
to estimate secondary stream such that the next condition is
fulfilled Vg * hPTst =0:

Ss = Vg x Hgp_gr*Ug * Sg + Vg * Ng 2)

Under this configuration one SU can transmit simultaneously
with the PU without interferences. The primary link is not
affected even the SU has access to the channel.

In general, when K SUs are selected along with the PU, the
time dedicated to the secondary transmission will be divided
into K sub-time slots which decreasing the CCRN system
performance.



In the second part of this section we present a MU-MIMO
scenario where many SUs receive independent streams si-
multaneously without interferences. We denote by K the
number of SUs pairs,The K SUs are allowed to access the
channel during the same phase. From FC side, these SUs
are viewed as one transmitter Trr . each SU j is equipped
with n; and n,; antennas at the transmitter and receiver
sides. We consider then the transmitter Trp with ny = > n;
antennas and K users each one is equipped with n,; antennas,
the idea is to find a modulation matrix M; for each user
such that all MU interferences are zeroed. Hjis the matrix
channel between Trpr and the jth SU receiver. If we define
I:Ij = {HlT, ...H?717H2+1, Hg}T , the zero-intefference
constraint forces M; to lie in the null space of H;. The
following conditions should be satisfied to ensure the existence
of M; [13]:
- Channel matrix Hj is not highly correlated
- The rank (H) is strictly inferior to n;

This conditions are necessary to ensure that the dimension
of the null space of ICIJ- > (. Finally Tpp transmits simul-
taneously secondary streams with the appropriate modulation
matrices as one signal: s = Z?Zl M; * s;.

III. SYSTEM MODEL

The system model is a new architecture of a MIMO CCRN
that improves the achievable rate for secondary links by
allowing simultaneous transmission of all secondary streams
without impacting the primary link. In this scenario SUs
communicate via a FC, which receives both the channel matrix
H; and stream s; for each user in order to construct the
appropriate beam-forming matrix M;. To avoid interferences
with the CCRN band, the FC and SUs communicate over a
TVWS band.

As shown in Figure 4, we will consider six SUs and two phases
of transmission, the first one when PT transmits primary traffic
to the relays selected, the second one when relays transmit
primary traffic to the PR. Let us note:
R = {STy,ST5,ST3,SR4SRs, SRe},
S1 = {ST4,SR4,ST5,SR55Ts, SRe }.
Se = {ST4,SRy, STy, SR2ST5, SR3 }

where R represents the set of relays selected by the PU, S1
the set of SUs allowed to transmit their own traffic during the
first phase and S2 the set of SUs allowed to transmit their own
traffic during the second phase

A. Phase 1

PT sends s, to the relays, at the same time each secondary
transmitters in S; send their own traffic s, simultaneously to
the receivers in R . The FC, which has full knowledge of the
channel matrix, considers transmitters of S; as one transmitter
equipped with six antennas and three receivers all equipped
with two antennas: {2,2,2}*6.

To construct the modulation matrix M;, we define singular
value decomposition of H; , where the last n; — rank(H;)
right singular vectors are candidates (note that the modulation
matrix is easier to calculate when the number of SUs is
important). The ST; from S; coordinate to transmit as one

source based on FC instructions. Each relay receives the
following signal :

Se= > Hrp,* M, #5, +hy,ssp4n. (3
rlesl
with reR.
If the relay belongs to S, the received signal is:

Sy = Hrp % Mysks, + hy % sp4n, 4)

with M, enull(H,).
If the relay belongs to S, the received signal is:

Se= Y Hrp,*M,, #5;, + hp, #sp4m, )

I‘1€Sl

All relays estimate s,. However only relays of S; will
estimates,..

For reS; and using equation (4), the receiver applies a decod-
ing vector u(®),. in order to estimate Sp. The decoding vector
should satisfy the following condition:

u®) « Hrp, + M, =0 (6)

We suppose that the receiver has a complete knowledge of
CSIL.

Sp = uEP) *hy, s, 4 uEP)*nr (7)

To estimate the secondary data, the receiver applies a decoding
vector ut”so that:

uES) *hy, =0 ®)

The estimated secondary stream could be then expressed as
the following:

5, =u® « Hrp, « M, xs, + ugs) * 1, ©)]

T

For reS5 and based on equation (5), the receiver applies a
decoding vector uﬁp’ that cancel all data sent by T'rp

ul™ s (Y Hyp, # M, x5,,) =0 (10)
rlesl
The estimation of spis expressed as:
5o = uP s hy, s, +ulPsn, (11)

B. Phase 2

The FC selects the best secondary transmitter in S; to co-
operate with transmitters in Se and considers them as one
transmitter. TFy = {STy, STy, ST3, STy} transmits weight
beam-forming vectors to four receivers, three SUs receivers all
equipped with two antennas, and the primary single antenna
receiver {2,2,2,1}*7.

The beam-forming matrix M,. and M,, are chosen so that the
following conditions are reached:

HTFQ,SRJ * Mp =0 SRJ' €Sy

HTF27PR * Mf =01eRN SQ

We note that, M, € Null
H, = {Hrr, sr, Hrr, sk, Hre, sr, } and M,
space of {Hrr, pr,Hr — {Hrp, sr(r)} |

space of
€ Null
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Figure 4. Tow phases CCRN architecture using Zero-forcing beamforming technique between SUs.

The signal transmitted by TFs is expressed as:

STr2 = E M, * s, + M, * s,
reRNS»o

12)

Furthermore, relays belonging to S; transmit the primary
streams using two antennas for each one :

St = Z MI}?, *Sp

r'eRNS;

13)

The received signal for any SR; € S is expressed as:

ssr; = Hrr, sr;« My * s + E H. g, * M #s,+ngg,
r'eRNSy

(14)
The received signal at the primary receiver is :

Sp = (hrp,pr * My + > hy pex MD) 55, +1p, (15)
r'eRNS;

To estimate secondary data, SR; applies a decoding vector

u'® so that u® « > verns, Hr SR * M, * s, = 0 for
SRjESQ NR
The estimated secondary data is:

Sy = u](rs) * Hrp, sr; * My * s, + ués}’-gj SR, (16)

C. Performance analysis

In the following we will elaborate a data rate analysis for both
secondary and primary links.

For each secondary transmitter STy, we assume that power to
transmit secondary stream is fixed at P,ES). According to (9)
and (16) we can derive the transmission rate of the secondary
link during the first and (s;:)cond phase respective%y) :

2 S
| w”’ «Hrpp, « M, |* P, ) (17

s
Rg = log, (1+ No

| ugs}%j * HTFQ,SRj * Mr ‘2 *PIES)
No

Where Nyrepresents the variance of the noise.

Rgs) = log,(1+

) (18)

Our model gives a similar expression of the secondary rate as
expressed in [8]. Unlike the existing works where the rate is
calculated over the time slot allocated to this SU, the rate in
our model is calculated over all frame duration for each SU.
Let us now consider the primary link and specifically the
phasel. According to (8) and considering the worst channel
between PT and relays where the transmission power of PT
is fixed to Pp. the rate is giving b

|t

xh,, |2 %P,
No
In the second phase PR receives many copies of the primary
stream from different channel paths. For more simplicity, we
consider Maximum Ratio Combining method. According to
(15), the rate is given by:
R
5 =

R{") = logy(1 4 mineer ) (19)

IhTF2,P7~Mp+ZNRmSI b, p, MP| %P, (20)

No

log, (1+

Pr refers to the transmission power used by relays to forward
the primary stream. Our architecture gives a similar expression
of the primary link rate, thereby not affecting the quality of
primary link.

I'V. PERFORMANCE ANALYSIS

In this section we evaluate the performances of our system
based on the distance between PU and relays (SUs), and the
number of pairs of SUs. In order to get a fairly comparison,
we consider the same simulation parameters and the same
geometrical model as considered in most CCRN scenario as
in [8]. The distance between PT and PR is D=100 meters. All
relays are located at the same distance d from PT (D-d from
PR). For the secondary link, distance between ST and SR is
40 meters from the same pair, and 120 meter from different
pairs. The transmitting power for the primary link P,is equal
to the thermal noise (SNR=0), we also consider transmission
power used by relays to forward the primary stream equal
toP,. the cost per unit transmission energy is 10. All channels
are assumed to be rayleigh fading with path loss exponent



equal to 2. Finally we simulate our model over 300 frame
durations and for 100 independent simulations.Table 1 gives
a summary of the simulation parameters.

Figure 5 presents the average utility of the primary link of
our MIMO-CCRN model versus different values of d. The
simulation results show that cooperative transmission presents
good performances compared to direct transmission , both
rates converge to the same value for d=90. The average utility
achieves 4 Mb/s for direct transmission and a maximum of 11
Mb/s for d=40 for cooperative transmission.We can conclude
that MIMO-CCRN using ZFBF between SUs does not impact
the primary link performance that keeps almost the same value.
Figure 6 presents the average utility of the secondary link
versus different values of K (number of secondary pairs)
and compares the secondary rate with and without ZFBF
technique between SUs , the rate is calculated for two values
of d (d=30 and 50 meters). The simulation results show that
the secondary performance improves significantly by adding
ZFBF. As mentioned above the primary link performances is
improved with the increase of SUs. However in those works
without using ZFBF techniques, the secondary link quality
is limited by the fact that all SUs share the time resource
allocated to secondary transmission. The simulation prove that
in our architecture, the increase of SUs pairs does not impact
secondary links performances, which is the main contribution
of this work. Table 2 gives some rate values comparing the
two scenarios when the ZFBF is either applied or not.

As we can conclude from Figure 6, the secondary average
utility still almost stable for different value of K, the small
difference between values is due to the beam-forming vectors
that are choosing randomly, this can be improved by adding
an algorithm that find the best beam-forming vectors that null
the interferences and give the best rate to the SUs.

MIMO-CCRN-6 SU pairs|
MIMO-CCRN-5 SU pairs| |
MIMO-CCRN-4 SU pairs|

v direct transmission

average rate of primary link (Mb/s)
©

6 \\
st
4
10 20 30 40 50 60 70 80 920
distance between PT and relays
Figure 5. Average utility of primary link.

Table T
SIMULATION PARAMETERS
[ Parameter [ value |

D(distance between PT and PR) 100 meters
Distance between ST and SR (same pair) 40 meters
Distance between ST and ST or SR (different pairs) | 120 meters

path loss exponent 2

Cost per unit transmission energy 10

35

3 — B —— g
s ‘*/ — —,
Sasp  T— +  MIMO-ZF-d=30 1
= *  MIMO-ZF-d=50
E 2k +  MIMO-WZF-d=30|
§ *  MIMO-WZF-d=50|
Pas T
c — ]
Er— ~
051 e 1
04 45 é 5 6 6. 7 75 8
Number of SUs pairs
Figure 6. Average utility of secondary link.
l K | 4 [ 5 [ 6 [ 7 | 8 ]
Rate with ZFBF(Mb/s) 3.115 | 2950 | 2.955 | 2.738 | 3.115
Rate without ZFBF(Mb/s) | 0.853 | 0.690 | 0.534 | 0.425 | 0.383
Table 1T

PERFORMANCE ANALYSIS OF SECONDARY AVERAGE UTILITY FOR D=50M.

V. CONCLUSION

In this paper we improve secondary link performance with-
out impacting primary link by: using the MIMO zero forcing
beam-forming techniques under a Cognitive Cooperative sys-
tem and using a fusion center that communicates with the
secondary users over a TV White Space band. Simulation
results have shown that our model presents a higher average
utility compared to direct transmission scheme. The main
contributions of this paper can be summarized as follows:
We proposed a new schema of a MU-MIMO-CCRN that
gets advantage from TVWS band to allow SUs to transmit
simultaneously without interferences. We formulated the the-
oretical expression of primary and secondary capacity under
this architecture. We evaluated the system performances in
terms of average utility.

As future woks we will exploit the MIMO antennas by
adding the Space Time block Coding that achieves a good
performance, and find the optimal beam-forming vectors for
the secondary transmission.
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