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Abstract—In this paper, we investigate a joint scheduling and
transmitting scheme in cognitive radio networks. Three phases
are considered in the proposed scheme(named scheme 1): 1)in
the first phase, /V; primary users(PUs) in the high-rate region are
chosen to implement communication with primary base station
(PBS); 2)in the second phase, PBS will support simultaneously
the fixed relay station(RS) and the selected PUs in the high-
rate region based on certain beamforming(BF); 3)in the third
phase, selected PUs in the low-rate region and selected cognitive
users(CUs) in the cognitive region are supported by RS. In
particular, during the phases above, all selected users send
back their channel covariance matrices to PBS or RS on the
purpose of lowering the feedback and implementing certain BF.
Furthermore, a frame structure used for the joint scheduling
and transmitting scheme is presented and the performance of
scheme 1 with imperfect channel covariance matrix feedback is
evaluated to compare with that of scheme 1 with perfect feedback.
From the simulation results, the proposed scheme(scheme 1) can
significantly improve the throughput of the network over the
basic system(named scheme 2) without spectral sharing.

I. INTRODUCTION

According to the measurements of Federal Communication
Commission (FCC) recently, roughly 90 percent licensed fre-
quency bands remain idle[1]. However, intense competition
has arisen, especially for the spectrum below 3GHz owing
to the tremendous enhancement of wireless communication.
Accordingly, the availability of the licensed wireless spectrum
becomes extraordinarily limited. The low spectrum usage
should be raised. From the point of view of J.Mitola[2],
cognitive radio(CR) can be used for enhancing the spectral
usage efficiency by permitting one cognitive user(CU) or more
to share the spectrum resources with one licensed user(primary
user, PU) or more. By sensing the spectral holes, CUs are capa-
ble of accessing the licensed spectrum without interfering PUs.
As a result, spectral usage efficiency increases. Referring to the
recent work by A.Goldsmith[3], CR technology includes three
main cognitive radio paradigms: underlay, overlay, interweave.
Our proposed system of scheme 1 based on the combination
of the underlay and overlay pattern will be mainly discussed
in this paper.

Relay transmission strategy in the cellular system was
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proposed to cover dead spots, such as subways, tunnels or in-
building areas, where a base station(BS) is not able to support
the mobile users[4]. The basic idea of relay transmission is
to deploy intermediate nodes which can forward the received
data from the source to the destination. Furthermore, the relay-
assisted system has certain potential advantages including the
improvement of system throughput and the enhancement of
system performance[5] by enlarging the coverage area of a
BS. In this work, to maintain the quality of service(QoS) of
the primary users far away from PBS(i.e., PUs in the low-
rate region), a cognitive base station(CBS) is deployed as
a relay station(RS) to support such PUs while carrying out
communication with certain CUs.

BF is a critical technology for multiuser systems. The
concept BF derives from the requirement of receiving a signal
radiating from a specific transmitter and attenuating signals
from other transmitters. Zero-forcing beamforming(ZFBF)[6]
is a suboptimal but practical strategy where the beamform-
ing weight matrix is computed to avoid interference among
user streams. However, ZFBF has some drawbacks that it
is only known to work for one receive antenna per user[7].
Recent work on cognitive multiuser multiple input/multiple
output(MIMO) systems[8] has adopted antenna selection to
guarantee one receive antenna per user, which makes it pos-
sible to compute ZFBF weighting vectors at the transmitter.
In this paper, similar to [9], beamforming weight vectors are
chosen based on the corresponding optimization problem using
the properties of generalized eigenvalue decomposotion. Such
beamforming vectors are capable of reducing the inter-user
interference among the selected users.

The rest of the paper is organized as follows. In section
II, the system models of our proposed schemes are presented.
Then in section III the beamforming approach and the frame
structure design will be discussed in detail. Performance
analysis and simulation results will be given in section IV
and in section V. Finally, we will come to a conclusion in
section VI. Throughout this paper, we use uppercase boldface
letters for matrices and lowercase boldface letters for vectors.
The Frobenius norm of vectors are denoted by ||.|[p; (.)¥
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System model of scheme 1

and E(.) stands for the conjugate transpose operator and the
expectation operator respectively.

II. SYSTEM MODEL

A. System Models of Scheme 1 and Scheme 2

The system of scheme 1 is a multiuser MIMO system with
the coexistence of a CR network that shares the same spectrum
for transmission with an existing primary celluar network.
The downlink consisting of PBS— PU link, PBS—RS link,
RS—CU link and RS—PUp link is considered. PUy and
PUp denotes the PUs in the high-rate region(A area) and
low-rate region(B area) respectively. The deployment scenario
of our proposed system is shown in Fig.1. A single isolate
60° sector with a coverage radius 600m is considered. RS lies
at the center of the sector. PBS and RS are located above
rooftops with direct links and have arrays with /V; antenna
elements and both PUs and CUs are equipped with N, omni-
directional antennas. The flat Rayleigh fading channel model
between PBS and PU, RS and PU, RS and CU, and Ricean
fading channel model between PBS and RS are supposed.
K4, Kp respectively denotes the number of PUs uniformly
distributed in A and B area, while K- denotes the number
of CUs uniformly distributed in C area. RS amplifies and
forwards the symbols received from PBS to the selected PUs
in B area.

The system of scheme 2 is similar to that of scheme 1 except
that there are no CUs and RS. So only the downlink consist-
ing of PBS— PUy link and PBS— PUF link is considered.
Scheme 2 is a common celluar network which is used as the
comparison of the performance with scheme 1.
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Fig. 2. Frame structure for the two schemes

B. Operating Mechanism of the CR Network and the Primary
Cellular Network in Scheme 1

Both the system of scheme 1 and scheme 2 apply the TDMA
strategy in the MIMO downlinks. According to the frame
structure discussed in section III, PBS selects N; PUs in A
area to communicate in A time slots while suspending the
transmission of the PUs in B area and CUs in C area; in B
time slots, RS(acting as the special PU) and (N, — 1) PUs
in A area are allowed to receive the data from PBS while
keeping PUs in B area and CUs in C area silent; in C time
slots, RS let PUs in B area and CUs in C area simultaneously
share the spectrum while keeping PBS and PUs in A area
from work. In a word, only in C time slots can CR network
be activated to share the spectrum with the primary cellular
network(B area). RS serves two different functions in scheme
1: 1) assisting the transmission of PUf in B area. 2) acting as
a CBS to enable the CUs in C area to share the same spectrum
with the PUs in area B through coordinating with the primary
network. In this paper, we assume the transmitter(PBS or RS)
don’t know the perfect channel state information while each
PUs and CUs have perfect channel knowledge and the selected
users send back the channel covariance matrix R to PBS or RS.
By using beamforming approach in section III, the transmitter
can calculate the beamforming vectors to null the inter-user
interferences.

C. Derivation of Sum-rate

We present the method of calculating the sum-rate of one
time slot, which can be applied to the analysis of A and B
time slots in scheme 1 and 2. The frame structure design and
the expression of sum-rate in the C time slots in scheme 1
will be depicted in detail in section III.

In the studied scheme as shown in Fig.l., we suppose
that N, < K4 + Kp + K¢ is satisfied and both the large
scale path loss and small scale fading are considered. n
denotes the path loss exponent and we drop the log-normal
shadowing effect for simplicity. Assume in each time slot,
the transmitter selects [V; users to receive data, so a block of
information symbols s = [sy, 52, -+ , sn,]7 with uncorrelated
unit-power entries are transmitted to the selected users. The
channel and the distance between the transmitter and user k are
represented by a N,. x N; matrix Hy, and dj. Ppgs stands for the
transmitted power of each user. Let s, denote the transmitted



symbol to the k user, and ny be the additive white Gaussian
noise vector observed at the receiver whose elements are i.i.d
complex Gaussian with zero mean and o2 variance. Let Wy
and f}, denote the unit-norm transmit beamforming and receive
combining vectors. Then with the maximal ratio combining
receiver(i.e., f = Hw/||Hw|| ), the signal at the k user is

| P | P,
H BS Z H BS —~
T = fk Hka mSk + fk kaq msq + ng

qFk
(1)

where ny = f,7ny, f,.=H,wy/||H,w| ». The sum-rate in
one time slot can be written as

Ny

R=" log,(1+ SINRy) 2)

k=1
where STNRj, denotes the signal-to-interference and noise
ratio of the k user. From equation (1), SINRj can be
expressed as

Pps/Ni| Gy il di™
Yk P85/ NilGrgldi™ + 0

where Grp = [Hilli + (WiRews)/[Hewepo G =
Bk |7 (Wi Riwq) /| Hewe[| > and Ry = Hy Hy, / | H|[f.

SINRy =

3)

III. BEAMFORMING AND FRAME STRUCTURE

A. Beamforming Approach Using the Generalized Eigenvalue
Decomposition

The specific configuration Ny = N, = 2 is only considered
in our proposed systems of scheme 1 and scheme 2. We
extend the beamforming approach introduced in [9] to the
downlink cellular system with spectral sharing(scheme 1). This
technique exploits the properties of the generalized eigenvalue
decomposition to jointly optimize transmit beamforming and
receive combining vectors. This beamforming solution works
for the system with two or more transmit and receive antennas
and where only two selected users can be served during each
time slot.

In each A, B, C time slot, the transmitter selects two
different users with the indices being ¢ and j(i # j) to
communicate while keeping others silent. In A time slots, ¢
and j denote the two selected PUs in A area; in B time slots,
¢ and j stand for RS and a selected PU in A area while ¢ and
7 indicate a selected PU in B area and a selected CU in C
area during C time slots. The signals received at ¢ and j user
after receiver combining are

/| P /| P
H BS H BS ~
Pps H Pps ~
= G W | B st T w25 s (5)
J J J dj Nt J 7] d] Nt J J

Then on the condition of the zero inter-user interference
constraint fiHHiwj = O,fjHiji =0 (|W,{{Rz‘Wj} =
0, wf R; wi| = 0), the transmitter can determine the optimum
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transmit beamforming vectors through solving the optimiza-
tion problem below.

* *] __
(Wi, wi] = arg max
wazl|wi || =1,w;:[[w; || =1, w; #w, 6)

log, (1 + |W{1R1;W7;‘2) + logy (1 + |wJHijj‘2)

where R;, R; are the N; x N, normalized covariance channel
matrices, w; and w; are the optimum transmit beamforming
vectors of size Ny x 1. In order to get w;, w7, we apply the
theorem proved in [9].

Theorem: RiXy, = anRjxpm, Rjy, = Ry, m,n =
1,2,---, N;. Both R; and R; are N; x N; Hermitan matrices
and oy, m = 1,2,--- | N; are real generalized eigenvalues
sorted in ascending order, so is (3. Xy, ¥,, are the correspond-
ing generalized eigenvectors. Then any X,,, y,, can satisfy the
zero inter-user interference constraint in equation (7) only if
m,n = 1,2,--- /Ny, m # n. On the condition of N; = 2,
let € be the set of the qualified generalized eigenvector pairs
{Xma yn}’ Q :[{XlaYQ}a {X27 YI}7 {yh X2}> {Y2> X1},{X17 xQ}v
{x2,x1}, {¥1,¥2}, {¥2,¥:}]- That is, the optimum transmit
beamforming vector pair{w;, w}} is chosen from Q.

Substituting w;, w; in G;; and G;; with w}, wj respec-
tively, we get 7 and G which have the similar meanings as
that in section IV.

From equation (3), after nulling the inter-user
interference(|G; ;| = 0,|G;,;| = 0), the instant sum-rate
during one time slot can be written as

R =logy(1+SINR;) +logy(1+ SINR;)  (8)

Pos|G]
Ntd;”az

_ PeslGiP o |’
where SINR; = =, SINR; =

B. Design of Frame Structure

The frames of scheme 1 and scheme 2 contain equally 7T’
time slots for comparing their performances.

1) Frame Structure of Scheme 1: The frame structure is
shown in Fig 2. Considering PBS and RS serve K +Kp+K¢
users, our proposed user scheduling strategy enables a near fair
utilizing of sum-rate through allocating different proportional
time slots to the high and low-rate region. We divide the time
slots of the frame into 3 types, named A, B and C. T4,, T,,
T¢, denotes the number of A, B and C time slots respectively.
Ta,,Tp, and T, satisfy Ty, +Tr =T,Tr = 21T, = 21, .
One B time slot contains two different links in the mean time:
PBS— PUpy, PBS—RS while C time slot contains RS—PUF,
RS—CU.

2) Frame Structure of Scheme 2: The frame structure of
scheme 2 is the same as that of scheme 1 except that there
are no C time slots. T4, and T, satisfy that Ty, + T, =T,
Ta, =Ta,,Tp, = 2Tp,. In scheme 2, A time slot contains
two PBS—PUp links whereas B time slot contains two
PBS— PUF links.



IV. PERFORMANCE ANALYSIS

In this section, the user scheduling strategy of the scheme
1 and 2 are illustrated in detail. Considering perfect channel
covariance matrix feedback is hard to implement in reality, we
then go on to examine the behavior of scheme 1 in the presence
of imperfect feedback. Finally, the expressions of sum-rate of
scheme 1 with both perfect and imperfect covariance matrix
feedback are presented.

A. Sum-rate of Scheme 1 with Perfect R feedback

We assume that both the PUs and CUs have equipped with
GPS, so PBS and RS know the distance of each users, also that
the discussion is based on the configuration N; = N, = 2.
Referring to the frame structure, the user scheduling strategy
of system 1 can be divided into 3 phases:

1) Sum-rate in each A Time Slot: In each A time slot, PBS
selects two PUs whose distances to PBS are shorter than the
others in A area and remains other PUs silent in this slot.
This method is to achieve as much high sum-rate as possible
in that large scale path loss plays a key role in the value of
SINR received by the user. Assume the indices of the two
selected PUs is a and b, a,b € [1,2 , K 4). After using
beamforming in PBS, the instant sum-rate in one A time slot
is

R(t) = logy(1 + 1SINRp,) + logy(1 + {1SINRpy) (9)
where #SINRp, = 71311\3,5;?02‘ , #SINRp; = 71)]5561‘?;2“

2) Sum rate in each B Time Slot: In each B time slot, one
of the antennas in PBS is used to transmit the data to RS
to assist the transmission of the PUs in B area, the other is
used to serve a PU in A area. PBS select RS(seen as a special
PU) and the PU whose distance to PBS is the shortest among
all the users in A area, named PU e. Hy = d"Ha denotes
the Ricean fading channel model between PBS and RS. The
(n,m)-th entry of Hx is

1
aln,m) = \/Eaexp(je) + HmC’N(O,UQ) (10)

where 6 is uniformly distributed in [0, 27]. RS and PU e send
back their R to the transmitter. Similarly, the instant sum-rate
in one B time slot is

Pps|Gy”
N, + dga 2

3) Sum-rate in each C Time Slot: The C time slots are made
to serve the PUs in B area and CUs in C area while keeping
PBS and all PUs in A area silent. Like in the A and B time
slots, RS selects one CU in C area whose distance to RS is the
shortest among the K CUs. We name the selected PU and
CU as ¢ and c. After using beamforming in the transmitter,
the equivalent baseband signal received by RS and the PU ¢
in B area during B and C time slots can be written as 7a, 74

5 R(t) = logy(1 + ) (11)

TA*GAﬁ/dAnN sp+na, rq=G P,‘?Jf/ —I—nq
E(ral®) = B(rira) = |GA* 225 + 0% =
(12)
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where I denotes the contribution of the received signal and
the noise power. Then 7, can be rewritten as

. _ | Pnrs Pps G*GA Prs Gy s
=\ a NN AN, VE © d,"N,vE "
(13)

From the equation (13) the signal power can be written as

G:|7IGAI? .
Es, = (fgi’;,?iﬂ | | ‘ al , and the noise power states as
En, = (354 T + 1)02, thus we obtain the SINR of the
0" Ny

PU g, i.c., PSINRp, = £
is SINRg,, = PnslGl®,

dro?
slot can be written as

FOR() = §R(t) + §R(1)

where PR(t) = logy(1 + SINRp,), §R(t) =logy(1+§
SINRp,) denotes the instant sum-rate of PUs in B area and
CUs in C area during one C time slot respectively.

4) Sum-rate of the Entire System of Scheme 1: When N (the
number of the frame during simulating) is large, the sum-
rate of PUs, CUs and the whole system containing both PUs
and CUs(denoted as Rp, Rc, RlTOtal) can be approximately
written as

The instant sum-rate in one C time

(14)

N
Rp=x Y 71 { Y PRM) + X 4RO+ X ?R(t)}
t=1 Ta, Tp, Tc,
N
RC = % Z % Z gR(t)V RTofal RP + RC
Tcl

~
Il
—

(15)
B. Sum-rate of Scheme 2 with perfect R feedback

Considering there are no CR network and RS, Tz, time
slots are used to serve the PUr in B area. In each time slot
of T4, time, PBS selects two PUs in A area whose distances
to PBS are shorter than any other PU; in each time slot of Tz,
time, PBS selects two nearest PUs in B area while keeping
all PUy silent. Let ﬁR and ?R denote the instant sum-rates
of each time slot in A and B area, then the sum-rate of the
whole system of scheme 2(denoted as R%otal ;) can be derived
as

Total N Z

C. Sum-rate in scheme 1 with Imperfect R feedback

t)+ > PR()

T32

(16)
Ta,

With accurate covariance matrix R being processed by the
transmitter, inter-user interferences can be nulled according
to equation (6). However, perfect feedback is not possible in
real situations, especially in the system with the coexistence
of the primary network and the CR network that share the
same spectrum. one reason may be that the CR network is
hard to be exactly coordinated with the primary network. So
the R sent back by PUs or CUs may be interfered with each
other; the other may be ascribed to the quantization error of
the covariance matrix. Now Consider the scheme 1, from the



discussion above, only in C time slots can the CR network be
activated to access the licensed spectrum, so to simplify the
analysis, we assume that perfect R feedback will take place
in both A and B time slots whereas in C time slots imperfect
covariance matrix R will be sent back by the selected PU in
B area and the selected CU in C area. The expressions of
sum-rate in A and B time slots are the same as equation (9)
and (11). R can be modelled as R = AR/||AR| where
AR =R+« HRHF 0, © is a Ny x N; matrix with independent
complex Gau531an random variables of zero mean and unit
variance C'N(0,1) and « is a perturbation error factor.

Due to the imperfect covariance matrix feedback, the inter-
user interference should be taken into account in the calcula-
tion of SINR. Let the indices of the selected PU and CU in
each C time slot be ¢ and c respectively, ) be the set of the
qualified generalized eigenvector pairs of R, and R, defined
in the theorem in section III. The equation (6) is modified as

max
Wq,We€ Q,We#W,

2 —
) +logy(1+ W Row,

[Wq,w*] = arg
2 (I7)

)

After replacing Wg, W in quq, G Ggﬁ and G, . with
WZ, w? respectively, we get G, Gy ., Gy, Gt In each C time

slot, the signal received by the PU ¢ and the CU c after
beamforming in the transmitter can be written as

log, (1 + ‘Wfﬁ;wq

P’Ifif, dfﬁfv, Gf/%A sp+ quci‘ Ng (18)
I .= dpfjfl G* eSey Ng = %\/%ﬁz-l—ﬁ;
e = dpffj Giset Loy + N.
% Ry g (19
Nc = PRS \/{*q nA + h\c/

where ;. is the interference generated by CU c at the
receiver of PU ¢, other symbols denote the similar meanings
in equation (12) and (13). The instant sum-rate with imperfect
R feedback in one C time slot is

Es,

BOR B,
3 E;, .+ En,

Bs. ) 0

)+logy (1+ Er. + B,

= log, (14

where Fg, E; and Ey stands for the the power of signal,
interference and noise respectively. Finally, the sum-rate of
the whole system of scheme 1 with imperfect feedback is
presented as

N
Rt = 5 D T + D8Rt + Y FOR®)
t=1

TBl Tcl
1

From the discussion above, our proposed system of scheme
1 can be seen, to some extent, as a system with the combina-
tion of the underlay and overlay CR network: for one thing,
by using beamforming approach, the interference generated
by the CUs at the PUs is below some acceptable threshold;
for another, in spite of the fact that PUs utilize A, B and

> 1R(t)

TAl
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Fig. 3. Scheme 1 vs. Scheme 2

C time slots in the scheduling process, CBS(RS) can assist
the transmission of the PUs in the low-rate region in C time
slots while permitting the CR network to start communication
simultaneously.

V. SIMULATION RESULTS

In this section, we compare the performance of scheme
1 with that of scheme 2 in terms of the sum-rate. The
configurations of scheme 1 in our simulation are presented as
follows. Both PBS, RS and the PUs and CUs are equipped with
two antennas, that is N; = NN, = 2. The transmitting power
of PBS and RS Ppg = Prs = 10dBm and the noise power
a,% = —106dBm. We assume the noise variance received by
RS, the PUs and the CUs are the same. The radius of A area
ranges from 50m ~ 300m and the radius of B area ranges
from 500m ~ 600m. The radius of C area(RS lies in the center
of area C) ranges from 50m ~ 200m. The path loss exponent
n = 4 and the distance between PBS and RS da=250m.
Each frame consists 7' = 10 time slots. Let prop; = T, /T
and props = Ta,/T stand for the proportion of time slots
allocation between A and B area of scheme 1 and scheme
2 respectively. We generate N=2000 frames to calculate the
sum-rate. The simulations of Fig.3-Fig.5 are based on the
assumption of perfect covariance matrix feedback.

In Fig.3, the sum-rate of PUs and CUs under the proposed
system as a function of the K(we let K 4=Kp=K~=K), for
propi=props=0.4 is depicted. The sum-rate increases with
the total number of users grows which exploits the multiuser
diversity. For a large number of users, the chance to have the
best users selected gets higher to yield the increase of the sum-
rate. It can be observed in Fig.3 that compared with scheme
2, scheme 1 yields good performance.

Fig.4 presents the change of the sum-rate of scheme 1
caused by the different proportions of time slots allocation
for prop; during each frame. We go on the similar simulation
as Fig.3 with prop;=0.6 and prop;=0.4 respectively. It can be
concluded that when the time(74 time slots) served for PUs
in the high-rate region increases, the sum-rate of the entire
system ascends, and that the sum-rate of the cognitive network
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declines a little resulting from the decrease of the number of
time slots(7, ) served for cognitive area.

Fig.5 shows Rp and Ry, of scheme 1 versus Ppg for
K =100, prop;=0.4. It can be seen from the figure that when
Ppgs becomes larger, the total system sum-rate increases. From
equation (6) and (7), the sum rate must grows linearly as Ppg
increases in dBm due to the zero inter-user interference. The
simulation results are definitely consistent with our inferences.

Fig.6 depicted R} ,,, of scheme 1 with imperfect R feed-
back versus « and K for prop; = 0.4 and Pgg = 10dBm. It
can be seen that when o« = 0.1, the total sum-rate is about 3
bps/Hz less than that of o = O(perfect feedback) which states
that our system of scheme 1 has certain tolerance to imperfect
feedback.

VI. CONCLUSION

In this work, we consider the three-phase joint scheduling
and transmitting scheme in cognitive radio networks. A fixed
relay station, serving as a cognitive basestation during the
third phase, is deployed in order to improve the throughput
of the primary users in the low-rate region while supporting
cognitive users’ communication with the overlay cognitive
pattern. Specially, both primary users in the low-rate region
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Fig. 6. total sum-rate of the scheme 1 with imperfect feedback

and cognitive users in cognitive area are scheduled to increase
sum-rate of the entire system. Furthermore, in order to reduce
the feedback and exploit beamforming at transmitting side, all
selected users return their covariance matrices to primary base
station and/or relay station. As is seen from the simulation re-
sults, the proposed scheme (scheme 1) is capable of enhancing
the throughput over the basic scheme 2.
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