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Abstract—When equipped with multiple antennas, secondary
users in cognitive radio networks are able to communicate even
when neighboring primary users are active by transmitting in the
null space of the communication channel occupied by primary
users. In this case, the throughput of a secondary link is limited
by the transmission power and the dimension of the null space,
i.e., the number of active primary users nearby. Since the number
of active primary users is time-varying, the required transmission
power to support certain data rate changes from time to time.
Thus, secondary users could adapt their transmission to the
variation of the primary traffic to improve energy efficiency.
In view of that, we develop an energy-efficient traffic scheduling
scheme for secondary users equipped with multiple antennas.
By formulating the traffic scheduling problem as a Markov
decision problem, an energy-efficient transmission scheme is
derived from linear programming. The analytical results are
verified by simulations and the impacts of various parameters are
discussed. The superiority of the derived scheme is also shown
by comparing with a randomized scheme.

I. INTRODUCTION

Recently, the wide spread of wireless technology has led to
the rapid growth of wireless data traffic and spectrum demand.
In contrast, a lot of spectrum bands are underutilized due to
the static spectrum allocation policy. Cognitive radio (CR) has
been introduced as an effective approach to increase spectrum
utilization and meet increasing spectrum demand [1]. With CR
technology, secondary users are allowed to access the licensed
bands as long as the quality of service (QoS) of primary users
is guaranteed [2].

Traditionally, the QoS protection for primary users is
achieved through an interference power constraint, which
limits the available spectrum bands to the secondary users
[3], [4]. To allow secondary users to access the licensed
spectrum bands more aggressively, a MIMO based scheme was
proposed in [8] where beamforming techniques are adopted
to allow secondary users to communicate in the null space
of the communication channels occupied by primary users. In
this case, the throughput of secondary links is limited by the
number of active primary users nearby and the transmission
power [6]. As primary users’ traffic is time-varying, the
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required transmission power for secondary users to achieve
certain throughput varies at different time spots. This indicates
the secondary users’ energy consumption could be minimized
by adapting their transmission to the variation of primary
traffic. On the other hand, battery-powered wireless devices
are widely used and their battery could be easily drained by the
ever growing applications and services. Thus, secondary users
would benefit from an energy-efficient transmission scheme
[5]. Although the feasibility and the superiority of this MIMO
based transmission scheme have been demonstrated in existing
works [3], [8], it has not been well addressed from an energy-
efficient perspective.

In this paper, a cognitive radio network where secondary
users are equipped with multiple antennas is considered.
With MIMO beamforming technologies, secondary users could
communicate in the null space of the primary channels.
Aiming to minimize the secondary user’s long-term average
energy consumption, the optimal secondary traffic scheduling
scheme is investigated under both queue length and overflow
constraints. The traffic scheduling problem is formulated as a
Markov decision problem. Different from existing works, the
number of active primary users nearby has been included in the
system state as it directly determines the energy consumption
of this MIMO based transmission scheme. Noticing the cor-
responding Markov decision process has a unichain structure,
the optimal steady state probability is derived through linear
programming and the optimal transmission scheme is obtained
accordingly. The analytical results are validated by simulation-
s, and the impacts of queue length and overflow probability
on the average energy consumption are investigated. Then the
relation between queue length and overflow probability is pre-
sented. We also compare the derived transmission scheme with
a randomized transmission scheme and the results indicate the
derived scheme is more energy-efficient than its randomized
counterpart.

The rest of this paper is organized as follows. The MIMO
based transmission scheme and traffic models are introduced
in Section II. The Markov decision problem is formulated in
Section IIT and the optimal traffic scheduling scheme is derived
in the same section. Then simulation results and the impacts
of various parameters are presented in Section IV. Finally,
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conclusions are drawn in Section V.

II. SYSTEM MODEL
A. Network Model

A slotted cognitive radio network where IN,, primary links
coexist with Ny secondary links is considered. The transmitter
and the receiver of the ¢th primary link are denoted as PT;
and PR; (i = 1,---,Np), respectively. The transmitter and
the receiver of the jth secondary link are denoted as S7; and
SR; (j =1,---, Ny), respectively. Each primary user has a
single antenna and each secondary user is equipped with n
antennas. A secondary service provider (SSP) is adopted to
coordinate the transmissions of the secondary links such that
they will not interfere with each other [7].

B. Primary Traffic

Each primary link has two states, i.e., on and off. The state
of each primary link remains unchanged during each time slot
and evolves as a two-state Markov chain. Specifically, when a
primary link is active in the current slot, it will keep active in
the next slot with probability p. When a primary link is inactive
currently, it will remain silent in the next slot with probability
q [10], [11]. Denote the status of the ith primary link in slot
t as Y. Then, ¥, = 1 and 9¥;; = 0 indicate the primary link
is active and inactive, respectively. A; = {i|J; = 1} is the
index set of all the active primary links in slot . The number
of active primary links in slot ¢, denoted as my, equals to |A;|,
the cardinality of A;.

C. MIMO Based Secondary Transmission Scheme

In traditional cognitive radio networks, secondary users can
transmit over a certain spectrum band only when the inter-
ference power constraints at the primary users are satisfied,
which limits the number of available bands to secondary users.
As reported in [8], when secondary users are equipped with
multiple antennas, beamforming can be utilized for them to
communicate in the null space of the channels occupied by
primary users. With this MIMO based transmission scheme,
in the considered network, secondary users could access a
licensed band for transmission as long as the dimension of the
considered null space is positive. Next, a brief introduction on
this MIMO based transmission scheme is provided.

When S7T; intends to communicate with SR; in slot ¢, it
first precodes its signal with a precoding matrix such that
the transmitted signal will not interfere with the primary
links. Meanwhile, SR; processes the received signal with
a beamforming matrix to nullify the interference from the
primary links. For ease of presentation, we assume all primary
links are active, ie., A, = {1,2,--- ,Np} and my = N,,.
As shown in Fig. 1, the channel vector between S7) and
PR;is g;; € C!'*™ and the channel vector between PT; and
SR; is r;; € C"*. The channel from SI;Z' to all primary
receivers is G = | gL g, g;fFNp |" e CNexm and
the channel from all the primary transmitters to SR, is
R=[rj rjp rjn, | € C"Ne, where gf, is the
transpose of g;,. The singular value decomposition of G and

R can be expressed as G = Vo[ Ag Oy, x(n—n,) ]UE and
R=Vp [ Ar

O(n—Np)XN,,
are diagonal matrices of the singular values', and UL e Ccnxn
is the conjugate transpose of Ug. Let Ug = | Ug1  Uge ]
and Vg = [ Vg1 Vge |, where Ugy € C"* 7 is formed by
the vectors corresponding to A, and Vg, € C**Vr is formed
by the vectors corresponding to A p. Before transmission, S7;
projects its signal x;; € C"*! to the null space of G such
that the received interference power at each primary receiver
is zero. After transmission, the received signal at SR; is

U}r{, respectively, where Ag and A g

y = Hz,; + Rz, + n, (1)

where &,; = UgaXs; € C™*! is the transmitted signal of ST}
after projection. @, = [ zp1  @p2 TpN, ]T e CNox1,
where z,;1 € C is the transmitted signals from P7;. n ~
N (0,0%1,) is the white Gaussian noise. At the receiving side,
SR; projects the received signal y to the null space of R with
the projection matrix Vo, i.e.,

§y=Vi,y=VL Hz,+Vin=Hx,+Vin (2

where H = VTR2HUG2 and V}Qn ~ N (0,0%I,_n,). From
[6], the throughput of the secondary link is

1 ~ -
T = rrslaxEﬁ |:10g2 (‘I + 2HSSJHT’>:| ,TT‘(SSJ') <P.
sj g

where S,; is the autocorrelation matrix of x,;, Tr(Ss;) is
the trace of S,;, and P is the transmission power constraint.

Noticing I+ %I:ISSJ-IjIT is a nonnegative definite matrix, it
follows

n—N,
r 1
T = max ; E,, [log2 (1 + (ﬂwmlﬂ,

“4)

where 7); is the eigenvalues of H [9]. Since N, = my, 7 is
just a function of n — m; and P.

(] {0

Fig. 1. Interference Channel.

'In this paper, all channel matrices are assumed to be full rank.



D. Secondary Traffic

It is assumed that S7); has a finite buffer of size B and its
queue length at the beginning of slot ¢ is b;. At the start of slot
t, STj selects to transmit u, packets according to a decision
rule ¢, where uy € Uy, = {0,1,2,--- ,b;}. The number of
arrived packets during slot ¢ is a; and a;’s are assumed to be
independently identically distributed (i.i.d.). Similar to [12],
the maximum number of arrivals during each slot is required
to be no more than B. When the incoming traffic is Poisson
distributed, the probability of k arrivals during slot ¢ is [12]

AemA 0<k<B-1
Pla=h=q, Sy ,_5 - O
A -
=0

where A is the average number of arrivals during each slot.
Then, we have

byt1 = min {b; — u; + a4, B}, (6)

Without loss of generality, we assume both the duration of
each slot and the secondary packet length are fixed. Then,
the minimum secondary link throughput 7 to support the
transmission of u; packets in slot ¢ is a function of uy, i.e.,
T = T (u). From above discussion, 7 is also a function of
n —m; and P, we have

T (u) = f(n—m, P). ©)

Clearly from (7), the transmission power in slot ¢ is a
function of m; and wuy, i.e., P, = f (m¢, ut). For simplicity,
we assume each slot has unit duration and thus the energy
consumption in slot ¢ is of the same value as P, ie.,
f (my, uy), a function of m; and ;. Given m; varies from slot
to slot, u; should be carefully designed such that the optimal
u; can be selected to minimize the energy consumption. A
policy m = {1, 2, - - - } is the collection of the decision rules
at different time slots. When all the time slots adopt the same
decision rule, 7 is called a stationary policy. We will derive 7%,
which is a collection of the optimal decision rules at different
time slots, in the next section.

III. OPTIMAL TRANSMISSION STRATEGY

In this section, the optimal policy 7* will be found to min-
imize the long term average energy consumption under queue
length and overflow constraints. Specifically, the optimization
problem can be formulated as

N
Ce . . 1 T | £
minimize lim N ; E3 [f (my, Ut)} ®)
1 N
st Jim ; Ef [b] <D ©)
1 N
Jim ; Ej[Pf] <e, (10)

where 3 is the initial distribution, P¢ is the buffer overflow
probability at slot £. (9) is the average queue length constraint

and (10) is the overflow probability constraint. The optimiza-
tion problem above will be formulated as a Markov decision
problem in the next subsection.

A. Markov Decision Problem Formulation

The system state at slot ¢ is composed of current queue
length and the number of active primary links, ie., S; =
(brymy) € S and S = {(zm) wl;g’j:'_:'_ ’ﬁp . Based
on the fact that the activity of each primary link 9;; has
the Markov property, we will prove m; satisfies the Markov
property in the following Lemma.

Lemma 1 my satisfies the Markov property, i.e., given my, the
distribution of my41 is independent of {m;|i = 0,1,--- |t —

1),

Proof: See Appendix. |
According to (6), by only depends on a;, b; and u,;. Since
ay’s are i.i.d, byy; is independent with {b;_1,--- ,b1,bo} and
{ut—1, -+ ,u1} given b, and u;, where by is the initial queue
length. Thus we conclude that the system state S; = (by, m;)’s
form a Markov chain in the sense that S;;; is independent
with {S;_1,---,S0} and {ws_1,--- ,u1} given Sy and uy,
where Sy is the initial state. Then the system state transition
probability can be formulated as

P (St+1 = SZ| St = sj,ut = l/i)
=P (by1 = ls,, myq1 = @s, | by = Ls, ;s = @y, , 0 = 1)
:P (btJrl = esi

x P (mt+1 = wsi\mt = wsj) s

by = fsj,ut = Vi)

(an

where the last equation in (11) is obtained based on the fact
that b, and m, are independent with each other. From (5) and
(6), it follows

P (bt+1 = €5i|bt :fsjaut = Vi) =

Ao hey -2 /¢ <y, <
(zs.fzsvwi)!e s; ~Vists, B -1
=
Bty +vi-1 (12)
A _
1— ﬁe gsi =B
1=0

Plug (12) and (30) into (11), the transition probabili-
ty can be derived. Clearly, the transmission probability
P (Si41 = si| St = sj,us = ;) does not depend on ¢. That
is, when the system is in state s; and takes action v;, it will
reach state s; with a fixed probability, which is denoted as
,Psil/,isj-

According to Section II.D, the possible actions at slot ¢ are
limited by b; and thus the state S;. Let &/ = {0,1,2,--- B}
be the finite action space, then u; € Ug, and Us, = Uy, C U.
Moreover, f (m¢,ur) depends on m; and thus S;. Then,
f(mg,u) is a function of S; and can be redefined as
f (mg,us) = f (S, ut). by in (9) can be defined as a projection
function ¢ (S;, u;) = by. Since the buffer will overflow when



by —us + a; > B, P¢ can be formulated as

B—bi+us

Py =P(by—u+a>B)=1— Y e

! (13)
1=0

(13) indicates P? only depends on b; and u;. Hence, it can be
rewritten as a function of S; and wy, i.e., P = 6 (S, ut).
Following [13], the tuple {S,L{,Pswisj,f, (;5,0} defines a
constrained Markov decision process (MDP). Then, the op-
timization problem defined by (8-10) can be reformulated as
a constrained Markov decision problem as follows

m1n17rmlze hm ZEB Sf7ut)} (14)
N

s.t NngloonEg [0 (Sp,u)] <D, (15
t;l

NIE%ON;EZ [0(Sp,u)] < e (16)

B. Optimal Transmission Scheme

Noticing the MDP defined in (14)-(16) has a unichain
structure, there is a randomized stationary Markov policy

* = {u*, pu*,---} to be optimal [13]. Under 7*, the system
will reach a steady state. Let p(s;,v;) be the steady state
probability that the system is in state s; and action v; is
applied. Then, p(s;,v;) can be derived from the following
linear programming

minimize Z Z f_(Siyl/i)p(sivl/i) an
plsisvi) si€S ViU,
s.t. Z Z ¢ (si,vi) p(si,vi) < D (18)
s, €S DiGM .
Z Z (si,vi)p(si,v) <e (19)
s; €S VLEM
> Y pln=t @
s; €S u,GM,l
Z 1% (Sj, Vj) = Z Z p(sw Vi) Psdi'Sj
v €EUs S;ES v €U,
(20
p(si,v;) > 0,Vs; € S,Vu; € U, . (22)

This linear programming problem could easily be solved
by the simplex or the dual simplex method [14]. When
p (si,v;) is solved, the optimal decision rule p* corresponding
to m* can be derived accordingly. Specifically, when in state
si, the decision rule p* choose action v; with probability

p(si,vi) [13]

> p(sisvi) :

v;€Us;

IV. SIMULATIONS

In this section, we conduct extensive simulations and e-
valuate the performance of our scheme. The parameters are
set as follows. Buffer size B = 10, the number of antennas
on each secondary user n = 3, the number of primary links

—— =2, e=0.1, Analytical
O A=2, £=0.1, Simulation
- - -)=2, €=0.01, Analytical
O A=2, £=0.01, Simulation ||
—#—)=1.5, £=0.1, Analytical
< A=1.5, e=0.1, Simulation
—%—)=1.5, £=0.01, Analytical ||
V A=1.5,e=0.01, Simulation

Energy Consumption

g g n-20-0-3 0-8-0 0
¥y
0.5F 3

2 25 3 35 4 45 5 55 6
Average Queue Length Constraint

A¢—O &

Fig. 2. Average Energy consumption v.s. average
queue length constraint.

N, = 2, the probability for a primary user to keep in the
active state p = 0.3, the probability for a primary user to
remain in the inactive state is ¢ = 0.6. The channels are i.i.d.
Rayleigh, i.e., each entry in the channel matrices H, G and R
follows a circular symmetry normal distribution with mean 0
and variance 1. Then, the energy consumption to transmit
packet when there are m; active primary users can be found
in Table I [6]%.

In Fig. 2, we investigate the impact of the average queue
length constraint D on the optimal average energy consump-
tion. The simulation results match well with the analytical
results, which verifies previous analysis and the MDP formu-
lation. As shown in Fig. 2, the optimal energy consumption
first decreases as D decreases. Intuitively, when D is small,
the average queue length constraint is stringent and secondary
users tend to transmit packets once they obtain the opportunity.
As D increases, the average queue length constraint becomes
less stringent and the packets can be stored longer in the buffer
for a better opportunity to be transmitted. Thus, the average
energy consumption decreases with D. However, when D
exceeds a certain threshold, the overflow constraint e begins
to take effect and this is why the average energy consumption
stops decreasing in Fig. 2. This effect of € can also be seen
from the fact that the average energy consumption can be
further decreased when e becomes larger. For a fixed D,
secondary users will transmit more packets to maintain the
average buffer length D when the secondary traffic intensity
A is large. Therefore, the average energy consumption will
increase with A and this is verified in Fig. 2.

The relation between average queue length constraint and
the overflow constraint is clearly shown in Fig. 3, where
A = 2. The perfect match between the analytical and the
simulation results validates our analysis again. Obviously,
when D reaches a certain value, the overflow probability
achieves its maximum value and stops increasing. This again
demonstrates the results in Fig. 2.

2For simplicity, the noise power o2 is set as 1 for simplicity. This simplicity

will not affect the proportional relation between power consumptions.



TABLE I
POWER CONSUMPTION

Yl o 2 3 4 5 6 7 8 9 10
mi
0 0 | 015 | 045 | 095 | 1.6 | 2.6 | 395 | 585 | 835 | 11.65 | 1595
I 0] 03 | 00 | 2.05 | 39 | 685 | 112 | 176 | 269 | 4025 | 594
2 0 | 136 | 464 | 10.6 | 236 | 504 | 107 | 220 | 440 | 890 | 1800

0.12 T T T T T T T
O ¢=0.1, Simulation

€=0.1, Analytical
011 | = £=0.01, Simulation ?
- = =¢=0.01, Analytical

Overflow Probability
o
(=]
(2]

0.02

-8 -0 0-8 -0- 9-8 -0- 0- & -0 9- 8 -

25 3 3.5 4 45 5 5.5 6
Average Queue Length Constraint

Fig. 3. Overflow probability v.s. average queue
length constraint.
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Fig. 4. Energy efficiency comparison.

Since the considered scheduling problem has not been in-
vestigated previously, the energy efficient transmission scheme
derived in this paper is compared with a randomized trans-
mission scheme. When the randomized transmission scheme
is adopted, the secondary user transmits all the packets in its
buffer with probability 0.5. In Fig. 4, the overflow probability
constraint is set as € = 0.01. It can be observed from Fig. 3
that the derived optimal transmission scheme is more energy
efficient than the randomized transmission scheme.

V. CONCLUSIONS

In this paper, we derived an energy-efficient traffic schedul-
ing scheme for secondary users equipped with multiple anten-
nas in cognitive radio networks. Through allowing secondary

users to adapt to the variations in primary traffic, the problem
was formulated as a constrained Markov decision problem
with average queue length constraint and overflow constraint.
Having noticed the considered Markov decision problem had
a unichain structure, the optimal transmission scheme was
derived from a linear programming. Simulation results were
provided to validate our analysis and the impacts of various
parameters were discussed. Finally, the superiority of the
derived transmission scheme was shown by comparing with
a randomized transmission scheme.

APPENDIX

By definition of m;, we have

P (mip1 = wig1| me = @y, -+ ,mo = o)

NT) Np
=P E Vit41 = Wit1 E Vi = @y, -+ .My = To
i1 i1

Np Np
P > Yit41 = @iq1, ) Vit = @, - -+ ,mo = wo
i=1 =1
= Np s
P> Y= ,mo=wp
i=1
(23)
NP
where the first equation follows from m; = > ¥;,Vt =
i=1
0,1,--- and the second equation follows from thé definition of

NI’
conditional probability. As we know, the event . ¥;; = wy

i=1
U Q (At), where A, is the index
{ Al A=}
set of all active primary links at slot ¢ and Q(A;) =
Ve = 1,Vi € Ay .
{ Dt = 0.¥i € {1, N}/ Ay } Then nominator of (23)

can be reformulated as

is equivalent to

NP NP
P E ﬁit+1 = Wt+1, E Vig = @y, -+ , Mo = o
i=1 i=1

NTJ
= Z P Zﬁit+1:wt+17Q(At)7"'7m0:w0

{A¢||A¢|=w+} i=1
Np
- Z p Zﬁit+1:wt+1 Q(At),"-7m0:w0
{Acl|A¢|=w: } i=1
<P (A, mo = w0) o



From Markov property, (24) can be reformulated as

N, N,
P g Vit41 = W41, E Vi = @y, -+, Mo = @0
im1 i—1

Np
= Z P Zﬁiﬂrl = Wt+1 Q (At)

{ A¢l|At|=m¢ } =1

X P(Q(Ay),---,mo = wo) (25)

Based on the definition of A;, we have

NP
p Zﬁitﬂ = wip1| Q(Ar)
i=1
=P Z Vi1 + Z Vg1 = wwip1| Q (Ar)
icA, ie{l, - ,Ny}/A,

min(w41,]A]) |

-y (=

k=0 i€{1, Ny} As |

S Wi =k P D Vi = k[ Q(A)
1€A; €A

(26)

Since 1J;;’s are mutually independent Markov chains, it follows

Pl X

i€{l, - Np}/As i€A;

NP7|A?‘/| Np—|A¢|—wiqp1+k w —k

= P t t41 1— t4+1 27

( W41 — k q ( Q) ’ ( )
S Bags = o ALY kg Ak

P ﬁ1t+1 = ]{3 Q (At) = k‘ P (1 p) .
1€A,

(28)
Plug (27) and (28) into (26), it directly follows

N,

P> i1 = w1 | Q(A)

i=1

| At Np — | Ayl
k Wi41 — k

min(wy41,]A]) <

] .At -
k=0

X qu*\At|*Wt+1+k(1 _ q)wf,+1—k (29
NP

Clearly from (29), P | > i1 = wir1| Q(A¢) | only de-
i=1

pends on the cardinality of Ay, i.e., |A¢|, and is independent
with my_y, -+ ,mo. With (25), (29) and m; = |A;|, the

19it+1 = Wt+1 —+| Q2 (»At),

Divr1 = wip1 — k| Q(A), Y i1 =k

conditional distribution of m,; in (23) can be derived as

P(mt+1:wt+1|mt:wta"'amOZWO)
min(wy41,w¢)

_ Wi Ny — wy k1 _ @t~k
- (7 ) (2= )ra-n

% qu—wt—wt+1+k(1 _ q)wt+1—k) (30)

By definition of conditional probability

P (mt+1 = Wtt1, Mt = wt)

P(mip1 = w1 me = ) = P (my, = @)

P (mip1 = @i Q(Ar)) P (Q(Ar))
_ {At||At\=wt}

(€2
P (mt = wt)
According to (29), (30) and (31), we have
P(miy1 = wiq1|me = @y, - ,mo = wo)
=P (mt_H = wt+1\ my = wt) . (32)

That is, m, satisfies the Markov property.

REFERENCES

[1] 1. Akyildiz, W. Lee, M. Vuran, and M. Shantidev, Next genera-
tion/dynamic spectrum access/cognitive radio wireless networks: a survey,”
Computer Networks, vol. 50, no. 4, pp. 2127-2159, Sept. 2006.

[2] Y.-C. Liang, K.-C. Chen, G. Y. Li, and P. Mahonen, “Cognitive radio
networking and communications: An overview,” IEEE Trans. Veh. Technol.,
vol. 60, no. 7, pp. 3386-3407, Sept. 2011.

[3] X. Yuan, C. Jiang, Y. Shi, Y. T. Hou, W. Lou, S. Kompella and
S. E. Midkiff, “Toward transparent coexistence for multi-hop secondary
cognitive radio networks,” IEEE J. Sel. Area Commun., accepted for
publication.

[4] C. Gao, S. Chu and X. Wang, “Distributed scheduling in MIMO empow-
ered cognitive radio ad hoc networks,” IEEE Trans. Mobile Comput., vol.
13, no. 7, pp. 1456-1468, Jul. 2014.

[5] C. Xiong, L. Lu and G. Y. Li, “Energy-efficient spectrum access in
cognitive radios,” IEEE J. Sel. Area Commun., vol. 32, no. 3, pp. 550—
562, Mar. 2014.

[6] A. Goldsmith, Wireless Communications, Cambridge: Cambridge press,
2005.

[7]1 Y. Long, H. Li, H. Yue, M. Pan and Y. Fang, “SUM: spectrum utilization
maximization in energy-constrained cooperative cognitive radio networks,”
IEEE J. Sel. Area. Commun., vol. 32, no. 11, pp. 2105-2116, Nov. 2014.

[8] R. Zhang and Y.-C. Liang, “Exploiting multi-antennas for opportunistic
spectrum sharing in cognitive radio networks,” IEEE J. Sel. Top. Sign.
Proces., vol. 2, no. 1, pp. 88-102, Feb. 2008.

[9] E. Telatar, “Capacity of multi-antenna Gaussian channels,” Eur. T. T-
elecommun., vol. 10, no. 6, pp. 585-595, Nov. 1999.

[10] X. Xing, T. Jing, Y. Huo, H. Li, X. Cheng, “Channel quality prediction
based on Bayesian inference in cognitive radio networks,” in Proc. IEEE
INFOCOM, Turin, Italy, Apr. 2013.

[11] C. Ghosh, C. Cordeiro, D. Agrawal, and M. Rao, “Markov chain
existence and hidden markov models in spectrum sensing,” in Proc. IEEE
PerCom, Galveston, TX, Mar. 2009.

[12] A. K. Karmokar, D. V. Djonin, and V. K. Bhargava, “Delay-aware power
adaptation for incremental redundancy hybrid ARQ over fading channels
with memory,” in Proc. ICC, Istanbul, Turkey, Jun. 2006.

[13] E. Altman, Constrained Markov Decision Processes, Chapman & Hal-
1/CRC, 1999.

[14] D. Bertsimas, J. N. Tsitsiklis, Introduction to Linear Optimization,
Athena Scientific, 1997.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /Cmb10
    /CMB10
    /Cmbsy10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /Cmbx10
    /CMBX10
    /Cmbx12
    /CMBX12
    /Cmbx5
    /CMBX5
    /Cmbx6
    /CMBX6
    /Cmbx7
    /CMBX7
    /Cmbx8
    /CMBX8
    /Cmbx9
    /CMBX9
    /Cmbxsl10
    /CMBXSL10
    /Cmbxti10
    /CMBXTI10
    /Cmcsc10
    /CMCSC10
    /Cmcsc8
    /CMCSC8
    /Cmcsc9
    /CMCSC9
    /Cmdunh10
    /CMDUNH10
    /Cmex10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /Cmff10
    /CMFF10
    /Cmfi10
    /CMFI10
    /Cmfib8
    /CMFIB8
    /Cminch
    /CMINCH
    /Cmitt10
    /CMITT10
    /Cmmi10
    /CMMI10
    /Cmmi12
    /CMMI12
    /Cmmi5
    /CMMI5
    /Cmmi6
    /CMMI6
    /Cmmi7
    /CMMI7
    /Cmmi8
    /CMMI8
    /Cmmi9
    /CMMI9
    /Cmmib10
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /Cmr10
    /CMR10
    /Cmr12
    /CMR12
    /Cmr17
    /CMR17
    /Cmr5
    /CMR5
    /Cmr6
    /CMR6
    /Cmr7
    /CMR7
    /Cmr8
    /CMR8
    /Cmr9
    /CMR9
    /Cmsl10
    /CMSL10
    /Cmsl12
    /CMSL12
    /Cmsl8
    /CMSL8
    /Cmsl9
    /CMSL9
    /Cmsltt10
    /CMSLTT10
    /Cmss10
    /CMSS10
    /Cmss12
    /CMSS12
    /Cmss17
    /CMSS17
    /Cmss8
    /CMSS8
    /Cmss9
    /CMSS9
    /Cmssbx10
    /CMSSBX10
    /Cmssdc10
    /CMSSDC10
    /Cmssi10
    /CMSSI10
    /Cmssi12
    /CMSSI12
    /Cmssi17
    /CMSSI17
    /Cmssi8
    /CMSSI8
    /Cmssi9
    /CMSSI9
    /Cmssq8
    /CMSSQ8
    /Cmssqi8
    /CMSSQI8
    /Cmsy10
    /CMSY10
    /Cmsy5
    /CMSY5
    /Cmsy6
    /CMSY6
    /Cmsy7
    /CMSY7
    /Cmsy8
    /CMSY8
    /Cmsy9
    /CMSY9
    /Cmtcsc10
    /CMTCSC10
    /Cmtex10
    /CMTEX10
    /Cmtex8
    /CMTEX8
    /Cmtex9
    /CMTEX9
    /Cmti10
    /CMTI10
    /Cmti12
    /CMTI12
    /Cmti7
    /CMTI7
    /Cmti8
    /CMTI8
    /Cmti9
    /CMTI9
    /Cmtt10
    /CMTT10
    /Cmtt12
    /CMTT12
    /Cmtt8
    /CMTT8
    /Cmtt9
    /CMTT9
    /Cmu10
    /CMU10
    /Cmvtt10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomDGR-Bold
    /NimbusRomDGR-BoldItal
    /NimbusRomDGR-Regu
    /NimbusRomDGR-ReguItal
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


