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Abstract—To address the increasing demand for wireless
bandwidth, cognitive radio networks (CRNs) have been pro-
posed to increase the efficiency of channel utilization; they
enable the sharing of channels among secondary (unlicensed)
and primary (licensed) users on a non-interference basis. A
secondary user in a CRN should constantly monitor for the
presence of a primary user’s signal to avoid interfering with
the primary user. However, to gain unfair share of radio
channels, an attacker (e.g., a selfish secondary user) may
mimic a primary user’s signal to evict other secondary users.
Therefore, a secure primary user detection method that can
distinguish a primary user’s signal from an attacker’s signal
is needed. A unique challenge in addressing this problem is
that Federal Communications Commission (FCC) prohibits
any modification to primary users. Consequently, existing
cryptographic techniques cannot be used directly.

In this paper, we develop a novel approach for authenticating
primary users’ signals in CRNs, which conforms to FCC’s
requirement. Our approach integrates cryptographic signa-
tures and wireless link signatures (derived from physical radio
channel characteristics) to enable primary user detection in
the presence of attackers. Essential to our approach is a helper
node placed physically close to a primary user. The helper
node serves as a ‘‘bridge” to enable a secondary user to verify
cryptographic signatures carried by the helper node’s signals
and then obtain the helper node’s authentic link signatures
to verify the primary user’s signals. A key contribution in
our paper is a novel physical layer authentication technique
that enables the helper node to authenticate signals from its
associated primary user. Unlike previous techniques for link
signatures, our approach explores the geographical proximity
of the helper node to the primary user, and thus does not
require any training process.

Keywords-cognitive radio networks; primary user detection;
link signatures.

I. INTRODUCTION

The proliferation of emerging wireless applications re-
quires a better utilization of radio channels [4]. To address
the increasing demand for wireless bandwidth, cognitive
radio networks (CRNs) have been proposed to increase the
efficiency of channel utilization under the current static
channel allocation policy [17]. They enable unlicensed users
to use licensed channels on a non-interference basis, thus
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serve as a solution to the current low usage of radio chan-
nels [8]. For example, IEEE 802.22 Standard on Wireless
Regional Area Networks (WRANSs) employs cognitive radio
to allow the sharing of geographically unused channels
allocated to television broadcast services, and therefore bring
broadband access to hard-to-reach low-population-density
areas (e.g., rural environments) [9].

In CRNs, there are two types of users: primary users
and secondary users [17]. Primary users are licensed users
who are assigned with certain channels, and secondary users
are unlicensed users who are allowed to use the channels
assigned to a primary user only when they do not cause
any harmful interference to the primary user [17]. For
example, in IEEE 802.22 WRANS, TV transmission towers
are primary users, and radio devices that use TV channels
for communication are secondary users.

An essential issue in CRNs is primary user detection,
in which a secondary user monitors for the presence of a
primary user’s signal on target channels [4]. If a primary
user’s signal is detected, the secondary user should not use
those channels to avoid interfering with the transmission of
the primary user.

Existing methods for primary user detection can be cat-
egorized as energy detection and feature detection [17]. In
energy detection methods (e.g., [30]), any captured signal
whose energy exceeds a threshold is identified as a primary
user’s signal. In feature detection methods (e.g., [12], [25],
[26], [29], [37]), secondary users attempt to find a specific
feature of a captured signal, such as a pilot, a synchroniza-
tion word, and cyclostationarity. If a feature is detected, then
the captured signal is identified as a primary user’s signal.

Due to the open nature of wireless communications and
the increasingly available software defined radio platforms
(e.g., Universal Software Radio Peripherals (USRPs) [10]),
it is necessary to consider potential threats to normal op-
erations of CRNs. Indeed, CRNs do face several threats.
In particular, an attacker may transmit with high power or
mimic specific features of a primary user’s signal (e.g., use
the same pilots or synchronization words) to bypass the
existing primary user detection methods [4]. Consequently,



secondary users may incorrectly identify the attacker’s signal
as a primary user’s signal and do not use relevant channels.
Such attacks are called primary user emulation (PUE)
attacks [4].

It is necessary to have a secure primary user detection
method that can identify a primary user’s signal in the pres-
ence of attackers. At first glance, a cryptographic signature
seems to be a good candidate for this task. Unfortunately,
CRNs face a unique constraint that prevents it from being
employed. Specifically, Federal Communications Commis-
sion (FCC) states that “no modification to the incumbent
system (i.e., primary user) should be required to accom-
modate opportunistic use of the spectrum by secondary
users” [6]. As a result, any solution that requires changes
to primary users, such as enhancing primary users’ signals
with cryptographic signatures, is not desirable.

There has been a recent attempt that uses a location
distinction approach to distinguish between a primary user’s
signal and an attacker’s signal [4]. Specifically, this ap-
proach uses received signal strength (RSS) measurements
to estimate the location of the source of a signal, and
then determines if the signal is from the (static) primary
user based on the known location of the primary user [4].
However, as indicated in [23], RSS based location distinction
can be easily disrupted if an attacker uses array antennas to
send different signal strengths in different directions simul-
taneously. Moreover, it requires multi-node collaboration,
which is expensive in terms of bandwidth and energy.

Link signatures (i.e., radio channel characteristics such as
channel impulse responses) have been developed recently
to obtain more secure and robust location distinction [23],
[38]. Unfortunately, it remains non-trivial to exploit link
signature based location distinction approach for primary
user detection in the presence of attackers. In particular,
a receiver needs to know a transmitter’s historical link
signatures in order to verify if a newly received signal is
from the transmitter. In CRNs, however, it is impossible for
a secondary user to know a primary user’s historical link
signatures, unless the secondary user can first authenticate
whether a signal is from the primary user or not.

In this paper, we develop a novel approach that integrates
traditional cryptographic signatures and link signatures to
enable primary user detection in the presence of attackers.
Our approach does not require any change to primary users,
and thus follows the FCC constraint properly.

A key component of our approach is a helper node placed
close (and physically bound) to a primary user. Though we
cannot modify any primary user due to the FCC constraint,
we can put necessary mechanisms on each helper node,
including the use of cryptographic signatures. Moreover,
since the helper node is placed very close to the primary
user, their link signatures observed by a secondary user are
very similar to each other. The helper node thus serves
as a “bridge” that enables a secondary user to first verify

the cryptographic signatures included in the helper node’s
signals, then learn the helper node’s authentic link signa-
tures, and finally verify the primary user’s link signatures. In
other words, our approach properly integrates cryptographic
signatures and wireless link signatures to enable primary
user detection in CRNs in the presence of attackers.

The contributions of this paper are summarized below:

o« We develop a new primary user detection method that
integrates cryptographic signatures with wireless link
signatures to distinguish a primary user’s signal from
an attacker’s signal. Our method conforms to the FCC’s
requirement of not modifying primary users. Unlike the
previous approach [4], our method does not require the
deployment of a monitoring network, and thus avoids
the weakness of the previous approach.

o We develop a novel physical-layer authentication tech-
nique that enables a helper node to authenticate sig-
nals from its associated primary user. Unlike previous
proposals for link signatures, our approach explores
the geographical proximity of the helper node to the
primary user rather than historical link signatures. A
key consequence is that our method does not require
any training process.

o We evaluate the effectiveness of our method through
both theoretical analysis and experiments using real-
world link signatures obtained from the CRAWDAD
data set [22]. Moreover, we demonstrate the feasibility
of our proposed method by a prototype implementation
on a software-defined radio platform [10].

The rest of the paper is organized as follows. Section II
gives background information about link signatures. Sec-
tion III explains our assumptions and threat model. Sec-
tion IV gives an overview of our method. Sections VI and V
present the primary user detection at a helper node and
a secondary user, respectively. Section VII discusses the
experimental evaluation. Section VIII describes a prototype
implementation of our method. Section IX discusses related
work, and Section X concludes this paper.

II. PRELIMINARIES

In this section, we provide some preliminary information
on link signatures, which will be used for primary user
detection.

Radio signal generally propagates in the air over multiple
paths due to reflection, diffraction, and scattering [23].
Therefore, a receiver usually receives multiple copies of the
transmitted signal (See Figure 1). Since different paths have
different distances and path losses, signal copies travel on
multiple paths typically arrive at the receiver at different
times and with different attenuations [23]. The sum of those
signal copies forms the received signal. For the sake of
presentation, we refer to a signal copy that travels along one
path as a multipath component. For example, in Figure 1,
signals s1, So, S3, and s4 are multipath components.



Multipath effect might be reduced by using directional an-
tennas. However, directional antennas usually cannot provide
perfect laser-like radio signals. For example, the beamwidth
of a 3-element Yagi Antenna, the most common type of
directional antennas, is 90 degrees in the vertical plane
and 54 degrees in the horizontal plane [18]. Thus, it is in
general hard to completely eliminate multipath effect. For
long distance transmission, the amount of multipath effect
seen by a receiver may be much more due to the reduced
focusing power at the receiver [2].

ionosphere

ground

Figure 1. Example of a multipath effect. The wireless signal sent by
transmitter Tx is reflected by the ionosphere, a building, and the ground.
Thus, radio waves propagate over paths 1, 2, 3, and 4. The receiver Rx
receives signal copies s1, s2, 3, and s4 from paths 1, 2, 3, and 4, and the
received signal is the sum of all signal copies.

Note that a multipath component herein refers to a resolv-
able multipath component (i.e., the arrival of a multipath
component does not interfere with that of its subsequent
multipath component). Figure 2 is an example that shows the
difference between resolvable and non-resolvable multipath
components.

Amplitude
Amplitude

tl 2 time tl 2 time
(a) Resolvable (b) Non-resolvable

Figure 2. Resolvable and non-resolvable multipath components. In (a),
the arrivals of two multipath components do not interfere with each other.
Therefore, they are resolvable. In (b), the arrival of the second multipath
component interferes with that of the first multipath component. Therefore,
they are non-resolvable.

A radio channel consists of multiple paths from a trans-
mitter to a receiver, and each path of the channel has a
response (e.g., distortion and attenuation) to the multipath
component traveling on it [23]. For convenience, we call
the response to each multipath component a component re-
sponse. Essentially, the channel impulse response is formed
by the superposition of many component responses, each

representing a single path [23]. Therefore, the channel
impulse response, denoted by h(7), is given by

L
h(T) =Zalej¢’6(7—7'l), ()
1=1

where L is the total number of multipaths, §(7) is the Dirac
delta function, and a;, ¢;, and 7; are the channel gain, the
phase, and the time delay of the [-th multipath component,
respectively [23].

If a transmitter moves from one place to another, the
multiple paths from the transmitter to the receiver change,
and thus the channel impulse response also changes. As
a result, the channel impulse responses can be used to
determine whether the transmitter changes its location or
not. A channel impulse response is referred to as a link
signature [23]. A location distinction algorithm using link
signatures has been proposed in [23]. Specifically, a history
of n link signatures are measured and stored while the
transmitter is not moving. For a newly measured link signa-
ture, the receiver computes the distance between the newly
measured link signature and the historical link signatures. If
the distance is larger than a threshold, then a location change
is detected.

III. ASSUMPTIONS AND THREAT MODEL

Our system consists of primary users and secondary users.
A primary user is assumed to be at a fixed location (e.g.,
a TV broadcast tower) [4]. As stated by FCC, TV stations
and radio infrastructures should maintain physical security
through a combination of security personnel, card restricted
access, video surveillance, and other methods [27]. Thus,
we assume that primary users are physically protected and
any unauthorized entity cannot be physically close to a
primary user due to those physical protection methods. We
assume that secondary users are equipped with wireless radio
devices and are allowed to transmit signals on the channels
allocated to primary users only when the primary users are
not transmitting.

We assume that an attacker’s objective is to prevent other
secondary users from using the primary users’ channel and
get an unfair share of the bandwidth when the primary users
are not transmitting. Jamming attacks, which affect other
users as well as the attackers themselves, are thus not in the
scope of this paper.

We assume that attackers can mimic a primary user’s
signal and inject their fake signals into the primary user’s
channel. We assume that an attacker has the following
capabilities: (1) He knows the signal feature of a primary
user and is able to generate a fake signal with the same
feature. (2) He can transmit signals on the a primary user’s
channel to mislead the primary user detection process at
secondary users. (3) He has a large maximum transmit power
that can be several times of that of a primary user. However,



we assume that an attacker cannot be physically close to a
primary user due to the physical protection.

We assume all secondary users have reliable ways to
obtain the public key of each helper node, and an attacker
cannot compromise the helper node.

IV. OVERVIEW

Our goal is to provide secondary users with the ability
to determine whether a received signal is from a primary
user or not in the presence of attackers. One possibility is
to use the link signature of the received signal. However,
as discussed in the Introduction, it is non-trivial for any
secondary user to obtain the historical link signatures of a
primary user in an authenticated way, given FCC’s restriction
on (no modification of) primary users.

In this paper, we develop a novel approach that integrates
traditional cryptographic signatures and link signatures to
enable primary user detection in the presence of attackers.
Specifically, we propose to place a helper node close (and
physically bound) to each primary user. Given the FCC
requirement on the physical security of primary users such
as TV stations, such helper nodes can also be physically
protected. Though we cannot modify any primary user due
to the FCC constraint, we do have the flexibility to put
necessary mechanisms on each helper node, including the
use of cryptographic signatures. Moreover, since each helper
node is placed physically close to the primary user, their link
signatures observed by a secondary user are very similar to
each other.

To enable secondary users to authenticate signals from a
primary user, we propose to use the helper node associated
with the primary user as a “bridge”. Specifically, we propose
to have the helper node transmit messages when the target
channel is vacant. These messages include cryptographic
signatures, which will allow secondary users to verify their
authenticity. As a result, secondary users can authenticate
messages from the help node, then obtain the helper node’s
authentic link signatures, and finally verify the primary
user’s link signatures using those learned from the helper
node. Note that our approach does not require any change to
primary users, and thus follows the FCC constraint properly.

Issues of spacing multiple independent radio wave trans-
mitters very close to each other (e.g., on the same mast)
have been explored and demonstrated feasible [3], [19].
These techniques can be readily adopted to facilitate the
deployment of helper nodes close to primary users in CRNs.

For the sake of presentation, in this paper, we focus our
discussion on one primary user and its associated helper
node. However, all discussion in this paper applies to the
situations where there are multiple primary users and helper
nodes, as long as the association of each primary user and
its helper node is clear.

A. Technical Challenges

Two technical problems need to be resolved to make the
proposed approach work. First, the helper node has to have
a reliable way to detect primary user’s signals. In particular,
the attacker may target at the helper node. Note that the
proposed approach requires that the helper node transmit
messages to secondary users so that the secondary users can
obtain valid training link signatures. However, the attacker
may pretend to be the primary user and inject fake signals
into the target channel. This can effectively stop the helper
node, and the proposed approach will fail. Thus, it is critical
for the helper node to distinguish signals from the primary
users and those from the attacker.

At first glance, this seems to be the same problem as
what we are trying to solve, and thus put us in a “chicken-
first or egg-first” situation. However, we will show that this
is not the case due to the proximity of the helper node
to the primary user. We will develop a novel physical-
layer authentication technique to enable the helper node to
properly authenticate messages from the primary users with-
out using any training link signatures. This is dramatically
different from traditional link signatures, where training is a
necessary part of the scheme. The details will be discussed
in Section V.

Second, the interaction between the helper node and
secondary users must be properly protected with lightweight
mechanisms. In particular, the integration of cryptographic
signatures and link signatures is a critical component of the
proposed approach, and must be done efficiently. Moreover,
there has to be a mechanism to prevent the attacker from
replaying messages originally sent by the helper node. Oth-
erwise, the attacker may simply reuse the valid cryptographic
signatures to mislead secondary users into accepting invalid
training link signatures. We will discuss critical design issues
for the protocol between the helper node and a secondary
user in Section VI

V. AUTHENTICATING PRIMARY USER’S SIGNAL AT THE
HELPER NODE

As discussed earlier, the helper node transmits signals
using the channels allocated to its primary user such that
secondary users can “learn” the link signatures of the
primary user. To avoid interfering with the transmission of
the primary user, the helper node transmits signals to sec-
ondary users only when the primary user is not transmitting.
Therefore, the helper node should first sense the channel to
decide whether the primary user is transmitting.

Unfortunately, the helper node cannot simply employ
traditional primary detection approaches to determine the
presence of the primary user’s signal, since the attacker may
mimic the primary user’s signal and inject fake signals into
the target channels.

In this section, we propose a novel physical-layer authenti-
cation approach that enables the helper node to authenticate



the primary user’s signal without using any training link
signatures. Intuitively, the multipath effect exhibited by the
primary user’s signal and observed by the helper node has
some unique properties, since the primary user is very close
to the helper node. In our approach, we utilize such unique
multipath effect to enable the helper node to distinguish the
primary user’s signal from those transmitted by attackers.

In the following, we first give our observation behind our
new technique, then describe the proposed authentication
approach, and analyze the effectiveness of the proposed
approach.

A. Observation

Ideally, signal strength decreases as the signal propagates
farther away from the transmitter. A short propagation path
results in a large received signal amplitude, whereas a long
propagation path leads to a small received signal amplitude.

Assume that there is no obstacle between the primary
user and the helper node. The primary user is close to
the helper node. This means the first received multipath
component travels on a very short path, which is a straight
line between the primary user and the helper node. Unlike
the first received multipath component, the second received
multipath component travels along a longer path. According
to [13], the length of the path over which the second
received (resolvable) multipath component travels should be
larger than , where c is the speed of light and R is the
transmission rate.

If the distance between the primary user and the helper
node is much smaller than %, then the amplitude of the first
received multipath component is much larger than that of the
second received multipath component. In other words, the
amplitude ratio of the first received multipath component to
that of the second received multipath component is a large
number, as illustrated in Figure 3.

Figure 3. Amplitude ratio. 7', R, and B is the primary user, the helper
node, and an obstacle, respectively. The signal transmitted by 7" travels
along two paths: path 1 (T" — R) and path 2 (I" — B — R). Let P1
and P2 denote the amplitudes of the signal received from path 1 and path
2, respectively. The length of path 1 is much smaller than that of path 2,
resulting in a large amplitude ratio %.

B. Authentication Method

Based on the above observation, we propose to use the

amplitude ratio r = % to authenticate the signal from the

primary user, where P; and P» are the amplitude of the first

and the second received multipath components, respectively.
For each newly received signal, the helper node computes
the amplitude ratio r, and then compares r with a threshold
w. If » > w, then the received signal is marked as the
primary user’s signal. Otherwise, the received signal is a
suspicious signal that may have been sent by an attacker,
and are discarded.

For the sake of presentation, we use 7, and r, denote
the amplitude ratio of the attacker’ signal and that of the
primary user’s signal, respectively. We would like to point
out that the values of r, and r, depend on the positions
of obstacles. Due to the randomness and uncertainty of the
surroundings, 7, (r,) may not always be smaller (larger)
than the pre-determined threshold w. Hence, we may have
two types of possible errors: false alarm and false negative.
With a false alarm, r, < w, and thus the primary user’s
signal is incorrectly identified as the attacker’s signal. With
a false negative, r, > w, and thus the attacker’s signal is
incorrectly identified as the primary user’s signal.

In Sections V-C and VII, through both theoretical analysis
and experiment evaluation, we will show that the probability
of false alarm and the probability of false negative decrease
quickly as the distance between the attacker and the helper
node increases.

1) Computing the Amplitude Ratio: A helper node can
first measure the channel impulse response of a received
signal, and then calculate the amplitude ratio based on the
measured channel impulse response. In Lemma 1, we show
that the amplitude ratio of the first multipath component to
the second multipath component indeed equals the amplitude
ratio of hy to hy, where h; and hy are the component
responses for the first and the second multipath components,
respectively.

Lemma 1: Let s; and s, denote the first and the second
received multipath components. The amplitude ratio r of s;
to so equals to that of hy to ho, where hy and ho are the
component responses for s; and ss.

Proof: Recall that the channel impulse response h(7)
is h(r) = Zle a1’ §( — 7). Assume the first and the
second multipath component arrives at time 71 and 7. Thus,
the component responses h; and ho for the first and the
second multipath components are: by = h(11) = a1e7%15(0)
and hy = h(m) = a2e’?26(0). According to [14], the
amplitude ratio of h; and ho can be transformed as follows:

Iall _ llase™® 8O)]| _ flas(cos gu +isingn)]| _ [lau]
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The channel gain a; of the [-th multipath component is a; =

z—i, where s; and sy is the [-th received multipath component
and the transmitted signal [14]. Therefore,
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Figure 4 shows a channel impulse responses obtained
from the CRAWDAD data set [32], which contains over
9,300 channel impulse responses measured in an indoor en-
vironment with obstacles (e.g., cubicle offices and furniture)
and scatters (e.g., windows and doors). The second multipath
component arrives at the receiver about 100 microseconds
after the arrival of the first one. Each multipath component
leads to a triangle in shape with a peak (i.e., the component
response) [23], and the helper node can use the first and the
second peaks as ||h;]| and ||hz|| to compute the ratio 7.

Amplitude of Link Signatures

0 100 200 300 400
Delay(ns)

Figure 4.  Computing the ratio 7. This graph plots the amplitudes of
a real measured channel impulse response (i.e., link signature) obtained
from CRAWDAD for a 2.4 GHz channel, and ||h1]| and ||h2]| corresponds
the first and the second rounded peak. Therefore, ||h1|| ~ 0.82 x 1073,

_ h
lhal & 0.55 x 10~3, and r = Hh;“ ~ 1.49.

2) Real-world Examples: Figures 5 and 6 show two real-
world examples of channel impulse responses obtained from
the CRAWDAD data set [32]. In Figure 5, the receiver
is positioned 13.77 meters away from the transmitter. We
can see that the corresponding amplitude ratio of the first
multipath component to that of the second one is about

% = 2. In Figure 6, the receiver is moved to a closer
location that is 1.45 meters away from the transmitter. Now
the amplitude ratio becomes % = 14.
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Figure 5. Example of amplitude ratio: The distance between the transmitter
and the receiver is 13.77 meters, and the corresponding amplitude ratio is
about about % =2.
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Figure 6. Example of amplitude ratio: The distance between the transmitter

and the receiver is 1.45 meters, and the corresponding amplitude ratio is
A

about 57 = 14.

C. Theoretical Analysis

In this section, we first give the mathematical model of the
received signal amplitude, and then show the performance
of the proposed authentication approach in terms of the
probability of false negative (i.e., the attacker’s signal is
incorrectly identified as the primary user’s signal) and the
probability of false alarm (i.e., the primary user’s signal is
incorrectly identified as the attacker’s signal).

1) Signal Amplitude Model: According to the simplified
path loss model [14], the amplitude P, of a received signal
can be modeled as

P.= (2)
where P, is the transmit power, d is the length of the path
along which the signal propagates from the transmitter to the
receiver (d > dy), k is a scaling factor whose value depends
on the antenna characteristics and the average channel atten-
uation, dg is a reference distance for the antenna far-field,
and + is the path loss exponent. The values of k, dy, and ~y
can be obtained either analytically or empirically [14].

2) Mathematical Analysis: We derive the probability of
false negative and the probability of false alarm in Lemmas 2
and 3, respectively.

Lemma 2: (Probability of false negative) Given a detec-
tion threshold w, the probability p, that the attacker’s signal
is wrongly identified as the primary user’s signal is

2

1(1 f(lOlog (Wii)ﬂ)) 5
=-(1l-erf(———="")),

Pd 5 o2
where erf is the Error Function, d is the distance between
the attacker and the helper node, c is the propagation speed
of electromagnetic wave, and o and 77 are parameters that
typically range between 2 — 6dB and 0.1 — 1 microsecond,

respectively.

Proof: Let d,; and d,o be the lengths of the path
along which the first and the second received multipath



components of the attacker travels, respectively. Let P41
and P,,o be the amplitudes of the first and the second
multipath components, respectively. Assume d,; > dy and
dg2 > do. Thus, according to Equation 2, P,,; and P41
can be approximated by

ral \l Pta
al
/ do
Pra2 = Ptak'(i)’ya
da?
where P, is the transmit power of the attacker. Hence, the
ratio r, of P,,1 to P.,2 can be written as

\/ P, ta /

\/ P, ta d
The attacker’s signal is wrongly identified as the primary
user’s signal if r, > w. Thus, pg = 1 — P(r, < w). Let ¢,
denote the time at which the attacker’s signal starts to prop-
agate to the helper node. Let ¢, and ¢, denote the arrival
times of the first and the second multipath components of

the attacker, respectively. Therefore, d,; = (t,1 — to)c and
da2 = (te2 — tq)c, and we can have the following:

da2 - (ta2 - ta)c
= (ta1 — ta)C+ (ta2 - tal)c = dal + AC,

where A = t,0—1,1. According to [15], for urban, suburban,
and rural areas, A can be statistically modeled as

A =TV dy,

where T3 is the median value of A when d = 1000m
(T} typically ranges from 0.1 — 1 microsecond), and y is a
lognormal variate. Specifically, Y = 10logy is a Gaussian
random with zero mean and a standard deviation that lies
between 2 — 6dB. The model parameters and their values
can be found in Table III of [15]. Assume the first received
multipath component travels along the straight line between
the attacker and the helper node. Thus, d,; = d and

doo = (d+ Ac) = dJrTl\/gyc

Therefore,

d+ Ty dye
y= )
da1 d

Recall that Y = 10logy is a Gaussian random with zero
mean. Let o denote the deviation for Y. Thus,

pa=Pry >w)=1-P(r, < w)

d+ Tcll\/gyc)w <w)

2
¥ —1)Vd
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2
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Lemma 3: (Probability of false alarm) Given a detection

threshold w, the probability p that the primary user’s signal
is wrongly identified as the attacker’s signal is

10 log (“m _Tll)c\/:
— )). 4)
Proof: Let d,1 and dp» be the path lengths corre-
sponding to the first multipath component and the second
multipath component of the primary user, respectively. Note
that the helper node and the primary user are very close
to each other. Thus, we assume that d,; < dy. Similar to
dq1, we assume that dpp > dy. Let Py and P2 be the
amplitudes of the first and the second multipath components
of the primary user, respectively. According to Equation 2,
P,.p1 and P,py can be modeled by

pf = %(1+erf(

Prpl =\ Ptpkv
d
Prpo = Ptpk(dio)'ya
2

where Py, is the transmit power of the primary user. Hence,
the ratio 1, of P.,1 to P.p2 can be written as

The primary user’s signal is wrongly identified as an at-
tacker’s signal if 7, < w. Thus, the probability py that the
primary user’s signal is rejected is P(r, < w). Let £,, denote

the time at which the primary user’s signal starts to prop-
agate to the helper node. Let ¢,; and ?,, denote the arrival
times of the first and the second multipath components of
the primary user, respectively. Therefore,

dp2 = (tp? - tp)c =dp1 +T1+/dp1yc.

Without loss of generality, we assume d,; = dy to simplify
the calculation, and thus obtain
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Thus, we can obtain the probability p; that the primary
user’s signal is wrongly identified as the attacker’s signal,
and

Tiyc

Vdp1
2

10log (wy —1)\/dp
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py =P, <w) =P(, /(1 + )Y < w)
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3) Determining the Threshold w: The threshold w can
be determined based on the requirement for the probability
of false negative pg or the probability of false alarm p;. For
practical applications, the IEEE 802.22 standard suggests
both probabilities of false negative and false alarm be less
than 0.1 in terms of detecting primary users [7]. Herein, we
assume a stricter requirement that p; < 0.05, and thus

2
[ f(1010g (wwiiw)) <0.05
=-l—-erf(————— .
Pd 2 o2 =
By treating w as an unknown and solve the inequality, we
can get that

w >

T 100-11xv20
\/(1 S " )

Vd

Although the helper node does not know the actual distance
d between itself and the attacker, the helper node can
estimate the minimum distance d,,;, from the attacker to
him/her based on the physical protection policy and the
approaches he/she uses. Let

Tic x 100-11xv20
V dmzn

Wpmin can be used as the threshold w, since Equation (5)
holds when w = w,,;,. Note that the primary user and the
helper node are very close to each other. Thus, we substitute
dp1 = 1 and w = W4, into Equation (4) and we get

0.11x+v20
[ 1 min .
pr = 5 +erf ()

Figure 7 shows that the probability p; of false alarm
decreases dramatically as the minimum distance d,,;, from
the attacker to the helper increases. In particular, if the
minimum distance is larger than 90 meters, the probability
of false alarm is smaller than 0.05 for a constant 0.05
probability of false negative.

If we assume that py < 0.05, we can use the same method
to get the threshold w and the corresponding probability py
of false negative:

w = \/(1 + Tic x 10-0-11xv20)7y,
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Figure 7. Probability of false alarm vs minimum distance from the attacker
to the helper node for a constant 0.05 probability of false negative.
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Figure 8 shows the probability of false negative for a
constant 0.05 probability of false alarm.
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Figure 8. Probability of false negative vs minimum distance from the
attacker to the helper node for a constant 0.05 probability of false alarm.

Figure 9 displays the tradeoff between the probability of
false alarm and the probability of false negative, when o =
2.5 and the minimum distance between the attacker and the
helper node is 50, 60, and 70 meters, respectively.
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Figure 9. Tradeoff between probability of false alarm and the probability
of false negative.



VI. INTERACTION BETWEEN THE HELPER NODE AND
SECONDARY USERS

Intuitively, a helper node can notify secondary users if the
channel is open to them, since the helper node itself has the
ability to authenticate a primary user’s signal. However, in
this paper, we utilize link signatures to let secondary users
identify a primary user’s signal in a proactive way even when
the helper node is sleeping.

The objective of having a secondary user interact with
the helper node is to allow the secondary user to learn valid
link signature from the helper node. Thus, the interaction
between the secondary user and the helper node can be
considered as a training process, during which the secondary
user collects enough valid link signatures that could be
used to verify future signals from the primary user. For
convenience, we refer to the link signatures collected during
the training process as training link signatures, and the
packets from the helper node as training packets.

Note that the helper node is not required to transmit
training packets all the time, and the training process may
be triggered periodically or at the requests of secondary
users. Our scheme allows the helper node to sleep during
non-training period (e.g., the time interval between the end
of a training process and the beginning of the subsequent
training process). However, secondary users can still work
in a proactive way even when the helper node is sleeping.
As a result, the probability of interfering the transmission
of the primary user is reduced. With training link signatures
acquired in training processes, secondary users can directly
verify whether a newly received signal is from the primary
user or not.

A. Obtaining Training Link Signatures

We assume that the helper node is able to deliver train-
ing packets to secondary users. For example, the helper
node may periodically sense the channel and broadcast
training packets to all secondary users if the channel is
open. Alternatively, we may use a request/reply protocol
between secondary users and the helper node. In other
words, if a secondary user does not have enough training link
signatures, it sends a request to the helper node through the
control channel, and the helper node then transmits training
packets back upon request. Our approach is independent of
the exact way training packets are triggered.

Upon receiving a packet from the helper node, a sec-
ondary user measures the link signature and verifies the
cryptographic signature in the received packet. If the cryp-
tographic signature is valid, the secondary user accepts the
corresponding link signature. Otherwise, the secondary user
has to discard both the link signature and the received packet.

It is well-known that public key cryptographic signatures
are expensive to generate and verify. A straightforward ap-
plication of cryptographic signatures will lead to substantial
overheads on the helper node as well as secondary nodes.

To enable efficient interaction between the helper node and
a secondary user, we propose to amortize the signature
generation and verification costs on both helper node and
secondary users.

Note that there are known ways for signature amortization
using cryptographic hash functions (e.g., [24], [31]). Thus,
we consider our contribution here secondary (compared with
the authentication method in Section V).

Amortizing Cryptographic Signature Costs: The helper
node randomly picks a number r; and uses a one-way
cryptographic hash function H to generates a one-way hash
chain ro <« r; « ... « 1y, where r;,_1 = H(r;) for
1 <@ < [. It is well-known that given an authenticated
value r; in this hash chain, it is easy to authenticate any
later value r; (i < j < I). However, it is computationally
infeasible to derive any later r; (i < j < [) if no value
beyond r; is known.

To reduce the signature cost, for each hash chain, the
helper node generates one and only one cryptographic sig-
nature on 7o using its private key. Let sig(ro) denote the
signature. Suppose the helper node needs to authenticate the
1-th packet since the generation of the hash chain. The helper
node then place 7¢, sig(ro), ¢, and r; in the packet. (The
helper node should certainly start with ¢ = 0.) Thus, the
helper node never needs to generate another signature for
this hash chain.

Consider a secondary node that receives a packet using
the above hash chain from the helper node for the first time.
Note that ¢ could be greater than 0 if this secondary node
has not received any packet from the helper node recently.
The secondary node then first verifies the signature sig(ro).
If ¢+ = 0, the secondary node has successfully verified the
cryptographic signature from the helper node. However, if
1 > 0, the secondary node needs to future hash r; for ¢ times
and compare H<%>(r;) with 7. If they match, the packet
is also valid. In any case, the secondary node should save
r; for future authentication.

If the secondary node has received and verified a signature
from the helper node with the same hash chain previously,
it must have saved an authenticated hash value r; (j < 7).
As a result, the secondary node does not have to verify the
signature sig(ro) again. Instead, it only needs to compute
H<"=3>(r;) and compare the result with 7;. A match
indicates a successful authentication of the packet.

As we can see, the helper node needs to generate one
and only one cryptographic signature for each hash chain.
Similarly, each secondary node only needs to verify one
cryptographic signature once for each hash chain. Thus, this
amortization approach can greatly reduce the computational
overheads on both the helper node and the secondary node.

Defending against Replay Attacks: As discussed earlier,
a critical threat is that the attacker may replay intercepted
training packets from a valid helper node at its own location.
As a result, the attacker can convince secondary users



to accept the attacker’s link signatures as training link
signatures. Since the secondary users are not guaranteed
to have received the original transmission, traditional anti-
replay mechanisms such as sequence numbers, which are
intended for detecting replayed packet contents (rather than
replayed signals), will not work.

Fortunately, there are multiple known techniques to handle
replayed signals in wireless networks, such as the hardware-
based, authenticated Medium Access Control (MAC) layer
timestamping [33] and the method for detecting wireless
signals tunneled by a malicious node [20]. These techniques
can be adopted in CRNSs to enable a secondary node and the
helper node to detect replayed training packets.

Alternatively, we may take advantage of potentially syn-
chronized clocks between valid secondary users and the
helper node to defend against such threats. According to
IEEE 802.22 standard [9], secondary users and base stations
are “required to use satellite based geo-location technology,
which will also facilitate synchronization among neighbor-
ing networks by providing a global time source.” We can
assign each value in the above hash chain to a specific
point in time. These times can be pre-scheduled such that all
secondary users know when each hash value should be used.
The helper node then transmits each hash value at the pre-
scheduled point in time, provided that the primary user is not
using the channel. When a secondary user receives a training
packet, it can use its local time and the pre-scheduled time
to estimate the transmission time of this packet. An overly
long transmission time indicates that the packet has been
replayed by the attacker.

Learning Training Link Signatures: To compute the
training link signature, the secondary user samples the re-
ceived signal using an A/D sampler, stores the first k41 sam-
ples in a buffer, and demodulates the samples of the received
signal into a packet. If the packet can pass authentication,
the secondary user computes the link signature of the packet
using the stored x + 1 samples. (See the Appendix for how
to compute link signatures.) Otherwise, the secondary user
discards the stored samples. The secondary user typically
needs to obtain a series of training link signatures for
verifying future signals.

B. Verifying Link Signatures

For a newly received signal sy, the secondary user first
measures its link signature, which is denoted by h®™) | and
then use training link signatures to verify h("),

Let H = {h(W}N"! denote the set of training link
signatures, where h(™ is the link signature measured from
the ¢-th received training packet. The secondary user can
verify whether sy is transmitted by the primary user or not
using the location distinction algorithm proposed in [23].
Specifically, the secondary user calculates the distance (i.e.,
difference) between hV and the training set H, and then
compares the distance with a threshold. If the distance is

less than a threshold, sy is marked as the primary user’s
signal. Otherwise, sy may be sent by the attacker and the
secondary user ignores it. The method that can be used to
calculate distance is discussed in [23].

VII. EXPERIMENTAL EVALUATION

Our approach involves two types of authentication: au-
thentication of the primary user’s signal at the helper node,
and authentication of the primary user’s signal at a secondary
user. In this section, we report our experimental evaluation
to show the effectiveness of both methods.

We validate the proposed authentication methods using
the CRAWDAD data set [22], which includes over 9,300
real channel impulse response measurements (i.e., link sig-
natures) in a 44-node wireless network [32]. There are
44 x 43 = 1,892 pairwise links between the nodes, and
multiple measurements are provided for each link [32].
The map of the 44 node locations is shown in [23]. The
measurement environment is an indoor environment with
obstacles (e.g., cubicle offices and furniture) and scatters
(e.g., windows and doors). More information regarding the
CRAWDAD data set can be found in [22], [32].

A. Authentication at the Helper Node

To avoid interfering with the primary user’s transmission,
the helper node needs to first sense the channel, and verify
whether a received signal is from the primary user. As
discussed earlier, false alarms and false negatives may occur
during the authentication process. Thus, we evaluate the
performance of the authentication method in terms of the
probability of false negative and the probability of false
alarm.

Recall that during authentication the helper node com-
putes the amplitude ratio of the first multipath component
to the second multipath component for each received signal.
If the amplitude ratio is larger than a threshold, then the
received signal is considered from the primary user. Other-
wise, it is considered from the attacker. Hence, false alarms
happen when the primary user’s amplitude ratio is less than
the threshold, and false negative happens when the attacker’s
amplitude ratio is larger than the threshold.

1) Probability of False Alarm: To obtain the amplitude
ratio of the primary user’s signal, we perform experiments
as follows. For 1 < ¢ < 44, we assume that node 7 is
the helper node. For each of the remaining nodes, if there
is no obstruction between itself and node 7, we mark it
as a line-of-sight node. Among all line-of-sight nodes for
node 7, we pick the one that is closest to node i as an
approximation of the primary user p. Note that some nodes
do not have line-of-sight nodes in their vicinities, and thus
they are not used in our experiment (e.g., nodes 8 and 29 in
the map shown by [23]). Finally, we compute the amplitude
ratio using the primary user’s channel impulse responses
(i.e., link signatures of link (p,i)). The CRAWDAD data



set has multiple measurements for each link. Thus, we can
get multiple amplitude ratios for each link. We sort the
collected amplitude ratios and compute empirical cumulative
distribution function (CDF) for them. Let N denote the
number of the collected amplitude ratios, F'(x) denote the
empirical CDF, and x1, ..., zx denote the sorted amplitude
ratios, where x; < z; for 1 <7 < 7 < N. The empirical
CDF F'(xz;) is given by F(x;) = "’]5\;” , where n<, is the
number of amplitude ratios that are less than or equal to x;.

Figure 10 shows the empirical CDF curve of the ampli-
tude ratios computed using primary users’ channel impulse
responses. This CDF curve can be used to derive the
probability of false alarm directly. For example, about 5%
amplitude ratios are less than or equal to 5. Hence, if the
threshold is set to 5, then 5% amplitude ratios are smaller
than the threshold and the probability of false alarm is 0.05.
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Figure 10. The empirical CDF curve of amplitude ratios computed using
primary users’ channel impulse responses

2) Probability of False Negative: We perform experiment
to examine the amplitude ratios of attackers’ signals. For
1 <7 <44, we assume that node ¢ is the helper node and
find its primary user p using the same method as discussed
in the above experiment. For each of the remaining nodes,
we calculate the distance between this node and the helper
node. We mark the node as the attacker if the calculated
distance is larger than r times of the distance between the
helper node and the primary user, where r is set to 2, 4, and
8 in our experiment. We compute the amplitude ratio for
node ¢ using the attacker’s channel impulse responses (i.e.,
link signatures of link (a,%), where a is the node index of
the attacker).

Figure 11 shows the empirical CDF curves of all am-
plitude ratios computed using attackers’ channel impulse
responses. In particular, about 95% amplitude ratios of
attackers’ signals are less than or equal to 5 for all possible
values of r (i.e., » = 2,4, 8). Based on the empirical CDF
of the amplitude ratios, we generate Figure 14 to show the
relationship between the probability of false negative and
the threshold. For instance, the empirical CDF indicates
that about 95% amplitude ratios are less than or equal to
5. Hence, about 5% amplitude ratios are larger than 5 and

---r=2
08 s
06l —r=8
x
'8
0.4
0.2
% 10 15

X

Figure 11. CDF curves of amplitude ratios computed using attackers’ link
signatures.

the probability of false negative is 0.05 if the threshold is
set to 5. It is shown in Figure 14 that the probability of false
negative decreases as the distance between the attacker and
the helper node increases (i.e., r gets larger).
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Figure 12. Probability of false negative vs threshold

3) Trade off between Probability of False Alarm and
Probability of False Negative: Let Pr4 and Pry denote the
probability of false alarm and false negative, respectively.
We analyze the trade off between Pp4 and Prppy by ex-
amining the relationship between Pr 4 and the threshold, as
well as the relationship between Py and the threshold. For
a particular value of threshold, the authentication approach
would achieve a particular Pr 4 and Pry.

Table I shows the probability Pry when the probability
Pr 4 of false alarm ranges between 0.05 and 0.2. If Ppy =
0.05, Py is less than 0.0655, 0.0486, and 0.0321 for r» = 2,
4, and 8, respectively. For a constant Pr4, Pry decreases
as the distance between the attacker and the helper node
increases (i.e., r increases). In particular, Pry = 0.0655
when the distance between the attacker and the helper node
is larger than twice of the distance between the primary
user and the helper node (i.e., » = 2). However, Ppy falls
to 0.0321 when the distance between the attacker and the
helper node is 8 times larger than the distance between the
primary user and the helper node (i.e., 7 = 8).



Table T
TRADE OFF BETWEEN Pr 4 AND Pr

Pra | Pey (1=2) | Prn (1=4) | Prn (1=8)
0.05 < 0.0655 < 0.0486 < 0.0321
0.1 < 0.0248 < 0.0163 < 0.0155
0.15 < 0.0109 < 0.0070 < 0.0066
0.2 < 0.0053 < 0.0032 < 0.0022

B. Authentication at Secondary Users

During the authentication process at a secondary user, the
secondary user needs to verify whether a received signal
is from the primary user or not by looking at the distance
between the corresponding link signature and the training
set. We refer to the distance as link difference. If the link
difference is smaller than a threshold, then the received
signal is considered from the primary user. Otherwise, the
signal is considered to be sent by an attacker and the
secondary user discards it.

Therefore, a false alarm happens if the link difference
between the primary user’s link signature and the secondary
user’s training set is larger than the threshold, and a false
negative happens if the link difference between the attacker’s
link signature and the secondary user’s training set is smaller
than the threshold. Similar to the authentication at the
helper node, we use the probability of false alarm and the
probability of false negative to measure the performance of
the proposed approach.

In our experiment, we compute the link differences be-
tween the primary user’s link signature and the secondary
user’s training set, as well as the link differences between
the attacker’s link signature and the secondary user’s training
set. Based on their statistical distributions, we examine how
likely false alarms and false negatives would happen.

1) Probability of False Alarm: To get the link differ-
ences between link signatures of the primary user and the
secondary user’s training set, we perform experiment as
follows. We pick all nodes one by one as the primary user.
Starting with node 1, we use the node closest to node 1 to
approximate the helper node (i.e., node 3 in the map [23]).
We further assume that all the other nodes (i.e., node 2 and
nodes 4-44 on the map [23]) are secondary users. For each
secondary user s, we generate its training set using all link
signatures of the node pair (3, s) (i.e., the helper node’s link
signatures) and k (k = 0,1, 2) link signatures of the node
pair (1,s) (i.e., the primary user’s link signatures). Then,
we compute link differences d., ..., ds” between the primary
user’s link signatures and the training set of node s, where
1, is the number of primary user’s link signatures.

We use the average value of di,... , da? as the link
differences between the link signatures of node 1 and
the training sets of each secondary user s. Similarly, we
assume that nodes 2,...,44 are primary users and perform
the same process to get the link differences between the

link signatures of nodes 2,...,44 and the training sets of the
secondary users.

Figure 13 shows curves of the empirical CDFs for the
collected link differences, where each training set contains
all measured link signatures of a helper node, and k (k =
0, 1,2) measured link signatures of a primary user. Almost
all link differences are less than or equal to 10 when the
training set only contains the link signatures of a helper node
(i.e., kK = 0). Once a primary user’s link signature is added
to the training set (i.e., k = 1), the link differences decreases
dramatically. Figure 14 shows the relationship between the
probability of false alarm and the threshold.
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Figure 13. CDF curves of link differences between the link signatures of
primary users and the training sets of secondary users.
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Figure 14. Probability of false alarm vs threshold

2) Probability of False Negative: We also perform experi-
ment to examine the link differences between link signatures
of attackers and training sets of secondary users. We assume
that node 1 is the attacker. We pick node p as the primary
user and node s as the secondary user such that p # s # 1.
For each combination of p and s, we first find the helper
node of p. Let p, denote the helper node. If p, # s # 1,
we generate the training set of s using the same approach
as the first experiment. We then compute the link difference
d;p, ..., dgs, between the attacker’s link signatures and the
training set, where n, is the number of attacker’s link
signatures. After scanning all combinations, we use the

1 MNa
average value of ds,p ,..., the average value of d&p as the



link difference between link signatures of node 1 and the
training sets of secondary users. Similarly, we assume that
nodes 2....,44 are attackers and perform the same process to
get the link differences between the link signatures of nodes
2,...,44 and the training sets of secondary users.

Figure 15 shows the empirical CDF curves of the collected
link differences for £k = 0, kK = 1, and k = 2. Note that the
empirical CDF curves can be used to derive the probability
of false negative directly given a threshold. For example,
about 10% link differences are less than or equal to 7.5
when k£ = 0. This means the probability of false negative is
0.1 for a threshold of 2.5.
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Figure 15. CDF curves of link differences between link signatures of
attackers and the training sets of secondary users.

3) Trade off between Probability of False Alarm and
Probability of False Negative: We derive the trade off be-
tween the probability Pr 4 of false alarm and the probability
Pry of false negative by analyzing the relationship between
Pra (Prpy) and thresholds. Table II shows the result. To
achieve a 0.05 probability of false alarm, the probability
of false negative is less than 0.3188, which is actually a
loose upper bound. In our experiment, we use the node
closest to the primary user to approximate the helper node;
there is indeed an unnecessarily long distance between the
primary user and its helper node. Thus, the probability of
false negative is unnecessarily large in our experiment.

Note that all Prpy’s are less than the same value 0.0241
for k = 1. This is because the threshold ranges between
0.6282 and 0.6816 when 0.05 < Pry < 0.2. This range is
quite narrow, and we can only find a single Pry from the
empirical CDF of the attackers’ link differences. Similarly,
all Prps are less than the same value 0.0240 for k = 2.

VIII. IMPLEMENTATION

We demonstrate the feasibility of the proposed approach
using a prototype implementation on Universal Software Ra-
dio Peripherals (USRPs) based on GNUradio [1]. Although
wireless signals transmitted by USRPs may not exhibit the
multipath properties due to low bandwidths, low power,
and short range communication with USRPs, the prototype
implementation nevertheless demonstrates the feasibility of

Table 11
TRADE OFF BETWEEN Pr 4 AND Pp i THE PROBABILITY Pp OF FALSE
NEGATIVE DECREASES AS k INCREASES

Pra (k=0,1,2) | Pry (k=0) | Prn (k=1) | Prn (k=2)
0.05 < 0.3188 < 0.0241 < 0.0240
0.1 < 0.2319 < 0.0241 < 0.0240
0.15 < 0.1063 < 0.0241 < 0.0240
0.2 < 0.0821 < 0.0241 < 0.0240

integrating cryptographic signatures and link signatures for
authenticating primary users’ signals in CRNs.

A USRP is a radio frequency (RF) front end that has an
analog to digital (AD) and a digital to analog (DA) converter,
which can achieve an input and output sampling rate up to 64
Mb/s and 128 Mb/s, respectively. GNUradio is a software
toolkit consisting of signal processing blocks that can be
used to implement software radios on readily-available, low-
cost external RF hardware and commodity processors (e.g.,
USRPs) [1].

We connect one USRP to a Lenovo X61 laptop (1.80 GHz
Intel Core Duo CPU), and one USRP to a DELL machine
(3.40 GHz Intel Pentium 4 CPU) via USB 2.0 links. Both
computers are running Linux (Ubuntu 9.04) and GNUradio
(version 3.2.2), and both USRPs employ XCVR2450 daugh-
ter boards as transceivers. We implement the helper node and
the secondary user applications using GNUradio toolkit, and
install the helper node and the secondary user application on
the laptop and the DELL machine, respectively.

The helper node application generates signed packets
using the method described in Section VI-A, where we
employed MDS5 as the one-way function and RSA as the
cryptographic signature algorithm. The signed packets are
modulated into physical layer symbols by a differential
binary phase-shift keying (DBPSK) modulator. Then all
physical layer symbols enter a pulse shape filter, which trans-
forms those symbols into baseband signals. The baseband
signals are delivered to the USRP, converted into RF signals,
and finally transmitted to the wireless channel through the
antenna.

Upon capturing a RF signal, the secondary user applica-
tion down-converts the RF signal into baseband signal. Then
the baseband signal is recorded and delivered to a DBPSK
demodulator. If the output of the demodulator can pass the
verification, the secondary user reconstructs the transmitted
signal from the demodulation output, and computes the 512-
points complex Fourier transform F} and F of the baseband
signal and the transmitted signal, respectively. Finally, F is
multiplied by the conjugate of Fb, and the inverse Fourier
transformation is used to calculate the link signature as
described in the Appendix.

In our experiment, the packet length is 75 bytes, the bit
rate is 2Mbit/s, and the carrier frequency is 5GHz. The
laptop and the Dell machine are used as the transmitter and
the receiver, respectively. We first put the transmitter about 5



meters away from the receiver, and let the transmitter send a
signed packet to the receiver. Upon reception of the packet,
the receiver verifies the cryptographic signature in the packet
and measures the link signature. Then we move the trans-
mitter to position a and position b, which is about 0.5 meter
and 15 meters away from the old position, respectively.
At both positions, we let the transmitter transmit signed
packets to the receiver. Figure 16 displays the measured
link signatures for different positions, we observe that the
link signatures of the old position and position a are mixed
together, and the link signature of position b greatly deviates
from the mixed ones. This observation is consistent with our
analytical result.
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Figure 16.  Measured link signatures for old position, position a, and
position b

In our approach, generating signatures, verifying sig-
natures, computing Fourier transform, and inverse Fourier
transform are four major operations that are indispensable.
To get an intuitive feeling of the computational overhead
introduced by these operations, we did an experiment using
the prototype system to test the computation time. We
let the transmitter transmits 1,000 packets to the receiver
every 0.1 second, and record the computation time by those
operations.

Note that the transmitter (or the receiver) only needs to
generate (or verify) the cryptographic signature sig(rg) in
the first packet. For all the following packets, the transmitter
signs them by simply appending sig(rg) and the correspond-
ing hash values to them, and the receiver verifies them by
computing and comparing hash values. Table III shows the
time costs of signing (verifying) those packets. In practice,
the calculation of link signatures can be performed more
efficiently with Fourier transform implemented on special
hardware (e.g., Virtex 2 Pro 50 Fast Fourier transform
(FFT) core, which can finish the 512 points complex Fourier
transform with in less than 5.5 microseconds).

IX. RELATED WORK

Primary user detection has been intensively studied in
the past few years (e.g., [12], [17], [25], [26], [29], [30],

Table IIT
COMPUTATION TIME (MILLISECONDS)

Operations Time range Average
Signing 0.1699-0.0239 0.0441
Verification 0.4519-0.0781 0.1288
Fourier transform 1.4000-0.4200 0.5612
Inverse Fourier transform | 0.7310-0.21901 0.2920

[34], [37]). Traditional detection techniques in general can
be categorized into energy detection (e.g., [30]) and fea-
ture detection (e.g., [12], [25], [26], [29], [37]). In energy
detection, any captured signal whose energy exceeds a
threshold is identified as a primary user’s signal. In feature
detection, signal features (e.g., pilot, synchronization words,
and cyclostationarity) are extracted and used to detect the
presence of a primary user’s signal. However, those tradi-
tional techniques will fail in hostile environments, where
an attacker transmits with large power or mimics a primary
user’s signal features to gain unfair share of the bandwidth.

A recent attempt considered the security aspects of pri-
mary detection and proposed to utilize RSS-based loca-
tion distinction for detecting primary users’ signals in the
presence of attackers [4]. Specifically, a secondary user
verifies whether a received signal is from a primary user
or not by estimating the location of the signal source. If
the estimation result deviates from the known location of
the primary user, it is highly possible that the signal is
sent by an attacker. However, as indicated in [23], RSS-
based location distinction approach, which is used in [4],
can be easily disrupted if the attacker is equipped with array
antennas. Moreover, such an approach requires multi-node
collaboration, which is expensive in terms of bandwidth and
energy.

In our work, we designed a primary user detection scheme
by exploiting link signatures, which do not have the weak-
ness of RSS based location distinction and achieve a higher
accuracy [23], [38]. We integrate cryptographic and wireless
link signatures to authenticate a primary user’s signal, and
use two levels of detections (i.e., detection at a helper and at
a secondary user) to address the technical challenges caused
by adopting link signatures in CRNs.

There are other related works, including cooperative fea-
ture detection or energy detection [11], [21], [28], [36],
secure data fusion in the presence of false information for
distributed spectrum sensing [5], [35], performance evalu-
ation of primary user detection in IEEE 802.22 [7], trade
off between a secondary user’s data transmission and the
detection of a primary user’s signal [16], and IEEE 802.22
standard for CRNs [8], [9]. These works are complementary
to ours.

X. CONCLUSION

In this paper, we developed a novel approach for authen-
ticating primary users’ signals in CRNs, which conforms to



FCC’s requirement. Our approach integrates cryptographic
signatures and wireless link signatures to enable primary
user detection in the presence of attackers. Essential to
our approach is a helper node placed physically close to
each primary user, which serves as a “bridge” to enable a
secondary user to verify the cryptographic signature carried
by the helper node’s signals, and then obtain the helper
node’s authentic link signatures to verify the primary user’s
signals. A key contribution in our paper is a novel physical
layer authentication technique that enables the helper node
to authenticate signals from its associated primary user.
Unlike previous techniques for link signatures, our approach
explores the geographical proximity of the helper node to the
primary user, and thus does not require any training process.

We have examined the proposed approach through theo-
retical analysis, experimental evaluation using the CRAW-
DAD data set [22], and a prototype implementation on
USRPs based on GNUradio [1]. Our results indicate that the
proposed approach is a promising solution for authenticating
primary users’ signals in CRNGs.
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APPENDIX

In this appendix, we explain how we use the methodology
proposed in [23] to compute the link signature of the stored
Kk + 1 samples.

Let r = [r(0),...,7(kT,)] denote the samples of the
received signal r(t), where 7. is the sampling rate. Based on
the demodulation results, the secondary user can recreate the
transmitted signal s(t). Let s = [s(0), ..., s(x7}.)] denote the
corresponding x + 1 samples of the transmitted signal s(t).
Let R(iT,) and S(iT;) be the discrete Fourier transform
of r(iT,) and s(iT).), respectively. According to [23], the
link signature h = [h(0), ..., h(kT})], which are the x + 1
samples of h(t), can be calculated as

WiT,) = %F*(S*(imRuTr»,

where F~1(-) denote the inverse discrete Fourier transform,
S*(iT,) is the complex conjugate of S(iT;), and Ps; =
S*(iT,)  S(iT).




<<
  /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 /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /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
    /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
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /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
    /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
    /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
    /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


