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METHOD AND APPARATUS FOR COOPERATION IN COGNITIVE RADIO NETWORKS
FIELD OF INVENTION

The present invention relates to cooperation by means of relay nodes in cognitive radio
networks so that the relay nodes (as secondary users) can gain access to the unused portions of

spectrum licensed to primary users.
BACKGROUND

In the prior art, the following two approaches have been proposed for cognitive radio
networks. The first approach is the so-called common model. Under this framework, SUs sense
the channel in search of temporal and spatial spectrum holes and exploit such detected
opportunities to complete their transmission. Another approach, spectrum leasing requires the
PU's participation. In this model, the PUs negotiate with the SUs to lease part of their owned

spectral resource in exchange for appropriate remuneration.

Recently, a new paradigm termed Cooperative Cognitive Radio Networks (CCRN) is
advocated. In CCRN, SUs cooperatively relay the data for the PUs. By exploiting the
cooperative diversity, the transmission rate of PUs can be largely improved. In return, The PU
leases its channel to SUs for a fraction of time to transmit SUs’ data, resulting in a =~ win-win"

situation.

Existing CCRN-based schemes all operate in a time-division fashion. Data is transmitted
frame by frame for a primary link. A frame duration is divided into three time slots (phases). The
first time slot (phase) is used for the primary transmitter to send data to the relaying SUs. In the
second time slot (phase), those SUs form a distributed antenna array to relay the primary data to
the primary receiver, improving the throughput of primary link. In return, the third time slot

(phase) is then leased to the SUs for their own transmissions.

Although such framework of CCRN improves both the PU and SU's throughput, there
still exist some inefficiencies, specifically in two aspects. First, the PU must completely give out
its spectrum access to the SUs to transmit the secondary data in the third time slot, as a reward

for SUs helping to relay the primary data. The throughput that the SUs can obtain in this phase
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should compensate for the power that they consumed in the previous relaying communications,
otherwise the SUs would not have incentive to participate. Thus, the length of the third time slot
should be set reasonably large. This introduces a high overhead to the PUs' communications.
Second, from the SUs' point of view, the transmission of their traffic is confined within the third
time slot, which limits the throughput they can achieve. Especially considering there may be
multiple secondary links competing for spectrum access in the third phase (time slot), the rate for

each link is therefore low.
SUMMARY OF THE INVENTION

The increasing spectral crisis and the observation that large portions of the licensed bands
remain under-utilized for most of the time are the two main driving forces behind implementing
cognitive radio networks (CRN). With frequency-agile devices, the spectrum utilization can be
improved by allowing the secondary users (SU) to dynamically access the licensed bands held by
primary users (PU). However, one problem in CRN is how the PUs and SUs can cooperate to

benefit both parties.

As used herein a node includes (but is not limited to) a station (STA), a mobile device, a
mobile terminal, a dual mode smart phone, a computer, a laptop computer or any other

equivalent device.

A method and apparatus are described including competing by a secondary transmitter
with a plurality of secondary nodes in a cognitive radio network to become a relay node for a
primary transmitter, the secondary nodes being secondary transmitters and secondary receivers,
receiving data transmitted by the primary transmitter in a first time slot if the secondary
transmitter was successful in the competition, relaying the received data transmitted by the
primary transmitter to a primary receiver in a second time slot, transmitting secondary data to a
corresponding secondary receiver in a subslot of the second time slot and transmitting the
secondary data to the corresponding secondary receiver in a subslot of the first time slot if the
secondary transmitter was not successful in the competition and if the corresponding secondary

receiver was successful in the competition.
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Also described are a method and apparatus including competing by a secondary receiver
with a plurality of secondary nodes in a cognitive radio network to become a relay node for a
primary transmitter, the secondary nodes being secondary transmitters and secondary receivers,
receiving data transmitted by the primary transmitter in a first time slot and receiving secondary
data transmitted by a corresponding secondary transmitter in a subslot of the first time slot if the
secondary receiver was successful in the competition, relaying the received data transmitted by
the primary transmitter to a primary receiver in a second time slot and receiving the secondary
data from the corresponding secondary transmitter in a subslot of the second time slot if the
secondary receiver was not successful in the competition and if the corresponding secondary

transmitter was successful in the competition.

Further described are a method and apparatus including selecting a relay node using
game theory and one of transmitting primary data to the relay node and receiving primary data

from the relay node.
BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is best understood from the following detailed description when
read in conjunction with the accompanying drawings. The drawings include the following

figures briefly described below:

Fig. 1 shows a pair of primary users co-located with an ad-hoc network of secondary

users, where each secondary user is equipped with multiple antennas.
Fig. 2 shows transmission of two streams on a MIMO 2 x 2 channel.

Fig. 3 shows a multi-user transmission case of two independent streams from a primary
transmitter to two receivers, each receiver with one antenna and a transmiter, T with two

antennas.
Fig. 4 shows transmission of two independent streams to two receivers.

Fig. 5 shows an exemplary frame structure in the MIMO-aware cooperative cognitive

radio network of the present invention.
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Fig. 6 shows phase one (time slot 1) cooperation in accordance with the principles of the

present invention.

Fig. 7 shows phase two (time slot 2) cooperation in accordance with the principles of the

present invention.
Fig. 8 illustrates the resolution of «.

Fig. 9 is a flowchart for an exemplary primary transmitter process in MIMO cooperative

cognitive radio networks in accordance with the principles of the present invention.

Fig. 10 is a flowchart for an exemplary primary receiver process in MIMO cooperative

cognitive radio networks in accordance with the principles of the present invention.

Fig. 11 is a flowchart for an exemplary secondary transmitter process in MIMO

cooperative cognitive radio networks in accordance with the principles of the present invention.

Fig. 12 is a flowchart for an exemplary secondary receiver process in MIMO cooperative

cognitive radio networks in accordance with the principles of the present invention.

Fig. 13 is a block diagram of an exemplary MIMO cognitive radio device implementation

in accordance with the principles of the present invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

To solve the above problems, a novel design for cooperation among SUs and PUs by
exploiting Multiple Input Multiple Output (MIMO) antennas on the SUs is described, called
MIMO CCRN framework. MIMO is an emerging physical layer technology that can provide
many types of benefits through multiple antennas and advanced signal processing. Multiple
independent data streams can be transmitted or received over the MIMO antenna elements.
Furthermore, MIMO links can suppress interference from neighboring links. Interference can be
cancelled by either the transmitting or the receiving node of an interference link using beam-
forming and signal cancellation techniques. Given its potential, MIMO has been adopted in next-
generation WiFi, WiMax, and cellular network standards. However how to take advantage of

MIMO techniques in cooperative cognitive radio networks has not been explored.
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In the MIMO CCRN framework of the present invention, the SUs utilize the capability
provided by the MIMO technique to cooperatively relay the traffic for the PUs and
simultaneously transmit and receive their own data, in order to maximize performance. In this
way, the PU does not need to give a dedicated portion of channel access time to SUs for
secondary data transmission. It also allows SUs to optimize their resources for relaying primary

data and transmitting their own data in both the temporal and spatial domains.

Fig. 1 shows the system model for MIMO cooperative cognitive radio networks that are
considered herein. A PU, e.g. a base station in a cellular network, sends data to another PU, i.e. a
mobile device. A secondary network is seeking to exploit possible transmission opportunities on
the same spectrum band. PUs may select some of SUs to be the cooperative relays in order to
increase the primary data throughput. The SUs relay primary data, and are granted to use the
same spectrum for concurrent transmission of their own data with the MIMO capability, as a
reward for being cooperative relays. An example is used to explain the basic idea of MIMO
CCRN of the present invention. Assuming the primary users are “legacy” devices with a single
antenna and the secondary users are “new comers”, equipped with MIMO antennas. Note that the
framework of the present invention can be extended to allow multiple antennas on both PUs and
SUs as long as the antenna’s degrees of freedom (DOFs) on the SUs is greater than the number
of data streams transmitted by the PU. The time period for a PU transmission is divided into two
phases. In the first phase, the PU broadcasts data to a set of relaying secondary receivers, for
example SR1 and ST2. At the same time, a SU, e.g. ST1 can send its secondary data to another
SU, e.g. SR1. A secondary receiver with multiple MIMO antennas can receive simultaneously
from the primary and the secondary transmitters as long as the total number of primary and
secondary streams is no greater than its antenna’s DoFs. In the second phase, the relaying
secondary receiver SUs, e.g. SR1 and ST2, relay the primary data to the PU receiver. At the
same time, a SU, e.g. ST2 can transmit the secondary data to another SU, e.g. SR2 as long as it
ensures the interference of the secondary stream is cancelled at the primary receiver using beam-
forming. In this approach, SUs' cooperative relay of the data of the PUs and their own
transmissions occur simultaneously, which totally avoids the third phase (a PU giving its
spectrum access for dedicated secondary data transmission). Furthermore, the PU is not required

to have MIMO capability and the PU hardware does not have to be changed. The MIMO CCRN
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of the present invention can greatly improve the performance of both PUs and SUs by exploiting
MIMO. Of course, the trade-off is that SUs must be equipped with more sophisticated MIMO

techniques that were expected to be widely adopted in future radio devices.

The present invention describes the design of the proposed MIMO CCRN framework.
The following questions are further addressed by the present invention: What are the benefits of
exploiting MIMO in cooperative cognitive radio networks? How do PUs select the MIMO SUs
to act as cooperative relays? What strategies do the SUs use to relay the primary data and
concurrently transmit the secondary data using MIMO antennas? Given that both PUs and SUs
are interested in maximizing their own utility, the MIMO CCRN framework can be modeled as a
Stackelberg game, which can be used to characterize the benefits of cooperation using MIMO.

Specifically, the contributions of the present invention include:

1) A novel MIMO CCRN framework is proposed and described. With MIMO, multiple
transmissions can take place simultaneously without interference. To leverage this
capability, in MIMO-CCRN design, the SUs access the spectrum to help relay primary
data (data of the PUs (transmitters and receivers that own a license for certain spectral
bands), and in return, can simultaneously transmit their own data. A transmission
scheduling algorithm is also described under this framework which jointly considers the
spatial and temporal dimensions, as well as the Degree of Freedom of nodes to improve

spectrum efficiency.

2) The MIMO-CCRN problem is formulated as a Stackelberg game. Specifically, the PUs
act as leaders, which determine the strategy regarding relay selection and time allocation
for different phases to optimize their utility, in terms of throughput. SUs act as the
followers which conduct a power control game, with the target of maximizing their
individual utility. A unique Nash Equilibrium which provides the best strategy is

achieved.

First, the basics of MIMO and the benefits it brings are briefly explained as background
for the MIMO CCRN design of the present invention. MIMO is a broad area, in which various
techniques can be used for different kinds of benefits. Herein the main focus is on Zero-Forcing-

Beam-Forming (ZFBF), which is used in MIMO-CCRN framework of the present invention.
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Zero Forcing Beam-forming (ZFBF) is one of the most powerful MIMO interference
mitigation techniques in MIMO systems. ZFBF uses multiple antennas to steer beams towards
the intended receiver to increase SNR, while forming nulls to unintended receivers to avoid
interference. Such beamforming can be performed on both transmitter and receiver sides through
appropriate pre- and post-coding of the signals. Since ZFBF performs linear correlation and
decorrelation with low complexity, it provides a tractable solution with appealing results to many

cross-layer designs exploiting the benefits of multiple antennas.

For ease of explanation, start with the standard 2x2 MIMO channel to understand the
rationale of ZFBF, as shown in Fig. 2. Two streams, s, and s,, can be transmitted
simultaneously through this MIMO link without interference. Before transmission, precoding can
be performed on the two streams by multiplying the stream s, with an encoding vector
u; =[u; u,1" . Therefore, the transmitted signal will be s, =u,s, +u,s, . For example, the first
antenna will transmit the signal s, =u,,s, +u,;s, and the second antenna will transmit the signal

S, = U2S; + Uy, S, , €ach of the signals is a weighted combination of the original streams s, and s, .

Let H,, denote the 2x2 channel matrix between the transmitter and the receiver. Each

th

entry 7; of H, is a complex channel coefficient along the path from the ;™ antenna on the

transmitter to the i antenna on the receiver. Therefore, the received signals on the receiver side

canbe represented as:

s = Hy, s +n=Huys +Hu,s, +n (D)

where n is channel noise. Since the receiver has two antennas, the received signal exists in a 2-
dimensional space. Thus, representing the signals as 2-dimensional vectors is convenient. It can

be seen that the receiver receives the sum of two vectors which are along the directions of Hj,u,
and H,u,, as shown in Fig. 2. It can be further seen that the encoding vectors u, and u, control

the direction of the vectors.
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Equation (1) shows that the two streams interfere with each other on the receiver side.

One way to remove such inter-stream interference is to project the received signal s, onto a

subspace orthogonal to the subspace spanned by the other signal vector. Specifically, two

decoding vectors v, and v, can be applied to s, to decode s, and s, as
s =v.'H § §
51 =vy Hypuysy +vy Ht,ruzs2 +v,'n

w _ o f ¥ ¥
Sy =V, Ht,ruls1 +v, Ht,ruzs2 +v,'n (2)

If the encoding and decoding vectors are judiciously configured in such a way that
v;'Hu, =0 and v,"Hu, =0, the two streams s, and s, can be decoded without interference.
In the situations where interference from concurrent transmissions is much stronger than the
noise, ZFBF techniques can yield spatial multiplexing of the streams and, thus, largely improve

the channel capacity.

The above example shows how to manipulate the encoding and decoding vectors to
nullify the interference in a single user-pair case. More often than not, ZFBF is adopted as an
interference mitigation technique in multi-user MIMO scenarios, like cellular uplinks and

downlinks. Such a situation is illiustrated belwo with two examples.

Fig. 3 shows a multi-user downlink transmission case of two independent streams from a
primary transmitter, T, to two receivers, each receiver with one antenna and transmitter, T, with

two antennas. T can send two streams s, and s, simultaneously to R1 and R2 respectively. The

procedure is similar to that as described above in the 2x2 MIMO channel scenario. T applies the

encoding vector u, and u, to encode the two streams and transmits the summed signal, which is
represented as s, =uys; +u,s, . Let the channel coefficient matrix from T to R, be &, which is
now a 1x2 vector. Therefore, the received signal atR; is 5, = h;u;s; + h;u,s, +n,. u, and u, can be

chosen to satisfy hyu, =h,u, =0, so that the received signals can be decoded as

5 =hyuys, +n, 5, =h,u,s, +n, 3)
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Hence, two independent streams can be transmitted wihtout interference to two users in different
locations respectively. Note that similar operations can be taken in the case of the reverse link. A
general case when both transmitter and the receivers are equipped with multiple antennas is
discussed in the prior art.

Fig. 4 shows another example in which ZFBF improves the spatial reuse of the channel.
Consider that a pair of PUs each include a primary link, each equipped with one antenna, and a
pair of SUs forms a secondary link, each SU equipped with two antennas. The primary link and
secondary link are within each other’s interference range. The channel coefficient matrices

between different transmitter-receiver combinations are denoted as ;. hprsr, hgrpr and
Hgy e - Note that depending on the number of transmitting and receiving antennas, their

dimensions are 1x1, 2x1, 1x2 and 2x2 respectively.

Two independent streams, e.g. one primary stream s, and one secondary stream s, can

be transmitted simultaneously. Suppose the encoding and decoding vectors applied to the

secondary links are u, andv,, the receivedsignals on both primary and secondary receivers are

Sp = hPT,PRsp +hST,PRllsSS +np
s _ ot ¥ ¥
S =Vihppgrs, + ViHgrgpugs, +ving 4)

If u, and v, are configured so that hgrprus =0 and vihpy g =0, the primary and secondary

signals can be decoded without interference at the PU receiver and SU receiver, respectively. In
this example, spatial reuse factor is increased by letting two interfering links transmit
simultaneously. Interfernce is effectively cancelled by appropriately selecting the encoding and
decoding vectors. With MIMO cognitive radio, the PUs' transmissions may not be affected when
the SUs access the channel. However, it can be argued that such access rights should not be free
but should still be granted by a mechanism such as cooperative relay, which will be discussed

further below.

Although ZFBF can provide appealing benefits, several issues need to be carefully

considered when employing ZFBF, which are discussed now below:
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1) To properly configure the encoding and decoding vectors, both transmitters and
receivers should be aware of the instantaneous channel coefficient matrices. This is a
common assumption in various existing studies. However, even without such an
assumption, practical physical layer estimation techniques exist, which give fairly good
results, and have been already applied in implementations.

2) The ability of ZFBF is not unlimited. Fundamentally, the number of concurrent
transmissions that can be scheduled are constrained by the DoF of the participating
nodes, which is represented by the number of antennas. Below, careful consideration is
given to the design of MIMO CCRN framework of the present invention to ensure that
the design is MIMO-aware.

A system model of the MIMO CCRN framework of the present invention is described
below. The new MIMO-based cooperative paradigm is presented in more detail as well. Also
provided is a theoretical formulation for the primary transmission rate optimization problem as
well as the achievable transmission rate for secondary links. Consideration is principally given to
the case where the SUs are equipped with two antennas since it conveys the concept of the
present invention and is simple in presentation. Also mounting two antennas on a portable device
is very amenable to practical implementation. The MIMO CCRN framework of the present
invention can be easily extended to more than two antennas.

Referring again to Fig. 1, consider that the secondary network includes 1S| transmitter-
receiver pairs S=(ST,, SR;),1<i<ISI, where each node is equipped with two MIMO antennas.
The primary transmission is divided into frames and 7' is used to represent the frame duration
(FD). The PU link can select a subset of pairs S S, and for each selected pair, either ST or SR
will participate as a relay in cooperative transmissions from the PU. Note that this sleection gives
more flexibility to PUs' relay selection compared to the prior art, in which only STs in each pair
can be chosen as the cooperative relays. R denotes the set of relay nodes. Fig. 5 shows an
exemplary frame structure used in the present invention. If cooperative communication is
adopted, a frame is divided into two time slots (phases). In the first time slot (phase one) with
duration of , the Primary Transmitter (PT) broadcasts the data to the chosen secondary relays

(relay nodes). Then, in the second time slot (phase two) with duration (1-a)7 , those secondary
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relays cooperatively transmit the data of the primary transmitter to the Primary Receiver (PR).
a=1 represents a special case where the PT uses the entire frame for direct transmission to the

PR without cooperation.

In return for the SUs' cooperation, channel access will be granted to them for their own
transmissions. Since all the SUs are equipped with two MIMO antennas, the secondary data
transmissions can be intelligently scheduled into the above described time slots 1 and 2. The
detailed procedures are described next. It can be seen that compared to the existing CCRN
schemes, the MIMO CCRN framework of the present invention totally avoids the use of a third
time slot that has to be made available for dedicated secondary data transmissions in the prior art

systems and thus, improves the primary link's throughput.

An exemplary system model for primary and secondary transmissions in phase one (time

slot 1) is shown in Fig. 6. In this example, there are |SI=4 pairs of SUs. Suppose the PUs choose
the relay set as R={SR,, SR,, ST,, ST, }, which implies S =S. The detailed relay selection

algorithm is described below.

Throughout phase one, PT continuously broadcasts its data to the chosen relays (relay
nodes). For the secondary transmissions, the pairs with SR selected as relay nodes are allowed to

access the channel in this phase. S, is used to denote the set of such pairs. In Fig. 6, they are the
pairs (ST,, SR,) and (ST,, SR,). In a symmetric way, the pairs with ST selected as relay
nodes, denoted by S,, access the channel in phase two. In Fig. 6, S, includes (STs, SR3) and
(ST4, SRy). It is obvious that S, and S, are disjoint sets and 1S, 1+1S, =S |. The pairs in S, share
the channel in phase one in a TDMA fashion. Thus, phase one is further divided into 1S, 1

subslots (two in this example), one for each pair. The duration of each subslot is decided by a

secondary power control game which will be described below.

h, 1s used to represent the channel coefficient vector from PT to the relay node r, vreR
Also H, is used to represent the channel coefficient matrix from ST, to the relay node r,
vie S;,reR. Suppose a subslot of length 7" is allocated to the comunication pair (ST, , SR ),

keS,. By virtue of multiple antennas, SR, can receive both streams from PT and ST,
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simultaneously in this subslot. Denote the primary stream as s, and the stream transmitted from

ST, in this subslot as s, . If ST, applies an encoding vector «* to s, , then the received signal

on relay node r in this subslot is the combination of PT's stream and ST, 's stream as

s =hg,s, +Hus,+n VreR (5)

which can be viewed as the combination of two vectors in a two-dimensional space. Then each

relay node r can apply a decoding vector v2 to decode the primary stream, by letting

ry

v H u® =0. The resulting primary signal on relay node r is then
E,(’f) = vﬁf}cﬁho,sl, +v£f,’€”n vreR (6)

Note that SR, is also included in the above equation if a certain relay node r* is SR, itself. To
decode the secondary stream for itself, SR, uses another decoding vector v, and lets

v""h . =0.Then the stream sent by ST, destined for SR, can be decoded as
Sk = V;(CS)THkr*u,(f)sk +v7n = SR, (7)

Therefore in phase one, it can be clearly seen that the PT continuously transmits the primary

data, while the relay pairs in set S, perform their own transmissions in their respective subslots.

In phase two, the idea can be similarly applied as in phase one. The selected relay nodes
cooperatively transmit the primary data to the PR, meanwhile, the communication pairs with STs

selected as relay nodes (forming set S, ) are allowed to access the channel in this phase, also in a
TDMA fashion. For instance, (ST;, SR;) and (ST,, SR,) in Fig. 7 share the channel by

dividing it into two subslots, one for each communication pair. The length of each subslot is

determined by a secondary power control game as described below. H is used to denote the
channel coefficient matrix from relay node r to SR;, vreR,ieS, . Also h, is used to represent

the channel coefficient vector from relay node r to PR. Without ambiguity, s

, and s, can still

be used to denote the primary stream and the secondary stream that relay node ST, sends.

Suppose a subslot is allocated to the communication pair (ST, , SR, ), keS,, since ST, has
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multiple antennas, it can transmit both primary and secondary streams to the PR and SR,

respectively in the same spectum without interference. ST, will transmit the summed signal of
s, and s, , each encoded with vectors «” and u{” respectively, other relay nodes r only transmit

sp encoded by u”. If u” is chosen so that /. u;” =0, where +* = ST, , the secondary stream

from ST, is totally nullified at PR. The signal received by PR is then

5, = Zhrouﬁp)sp +n (8)
reR

Moreover, specifically for SR, , the received signal in this time slot is

s =Y Huus, + Hr*ku,(f)sk +n 9)
reR

The first part of Equation (9) is the primary signal summed over all the relay nodes, and the
second part is the secondary signal transmitted by ST, . The received signal s’ can be also
represented as two vectors existing in a two-dimensional space. The secondary signal s, can thus

be easily decoded by choosing a decoding vector v{” such that vy _H,ul? =0. The resulting

secondary stream is
5 =v'H *ku,(f)sk +vh (10)
r

In summary, in phase two the PR receives the primary signals sent from all the relay nodes,

while the relay communication pairs in S, concurrently perform their own transmissions in their

respective subslots.
Based on the system model of the present invention described above, the channel data

rates for both primary and secondary link in each phase can be obtained.

For the cooperative communication, the use of a collaborative scheme based on decode-
and-forward (DF) is assumed, and at the receiving end, PR exploits maximum ratio combining
(MRC) before decoding the signal. Focus is on decode-and-forward strategy due to its simplicity,
however the present invention can be extended to use more sophisticated coding and decoding

techniques to obtain greater achievable rates for the primary links.
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In phase one, since there are multiple relay nodes, the rate is easily shown to be

dominated by the worst channel in the subset re R . Suppose the transmission power of PT is P, ,
according to Equation (6), in the subslot when ST, is transmitting the downlink rate is then
min [V ho, I Py

 log, (1+=8 ) (11)
0

(PS)
Rk

In phase two, since MRC is used, the effective SNR at PR is equal to the sum of all the
SNRs of each secondary relay node. To maximize the throughput, the encoding vectors u” of
all the relay nodes r,re R in phase two can be chosen to be in the same direction as the channel
matrix h,,, i.e., u? =/l . Further using P..reR to denote the transmission power of relay

¥

node r, based on Equation (8), the achievable rate of the cooperative link is given by

houl? P holP P
RSP =log, (1+ ZM) =log, (1+ Zm) (12)
reR NO reR NO

Note that R®" is constant in all the subslots in phase two. The transmission powers P.'s are

determined by the secondary power control game described below.

Moreover, in the trivial case when secondary cooperation is not applied, the rate of the

direct transmission from PT to PR is

2
Ry = 10g2(1+”’PNJ) (13)

0

where #, is the channel gain from PT to PR.

For simplicity, it is assumed that a secondary transmitter will use a fixed power level for
transmitting the secondary data to achieve a certain secondary data rate. Denote P to be the
power used by ST, for its secondary data transmission. In phase one, based on Equation (7), the
transmission rate of secondary link (ST, SR, ) is given by

()t () 2 p(s)
lv; Hkr*uk [ 2

R =log,(1+
& &> N,

) vkeS, (14)
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Specifically for each ST, , (" can be chosen to maximize | H_.u;” I?, and then v, can be chosen
r

chosen to satisfy v{""z . =0. Accordingly, v?)" can be resolved for each relay node r given u{".
or ’

In phase two, similarly from Equation (10), the transmission rate of secondary link (ST,

SR, ) is given by

lvOTH *ku,(f) > B
r

Ny

log, (1+ =R  VkeS, (15)

Since u” is given as o/ Ik ll, vi” is computed to satisfy v("'S" _H .« =0, and u{” is chosen

to be in the same direction as v("'H .. .
r

Briefly summarizing the above, given a subset of relay communication pairs S and the

channel matrices, all the encoding and decoding vectors can be determined, thus the primary link
rates R™ and R®” are resolved. Further, all the relay communication pairs can locally

calculate the power they use to transmit their own signals.

The objective for the primary link is to optimize its throughput over different

combinations of relay sets S;, S,, and the time length scale « of the two phases. The primary

rate for cooperative communication is the minimum of the rate in the two phases:

Reppp =min{ > TR (1-a)T - RO} (16)
keSl

So the primary rate R, in this frame duration is

R a>0

Ry =0

RP — { gir & (17)
coop

Thus, the primary link aims to solve the following primary rate optimization problem:

max(l) RP
a,Sl ’SZ’Tk ,Pr
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5. 310 =ar (18)
keS1
0<P.<P,vreR (19)
S,.S,cSand §,nS, =0 (20)
0<a<i 2D

Constraint (19) means the transmission power for the primary signal of each relay node r is

bounded by P,, which is known in advance. Note the set R can be determined once the sets S,

and S, are known.

In the context of spectrum leasing in CCRN, it is best to analyze the problem under a
typical two-stage Stackelberg game framework. The primary link is the leader and the secondary
communication pairs are the followers. They are all rational and selfish aiming to maximize their
own utility. Since a PU is licensed to use the spectrum band, it possesses a higher priority in
choosing the optimal relay sets (sets of relay nodes) and parameters. Secondary pairs in S
compete with each other to determine the best strategy to share any unused portion of the

licensed spectrum.

Guided by the above idea, in the present invention, the primary link aims to solve the
primary rate optimization problem formulated above. It is necessary to decompose the problem.
A secondary power control game can be used to obtain the relationship of optimal 7" and P.
with §;, S, and « Then the primary links can determine the best relay sets S;, S, and the

parameter c.

Define the utility function for the secondary communication pairs and analyze the

existence of the equilibrium of the game. Given the two relay sets S;, S, and the length of two

phases (controlled by «), a unique solution of 7" and P. for each pair can be obtained to

achieve the equilibrium, which is proved to be the best strategy for the secondary user.
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For each secondary relay node , the utility function is defined as the difference between
the achievable transmission throughput and the cost of energy used for relaying the primary data

signal, which then is

O = {Tk(l)RIES) —wP.(1-a)T forr=8R,, ke S, 22)

Y OOTPRS —wP,(l-a)T  for r=ST, ke S,
where T,V and T{” are subslot lengths allocated to the relay comunication pairs in S, and S,

respectively, R{” is determined by Equations (14) and (15), w is the cost per data unit of

transmission energy.

Meanwhile, let 71V and 7” be proportional to relay node k's consumed energy for

relaying the primary data, which is represented as

P P

T =l —2— r=SR., ke S, T® =(1-a)T ——,r=5T,.ke S 23

k SP & 1 7 =( ) S7 % 2 (23)
ieSl i682

The utility function for each secondary relay pair is a function of their transmission
power used for relaying the primary data signal, therefore a secondary power control game can
be formulated. Secondary communication pairs in each set S; form a non-cooperative power
selection game and compete with each other in the same set to maximize their own utility. The

Y

strategy space is the power P=[P.]: P™" <P <P™* . The best strategy can be resolved for each

relay in the Nash Equilibrium. Based on the above, the utility for the secondary communication

pair k in §, is

P
@’ =05T-ﬁR,§S) —wP.(1—a)T, r=SR,, ke S, (4)

ic S1

Next, the Nash Equilibrium is analyzed based on Equation (24). Similar methods can be applied

to the game between the relay nodes in set S,. The existence and uniqueness of the Nash

Equilibrium will be shown first.

Theorem 1 A Nash Equilibrium exists in the secondary power control game.
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Proof: Note that Equation (24) has a form similar to the utility function defined in

Equation (7). Using the same method, first prove that P, is a nonempty, convex and compact
subset of the Euclidean space 3, then prove that (" in Equation (24) is continuous and concave
in P.. A Nash Equilibrium then exists if these two conditions are satisfied. Details can of the

proof be found in several references known in the art.

To analyze the uniqueness of the equilibrium, reference is made to the best response

function of player k¢ given the power selection of other players. Since the utility function ®{" is

concave, the best response is achieved when the first derivative of ®{” with P, equals to 0, as

AR Y P,

BMIES) €S, i#r (1—a)T =0 (25)
= —wil— =

oF, (2P

ic S1

Solving Equation (25) and avoiding the trivial cases when the power equals to P or P, the

best response is

AR Y b
WP =t ¥ 1, (26)

w(l—a)T

ieSl,#r
with the following constraint satisfied:
P < (Py< P 27)
Theorem 2 The secondary power control game has a unique Nash Equilibrium.

Proof: Again, it can be shown that the best response function r(P) is a standard

function which is positive, monotonic and scalable. Therefore, there exists a unique Nash

Equilibrium point for the secondary power control game.

Solving Equation (25) including IS, | equations, the resulting relaying power for the relay node r

is
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P e a(S, |—1)1 (1-
wl-a) R

iGSl Ri(S)

(S, Hi ) 28)

iGSl Ri(S)

where r=SR, and ke$S,.

Similarly, it can be shown that the Nash Equilibrium also exists and is unique for the

secondary power control game among the secondary relay comunication pairs in the set S,. The

5 relaying power for each pair should be chosen as

pro 081D | (81-D

1 R 1

(s)
i682 i i682 Ri

) (29)

where r=S7, and keS,. Note that P is independent of & for relay communication pairs which

belong to S, .

Based on the analytical result of the secondary power control game, PU, as the leader of
10  the Stackelberg game, can determine its strategy to solve the formulated primary user rate
optimization problem. Here the PU's utility is the rate, or throughput that it can achieve in the

current FD.

Given the relay sets S;, S, and «, the relaying power for each relay node can be resolved

according to Equation (28) and (29). To resolve the optimal «, the equations of the relaying

15  power can be rewritten as

2 A Vres,
pr=|l-a (30)
B, Vre S,
where
_ (S, 1-1) (1S, 1-1)

A

r 1 (1_ )
w2 R Y

ieSl Ri(S) ieSl R

1
(s)

i
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-1 -1
B, = (15,1 )(_(ISI ))

w2, RO RO 2 RO

zeS zeS

A, and B, are known if S,, S, and the secondary link rates are given. Substituting Equation (30)

into Equation (12), the resulting link rate in the second phase (second time slot) is

o

W I ——A, )
¥ _ h B
R(SP)=10g2(1+ Z -« n Z 12, I L) =10g2(1+A-L+B) (31)
reS) No €S, Ny -
5 where A=Y Wiy P-4, and B=Y 7P B,
= resl N() - ’ESZ —NO

Moreover, it has been shown that in two-phase cooperative communications, the
throughput is maximized when the downlink throughput equals the uplink throughput. In the
present problem (maximizing the PU's throughput) is then

T(I)R(PS)
Y A= (-ar (32)

ke S1

10  Expanding Equation (32) based on Equation (23), results in

ZaT R =RP (1- )T (33)
< Pl
Z S R(PS)
Let C= ke— and substituting Equation (31) into Equation (32), yields

Zie Slp

(34)

log,(1+A-—2— 4+ B)y=C-
-«

1-a

o

where o is the optimal «. So

is the x-coordinate of the intersection point between a log

*

-«
15  function and a straight line passing through the origin, as shown in Fig. 8. Its value can be

achieved by any known numerical methods which then gives the value of «°
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To summarize the above, the optimal time durations of the two phases, which is

determined by «, can be resolved by using known numerical methods on Equation (34) if S, and
S, are given.
Based on the previous analysis, given S, and S,, &  can be resolved, which determines

the optimal time duration for each phase (time slot). From the universal set of the relay

communication pairs S, the PU can enumerate all the possible sets S, and S, which satisfy the

criteria of Equation (27). From all the possible sets, the one that maximizes PU's utility function

R, can be selected. The brute-force method has unfortunately highly complex.

Fig. 9 is a flowchart for an exemplary primary transmitter process in MIMO cooperative
cognitive radio networks in accordance with the principles of the present invention. At 905 the
relay nodes are selected using Stackelberg game theory. At 910, the PU transmits the primary
data to the selected relay nodes and grants the selected relay nodes access to unused portions of
the spectrum licensed to the primary user for secondary data transmission under the condition
that the selected relay nodes will cooperatively relay the primary data to the primary receiver
with MIMO and any secondary data transmissions cannot interfere with the primary data

transmission.

Fig. 10 is a flowchart for an exemplary primary receiver process in MIMO cooperative
cognitive radio networks in accordance with the principles of the present invention. At 1005 the
relay nodes are selected using Stackelberg game theory. At 1010, the PU receives the primary
data from the selected relay nodes and the primary transmitter, and grants the selected relay
nodes access to unused portions of the spectrum licensed to the primary user for secondary data
transmission under the condition that the relay nodes will cooperatively relay the primary data to
the primary receiver with MIMO and any secondary data transmissions cannot interfere the

primary data transmission.

Fig. 11 is a flowchart for an exemplary secondary transmitter process in MIMO
cooperative cognitive radio networks in accordance with the principles of the present invention.
At 1105 the secondary transmitter plays the Stackelberg game (power game) to be selected as a

relay node that cooperatively relays primary data and in return obtains permission to access
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unused portions of the spectrum licensed to the PU for transmission and reception of its own data
(secondary data). The Stackelberg game is the method to play the secondary power game. It
means that the primary users know the information of the secondary users (channel, power, etc.)
and the game results that the secondary users will obtain. At 1110 a test is performed to
determine if the secondary transmitter has been selected as a relay node. If the secondary
transmitter has been selected as a relay node then at 1115 the secondary transmitter receives the
primary data in phase one (time slot 1) and then in phase two (time slot 2) accesses unused
portions of the spectrum licensed to the PU to relay the primary data to the primary receiver and
concurrently transmit its own data (secondary data) to its corresponding secondary receiver in
the determined time subslot and ensure the secondary data signal is nullified at the primary
receiver using MIMO techniques. “Nullified” in this sense means that the secondary data signal
cannot interfere with the primary data signal at the primary receiver. It is not possible in the
game for both the secondary transmitter and its corresponding secondary receiver to both be
selected as relay nodes at the same time so processing ends since from the above the secondary
transmitter was selected as a relay node. If the secondary transmitter was not selected as a relay
node then processing proceeds to 1120, where a test is performed to determine if the
corresponding secondary receiver (of the secondary transmitter not selected as a relay node) has
been selected as a relay node in the Stackelberg game. If the corresponding secondary receiver
(of the secondary transmitter not selected as a relay node) has been selected as a relay node in the
Stackelberg game then at 1125 the secondary transmitter (not selected as a relay node) accesses
unused portions of the spectrum licensed to the PU in phase one (time slot 1) to transmit its own
data (secondary data) to its corresponding secondary receiver in the determined time subslot. In
phase two (time slot 2) the secondary transmitter (not selected as a relay node) does nothing with
respect to its own data (secondary data) or the primary data. If the corresponding secondary
receiver has not been selected as a relay node in the Stackelberg game, then processing ends. An
example would be helpful at this point. Remembering that Fig. 11 is directed to a secondary
transmitter and using Fig. 6 and Fig. 7, the secondary transmitter plays the Stackelberg game to
see if the primary transmitter selects it to act as a relay node. If the secondary transmitter is
selected as a relay node then it relays the primary data and in return obtains access to the licensed

spectrum held by the primary transmitter in order to transmit its own (secondary) data to a
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corresponding secondary receiver. In a first scenario consider that the secondary transmitter is
ST3 and it has played the Stackelberg game and is a relay node for a primary transmitter as
shown in Fig. 6 and Fig. 7. At 1110 ST3 would determine that it won the game and is a relay
node so the process in 1115 is executed. ST3’s corresponding receiver is SR3. The test at 1120
would be negative since SR3 was not selected as a relay node so processing would end. In a
second scenario, consider that the secondary receiver is ST1 and it played the Stackelberg game
and was not selected as a relay node for a primary transmitter as shown in Fig. 6 and Fig. 7.
ST1’s corresponding secondary receiver is SR1. At 1110 ST1 would determine that it had not
won the game and was not a relay node so processing would proceed to 1120. At 1120, ST1
would perform a test to determine if its corresponding receiver had won the Stackelberg game
and was a relay node. According to Fig. 6 and Fig. 7 SR1 is a relay node, so the processing in
1125 is performed. In the case not shown in Fig. 6 and Fig. 7 where a secondary pair of
transmitters and receivers existed but neither had been selected as relay nodes then they would
not be entitled to use of any of the unused portions of the licensed spectrum owned by the
primary transmitter. In this case the results of the tests at 1110 and 1120 would both be negative

so processing would end.

Fig. 12 is a flowchart for an exemplary secondary receiver process in MIMO cooperative
cognitive radio networks in accordance with the principles of the present invention. At 1205 the
secondary receiver plays the Stackelberg game (power game) to be selected as a relay node that
cooperatively relays primary data and in return obtains permission to access unused portions of
the spectrum licensed to the PU for transmission and reception of its own data (secondary data).
The Stackelberg game is the method to play the secondary power game. It means that the
primary users know the information of the secondary users (channel, power, etc.) and the game
results that the secondary users will obtain. At 1210 a test is performed to determine if the
secondary receiver was selected as a relay node in the Stackelberg game. If the secondary
receiver was selected as a relay node in the Stackelberg game then at 1215 in phase one (time
slot 1) using MIMO techniques, receive the primary data, and simultaneously receive the
secondary data transmitted to it by the corresponding secondary transmitter in the determined
time subslot, and then in phase two (time slot 2) relay the primary data to the primary receiver. It

is not possible in the game for both the secondary transmitter and its corresponding secondary



10

15

20

25

30

WO 2012/015391 PCT/US2010/043314

24

receiver to both be selected as relay nodes at the same time so processing ends since from the
above the secondary receiver was selected as a relay node. If the secondary receiver was not
selected as a relay node then processing proceeds to 1220, where a test is performed to determine
if the corresponding secondary transmitter (of the secondary receiver which was not selected as a
relay node) was selected as a relay node in the Stackelberg game. If the corresponding secondary
transmitter (of the secondary receiver which was not selected as a relay node) was selected as a
relay node in the Stackelberg game then at 1225 in phase one, there is no need to receive a
secondary data signal and in phase two, using MIMO techniques, receive the secondary data
transmitted to it by its corresponding secondary transmitter in the determined time subslot, and
cancel (nullify) the received primary signal. “Nullify” in this sense means that the secondary data
signal cannot interfere with the primary data signal at the primary receiver. If the corresponding
secondary transmitter (of the secondary receiver which was not selected as a relay node) was not
selected as a relay node in the Stackelberg game then processing ends. An example would be
helpful at this point. Remembering that Fig. 12 is directed to a secondary receiver and using Fig.
6 and Fig. 7, the secondary receiver plays the Stackelberg game to see if the primary transmitter
selects it to act as a relay node. If the secondary receiver is selected as a relay node then it relays
the primary data and in return obtains access to the licensed spectrum held by the primary
transmitter in order to receive its own (secondary) data from a corresponding secondary
transmitter. In a first scenario consider that the secondary receiver is SR1 and it has played the
Stackelberg game and is a relay node for a primary transmitter as shown in Fig. 6 and Fig. 7. At
1210 SR1 would determine that it won the game and is a relay node so the process in 1215 is
executed. SR1’s corresponding transmitter is ST1. The test at 1220 would be negative since ST1
was not selected as a relay node so processing would end. In a second scenario, consider that the
secondary receiver is SR3 and it played the Stackelberg game and was not selected as a relay
node for a primary transmitter as shown in Fig. 6 and Fig. 7. SR3’s corresponding secondary
transmitter is ST3. At 1210 SR3 would determine that it had not won the game and was not a
relay node so processing would proceed to 1220. At 1220, SR3 would perform a test to
determine if its corresponding transmitter had won the Stackelberg game and was a relay node.
According to Fig. 6 and Fig. 7 ST3 is a relay node, so the processing in 1225 is performed. In the

case not shown in Fig. 6 and Fig. 7 where a secondary pair of transmitters and receivers existed
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but neither had been selected as relay nodes then they would not be entitled to use of any of the
unused portions of the licensed spectrum owned by the primary transmitter. In this case the

results of the tests at 1210 and 1220 would both be negative so processing would end.

Referring now to Fig. 13, which is a block diagram of an exemplary cognitive radio
device implementation of the present invention. Since a cognitive radio device (station, node,
gateway, AP, base station) can be a transmitter, a receiver or a transceiver, a single block
diagram is used showing a wireless communication module 1325 having a radio
transmitter/receiver 1335. That is, the radio transmitter/receiver can be a transmitter, a receiver
or a transceiver. The present invention includes a host computing systtem 1305 and a
communication module (wireless) 1325. The host processing system can be a general-purpose
computer or a specific-purpose computing system. The host computing system can include a
central processing unit (CPU) 1310, a memory 1315 and an input/output (I/O) interface 1320.
The wireless communication module 1325 can include a media access control (MAC) and
baseband processor 1330, radio transmitter/receiver 1335, and one or more antennas. An antenna
transmits and receives the radio signals. The radio transmitter/receiver 1335 performs radio
signal processing. The MAC and baseband processor 1330 performs MAC control and data
framing, modulation/demodulation, coding/decoding for the transmission/receiving. At least one
embodiment of the present invention can be implemented as a routine in the host computing
system or wireless communication module to process the transmission and receiving of data and
control signal. That is, the block diagram of Fig. 13 may be implemented as hardware, software,
firmware, a field programmable gate array (FPGA), an application specific integrated circuit
(ASIC), a reduced instruction set computer (RISC) or any combination thereof. Further, the
exemplary processes illustrated in the various flowcharts and text above are operationally
implemented in either the host processing system or the wireless communication module or a
combination of the host processing system and the communication module. The block diagram
thus fully enables the various methods/processes to be practiced in hardware, software, firmware,
a field programmable gate array (FPGA), an application specific integrated circuit (ASIC), a

reduced instruction set computer (RISC) or any combination thereof.
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When the cognitive radio device is behaving as a secondary transmitter the control logic
includes means for competing by a secondary transmitter with a plurality of secondary nodes in a
cognitive radio network to become a relay node for a primary transmitter, the secondary nodes
being secondary transmitters and secondary receivers. The secondary transmitter ensures that a
signal carrying its own the secondary data is nullified at the primary receiver by using multiple-
in-multiple-out transmission means. The competition is conducted using game theory, based on a
Stackelberg game. The transceiver includes means for receiving data transmitted by the primary
transmitter in a first time slot if the secondary transmitter was successful in the competition,
means for relaying the received data transmitted by the primary transmitter to a primary receiver
in a second time slot, means for transmitting secondary data to a corresponding secondary
receiver in a subslot of the second time slot, and means for transmitting the secondary data the
corresponding secondary receiver in a subslot of the first time slot if the secondary transmitter
was not successful in the competition and if the corresponding secondary receiver was successful
in the competition. The secondary transmitter ensures that a signal carrying its own the
secondary data is nullified at the primary receiver by using multiple-in-multiple-out transmission

means.

When the cognitive radio device is behaving as a secondary receiver the control logic
includes means for competing by a secondary receiver with a plurality of secondary nodes in a
cognitive radio network to become a relay node for a primary transmitter, the secondary nodes
being secondary transmitters and secondary receivers. , means for determining if the competing
secondary receiver was successful and means for determining if its the corresponding secondary
transmitter was successful in the competition and is the relay node responsive to the first
determination. The competition is conducted using game theory, based on a Stackelberg game.
The transceiver includes means for receiving data transmitted by the primary transmitter in a first
time slot and receiving secondary data transmitted by a corresponding secondary transmitter in a
subslot of the first time slot if the secondary receiver was successful in the competition, means
for relaying the received data transmitted by the primary transmitter to a primary receiver in a
second time slot and means for receiving the secondary data from the corresponding secondary

transmitter in a subslot of the second time slot if the secondary receiver was not successful in the
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competition and if the corresponding secondary transmitter was successful in the competition.

The secondary receiver uses multiple-in-multiple-out means.

When the cognitive radio device is behaving as a primary transmitter or receiver then the
control logic includes means for selecting a relay node using game theory and the transceiver
includes one of means for transmitting primary data to the relay node and means for receiving
primary data from the relay node. The game theory is based on a Stackelberg game. The
transmitting means is in a primary transmitter and the receiving means is in a primary receiver,
wherein the means for transmitting is executed in a first time slot and the means for receiving is

executed in a second time slot.

It is to be understood that the present invention may be implemented in various forms of
hardware, software, firmware, special purpose processors, or a combination thereof. Preferably,
the present invention is implemented as a combination of hardware and software. Moreover, the
software is preferably implemented as an application program tangibly embodied on a program
storage device. The application program may be uploaded to, and executed by, a machine
comprising any suitable architecture. Preferably, the machine is implemented on a computer
platform having hardware such as one or more central processing units (CPU), a random access
memory (RAM), and input/output (I/O) interface(s). The computer platform also includes an
operating system and microinstruction code. The various processes and functions described
herein may either be part of the microinstruction code or part of the application program (or a
combination thereof), which is executed via the operating system. In addition, various other
peripheral devices may be connected to the computer platform such as an additional data storage

device and a printing device.

It is to be further understood that, because some of the constituent system components
and method steps depicted in the accompanying figures are preferably implemented in software,
the actual connections between the system components (or the process steps) may differ
depending upon the manner in which the present invention is programmed. Given the teachings
herein, one of ordinary skill in the related art will be able to contemplate these and similar

implementations or configurations of the present invention.
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CLAIMS:

1. A method, said method comprising:

10

15

20

competing by a secondary transmitter with a plurality of secondary nodes in a
cognitive radio network to become a relay node for a primary transmitter, said secondary

nodes being secondary transmitters and secondary receivers;

receiving data transmitted by said primary transmitter in a first time slot if said

secondary transmitter was successful in said competition;

relaying said received data transmitted by said primary transmitter to a primary

receiver in a second time slot;

transmitting secondary data to a corresponding secondary receiver in a subslot of

said second time slot; and

transmitting said secondary data to said corresponding secondary receiver in a
subslot of said first time slot if said secondary transmitter was not successful in said
competition and if said corresponding secondary receiver was successful in said

competition.

The method according to claim 1, wherein said secondary transmitter ensures that a
signal carrying said secondary data is nullified at said primary receiver by using multiple-

in-multiple-out transmission techniques.

The method according to claim 1, wherein said competition is conducted using game

theory.

The method according to claim 3, wherein said game theory is based on a Stackelberg

game.

A method, said method comprising:
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competing by a secondary receiver with a plurality of secondary nodes in a
cognitive radio network to become a relay node for a primary transmitter, said secondary

nodes being secondary transmitters and secondary receivers;

receiving data transmitted by said primary transmitter in a first time slot and
receiving secondary data transmitted by a corresponding secondary transmitter in a
subslot of said first time slot if said secondary receiver was successful in said

competition;

relaying said received data transmitted by said primary transmitter to a primary

receiver in a second time slot; and

receiving said secondary data from said corresponding secondary transmitter in a
subslot of said second time slot if said secondary receiver was not successful in the
competition and if said corresponding secondary transmitter was successful in said

competition.

The method according to claim 5, wherein said secondary receiver uses multiple-in-

multiple-out techniques.

The method according to claim 5, wherein said competition is conducted using game

theory.

The method according to claim 7, wherein said game theory is based on a Stackelberg

game.
A method, said method comprising:
selecting a relay node using game theory; and

one of transmitting primary data to said relay node and receiving primary data

from said relay node.

The method according to claim 9, wherein said game theory is based on a Stackelberg

game.
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The method according to claim 10, wherein said transmitting is performed by a primary
transmitter and said receiving is performed by a primary receiver, wherein said
transmitting act is accomplished in a first time slot and said receiving act is accomplished

in a second time slot.
An apparatus, comprising:

means for competing by a secondary transmitter with a plurality of secondary
nodes in a cognitive radio network to become a relay node for a primary transmitter, said

secondary nodes being secondary transmitters and secondary receivers;

means for receiving data transmitted by said primary transmitter in a first time

slot if said secondary transmitter was successful in said competition;

means for relaying said received data transmitted by said primary transmitter to a

primary receiver in a second time slot;

means for transmitting secondary data to a corresponding secondary receiver in a

subslot of said second time slot; and

means for transmitting said secondary data to said corresponding secondary
receiver in a subslot of said first time slot if said secondary transmitter was not successful
in said competition and if said corresponding secondary receiver was successful in said

competition.

The apparatus according to claim 12, wherein said secondary transmitter ensures that a
signal carrying said secondary data is nullified at said primary receiver by using multiple-

in-multiple-out transmission means.

The apparatus according to claim 12, wherein said competition is conducted using game

theory.

The apparatus according to claim 14, wherein said game theory is based on a Stackelberg

game.

An apparatus, comprising:
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21.
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means for competing by a secondary receiver with a plurality of secondary nodes
in a cognitive radio network to become a relay node for a primary transmitter, said

secondary nodes being secondary transmitters and secondary receivers;

means for receiving data transmitted by said primary transmitter in a first time
slot and receiving secondary data transmitted by a corresponding secondary transmitter in
a subslot of said first time slot if said secondary receiver was successful in said

competition;

means for relaying said received data transmitted by said primary transmitter to a

primary receiver in a second time slot; and

means for receiving said secondary data from said corresponding secondary
transmitter in a subslot of said second time slot if said secondary receiver was not
successful in the competition and if said corresponding secondary transmitter was

successful in said competition.

The apparatus according to claim 16, wherein said secondary receiver uses multiple-in-

multiple-out means.

The apparatus according to claim 16, wherein said competition is conducted using game

theory.

The apparatus according to claim 18, wherein said game theory is based on a Stackelberg

game.
An apparatus, comprising:
means for selecting a relay node using game theory; and

one of means for transmitting primary data to said relay node and means for

receiving primary data from said relay node.

The apparatus according to claim 20, wherein said game theory is based on a Stackelberg

game.
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22. The apparatus according to claim 20, wherein said transmitting means is in a primary
transmitter and said receiving means is in a primary receiver, wherein said means for
transmitting is executed in a first time slot and said means for receiving is executed in a

second time slot.
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