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METHOD AND SYSTEM FOR STABLE THROUGHPUT OF
COGNITIVE RADIO WITH RELAYING CAPABILITIES

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0001] The present application relates to U.S. Provisional Patent Application 60/874,145,
filed on December 11, 2006, and entitled “Method and System for a Stable Throughput of
Cognitive Radio with Relaying Capabilities,” which is incorporated herein in its entirety and

forms a basis for a claim of priority.
FIELD

[0002] Embodiments of the present application relate to the field of cognitive radio
principle for communication systems. Exemplary embodiments relate to a method and

system for providing a stable throughput of cognitive radio with relaying capabilities.
BACKGROUND

[0003] Based on the evidence that fixed (licensed) spectrum allocation entails a highly
inefficient resource utilization, cognitive radio prescribes the coexistence of licensed (or
primary) and unlicensed (secondary or cognitive) radio nodes on the same bandwidth. While
the first group is allowed to access the spectrum any time, the second seeks opportunities for
transmission by exploiting the idle periods of primary nodes, as described in more detail in S.
Haykin, "Cognitive radio: brain-empowered wireless communications," IEEE Journal on
Selected Areas Commun., vol. 23, no. 2, pp. 201-220, Feb. 2005, the entire content of which
is incorporated herein by reference. The main requirement is that the activity of secondary
nodes should be "transparent" to the primary, so as not to interfere with the licensed use of

the spectrum.

[0004] Centralized and decentralized protocols at the media access control (MAC) layer
that enforce this constraint have been studied in Y. Chen, Q. Zhao and A. Swami, "Joint

design and separation principle for opportunistic spectrum access," in Proc. Asilomar Conf.
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on Signals, Systems and Computers, 2006, and Y. Xing, R. Chandramouli, S. Mangold and S.
Shankar N, "Dynamic spectrum access in open spectrum wireless networks," IEEE Journ.
Selected Areas Commun., pp. 626-637, vol. 24, no. 3, March 2006, the entire contents of
which are incorporated herein by reference. Here, the radio channel is modeled as either
busy (i.e., the primary user is active) or available (i.e., the primary user is idle) according to a
Markov chain. Information theoretic study of cognitive radios at the physical layer that take
into account the asymmetry between primary and secondary users are presented in: N.
Devroye, P. Mitran and V. Tarokh, "Achievable rates in cognitive radio," IEEE Trans.
Inform. Theory, vol. 52, no. 5, pp. 1813-1827, May 2006; A. Jovicic and P. Viswanath,
"Cognitive radio: an information-theoretic perspective," available on-line at

http://lanl.arxiv.org/PS cache/cs/pdf/0604/0604107.pdf; S. A. Jafar and S. Srinivasa,

"Capacity limits of cognitive radio with distributed and dynamic spectral activity," preprint
[http://arxiv.org/abs/cs.IT/0509077]; and Kyounghwan Lee and A. Yener, "On the achievable
rate of three-node cognitive hybrid wireless networks," in Proc. International Conference on
Wireless Networks, Communications and Mobile Computing, vol. 2, pp. 1313- 1318, 2005,
the entire contents of all of which are incorporated herein by reference. Alternatively, game
theory has been advocated as an appropriate framework to study competitive spectrum access
in cognitive networks in J. Neel, J. Reed, R. Gilles, " The Role of Game Theory in the
Analysis of Software Radio Networks," in Proc. SDR Forum Technical Conference, 2002,
the entire content of which is incorporated herein by reference. Finally, the concept of
cognitive radio has been embraced by the IEEE 802.22 Working Group, that is working
towards the definition of a Wireless Regional Area Network standard for secondary use of the
spectrum that is currently allocated to television service, as described in more detail in C.
Cordeiro, K. Challapali, D. Birru and Sai Shankar N, "IEEE 802.22: the first worldwide
wireless standard based on cognitive radio", in Proc. IEEE DySPAN, pp. 328 - 337, 2005, the

entire content of which is incorporated herein by reference.

[0005] A cognitive network where two source-destination links, a primary link and a
secondary link, share the same spectral resource (for example, a cognitive interference

channel, as shown in FIG. 1) has been recently investigated in the landmark paper by
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Devroye et al. and in Jovicic et al. from an information theoretic standpoint. In these
references, a cognitive transmitter is assumed to have perfect prior information about the
signal transmitted by a primary transmitter (see also P. Mitran, N. Devroye and V. Tarokh,
"On compound channels with side information at the transmitter," IEEE Trans. Inform.
Theory, vol. 52, no. 4, pp. 1745-1755, April 2006, the entire content of which is incorporated
herein by reference). However, imperfect information on the radio environment (e.g., on the
primary activity) at the cognitive transmitter (or node) is expected to be a major impediment
to the implementation of the cognitive principle, as described in more detail in A. Sahai, N.
Hoven and R. Tandra, "Some fundamental limits on cognitive radio," in Proc. Allerton
Conference on Communication, Control, and Computing, October 2004, the entire content of
which is incorporated herein by reference. Moreover, traffic dynamics at the primary are of
great importance in defining the performance of cognitive radio, but random packet arrival

cannot be easily incorporated in a purely information theoretic analysis.
SUMMARY

[0006] Aspects of the exemplary embodiments are directed to increasing an average
throughput of a secondary link of a cognitive radio system and ensuring stability of the

system.

[0007] In one embodiment, a cognitive radio system includes: a first transmitter in
communication with a first receiver via a wireless channel, for receiving a plurality of first
packets, and for transmitting the first packets to the first receiver via the channel; and a
second transmitter in communication with a second receiver and the first receiver via the
channel, for receiving a plurality of second packets, for receiving the plurality of first packets
from the first transmitter, and for transmitting the second packets to the second receiver via
the channel. The second transmitter is configured to detect an idle state of the channel. Upon
detecting the idle state of the channel, the second transmitter is configured selectively to ‘
transmit at least one of the second packets to the second receiver or to relay at least one of the

first packets to the first receiver.
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[0008] The second transmitter may be configured selectively to transmit the at least one of
the second packets or to relay the at least one of the first packets based on a detected state of
a transmission of the at least one of the first packets to the first receiver from the first

transmitter.

[0009] The second transmitter may be configured to relay the at least one of the first
packets if the transmission of the at least one of the first packets is detected to be

unsuccessful.

[0010] The second transmitter may bev configured to refrain from relaying the at least one of
the first packets if the transmission of the at least one of the first packets is detected to be

successful.

[0011] The first transmitter may be configured to acknowledge an acceptance of the at least

one of the first packets by the second transmitter.

[0012] Aﬁer the first transmitter has transmitted at least one of the first packets, the first
transmitter may be configured to refrain from re-transmitting the at least one of the first
packets if the transmission of the at least one of the first packets is detected to be
unsuccessful and the first transmitter has acknowledged the acceptance of the at least one of

the first packets by the second transmitter.

[0013] The second transmitter may have a transmission power, and the second transmitter
may be configured to ensure a service stability of the first transmitter by controlling the

transmission power.

[0014] The second transmitter may be configured to ensure a service stability of the first
transmitter in selectively transmitting the at least one of the second packets to the second

receiver or relaying the at least one of the first packets to the first receiver.

[0015] The first transmitter may correspond to a licensed user of the channel and the second

transmitter corresponds to an unlicensed user of the channel.
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[0016] In another embodiment, a method of operating a cognitive radio system includes:
directing a plurality of first packets to a first transmitter for transmission to a first receiver
over a wireless channel, and to a second transmitter; directing a plurality of second packets to
the second transmitter for transmission to a second receiver over the channel; transmitting at
least one of the first packets from the first transmitter to the first receiver; detecting at the
second transmitter an idle state of the channel; and, upon the detection of the idle state of the
channel, selectively transmitting at least one of the second packets from the second
transmitter to the second receiver or relaying the at least one of the first packets from the

second transmitter to the first receiver.

[0017] The step of selectively transmitting the at least one of the second packets or relaying
the at least one of the first packets may be based upon a detected state of the transmission of

the at least one of the first packets to the first receiver.

[0018] The first transmitter may correspond to a licensed user of the channel and the second

transmitter corresponds to an unlicensed user of the channel.
BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 is a diagram of a system configuration according to an exemplary

embodiment;

[0020] FIG. 2 is a graph showing a maximum power allowed to a secondary user versus an

arrival rate to a primary user in the system configuration of FIG. 1;

[0021] FIG. 3 is a graph showing a sensitivity of the average arrival rate to the primary user

versus a detection error probability component in the system configuration of FIG. 1;

[0022] FIG. 4a is a graph showing upper bounds of a throughput-maximizing power
allowed to the secondary user versus an arrival rate to the primary user in the system

configuration of FIG. 1;
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[0023] FIG. 4b is a graph showing a maximal throughput of the secondary user versus the

arrival rate to the primary user in the network configuration of FIG. 1;

[0024] FIG. 5 is a diagram of a system configuration according to another exemplary

embodiment;

[0025] FIG. 6a is a graph showing a maximal power allowed to a secondary user versus an

arrival rate to a primary user in the system configuration of FIG. 5;

[0026] FIG. 6b is a graph showing a service probability of the secondary user versus the

arrival rate to the primary user in the system configuration of FIG. 5;

[0027] FIG. 6c¢ is a graph showing a maximal throughput of the secondary user and the

arrival rate to the primary user in the system configuration of FIG. 5; and

[0028] FIG. 7 is a graph showing a maximal throughput of the secondary user in the
network configuration of FIG. 5.

DETAILED DESCRIPTION

[0029] Embodiments described herein relate to a scenario with two single-user links, one
licensed to use the spectral resource (primary) and one unlicensed (secondary or cognitive).
According to the cognitive radio principle, the activity of the secondary link is required not to
interfere with the performance of the primary. Therefore, it is understood herein that the
cognitive link accesses the channel only when sensed idle. Moreover, the exemplary
embodiments consider: 1) random packet arrivals; 2) sensing errors due to fading at the
secondary link; and 3) power allocation at a secondary transmitter based on long-term
measurements. According to exemplary embodiments, the maximum stable throughput of
the cognitive link (in packets/slot) is derived for a fixed throughput selected by the primary
link.

[0030] According to another embodiment, the secondary transmitter is configured to act as

a "transparent" relay for the primary link. In particular, packets that are not received
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correctly by the intended destination may be decoded successfully by the secondary
transmitter. The latter can then queue and forward these packets to the intended receiver.
Stable throughput of the secondary link with relaying may be derived under the same (or
similar) conditions as noted above. As will be described in more detail below, certain
features (or benefits) of relaying may depend on the topology (e.g., average channel powers)

of the network.

[0031] In exemplary embodiments, the cognitive interference channel as shown in FIG. 1 is
further explored by accounting for measurement errors relating to a primary transmitter 14
and random packet arrivals. In more detail, the primary transmitter 14 and a secondary
transmitter 24 are equipped with respective queues 12, 22 of a certain size (e.g., an infinite
size) and time is slotted. Here, it is understood that that the secondary transmitter (or node) 24
is able to infer the timing of the primary link from the received signal during the observation
phase. At the beginning of each slot, the cognitive node 24 senses channel 30 and, if detected
idle, transmits a packet (if it has any in queue 22). Detection of the primary activity may
incur in (or encounter) errors due to impairments on the wireless fading channel 30, thus
causing possible interference from the secondary link 20 to the primary link 10. Since the
cognitive principle is based on the idea that the presence of the secondary link 20 should be
"transparent" to the primary link 10, appropriate countermeasures (e.g., power control) is
adopted at the secondary node 24. In exemplary embodiments, stability of the system (i.e.,
finiteness of the queues 12, 22 in the system at all times) is selected as the performance
criterion of interest. In a further embodiment, given the average throughput selected
independently by the primary transmitter 14, the maximum average throughput that the

secondary link 20 can sustain while guaranteeing stability of the system is determined.

[0032] In another embodiment, a secondary transmitter 54 provides a relaying capability
(see, for example, FIG. 5). Here, the direct channel on the primary link 40 is weak (or
weaker) with respect to the channel from the primary transmitter 44 to the secondary
transmitter 54. In this case, having packets relayed by the secondary transmitter 54 can help
emptying the queue 42 of the primary transmitter 44, thus creating transmitting opportunities

for the secondary. According to a further embodiment, relaying of primary packets by the
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cognitive transmitter 54 increases the stable throughput of the secondary link 50 (for a fixed
selected throughput of the primary link 40).

[0033] I. System Model

[0034] Referring back to FIG. 1, a single-link primary communication 10 is active and a
secondary (cognitive) single link 20 is interested in employing the spectral resource 30
whenever available. The system encompasses both physical layer parameters and MAC

dynamics as follows.
[0035] A. MAC layer model

[0036] Both primary and secondary transmitting nodes 14, 24 have a buffer 12, 22 of a
certain capacity (e.g., an infinite capacity) to store incoming packets. Time is slotted and
transmission of each packet takes one slot (all packets have the same number of bits). The
packet arrival processes at each node are independent and stationary with mean Ap
[packets/slot] for the primary user 14 and \s [packets/slot] for the cognitive 24 (see FIG. 1).
Due to impairments on the radio channel 30 (fading, for example), a packet can be received
in error by the intended destination, which requires retransmission. Here, it will be
appreciated by those skilled in the art that overhead for transmission of ACKnowledgement
(ACK) and Not-ACKnowledgment (NACK) messages will also be present.

[0037] According to the cognitive principle, the primary link 10 employs the channel 30
whenever it has some packets to transmit in its queue 12. On the other hand, the secondary
(cognitive) transmitter 24 senses the channel 30 in each slot and, if it detects an idle slot,
transmits a packet (if there is any) from its queue 22. Here, the slot is sufficiently long so as
to allow an appropriate detection time interval for the cognitive node 24. As discussed below,
because of reception impairments due to fading, the secondary transmitter 24 may incur in (or
encounter) errors while detecting the presence of the primary user 14. In another
embodiment, as will be described in more detail below, the MAC layer will be configured to

allow the secondary node to act as a relay for the primary user (see, for example, FIG. 5).
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[0038] B. Physical layer model

[0039] With reference to FIG. 1, radio propagation between any pair of nodes is assumed to
be affected by independent stationary Rayleigh flat-fading channels 4,(¢) with E[| A,(¢)[’]=1
(¢ denotes time and runs over time-slots). Here, the cumulative distribution function of the
instantaneous power | 4,(¢) |* is P[| 4,(¢) |’< x]=1—exp(~x). The channel is constant in each
slot (block-fading). The average channel power gain (due to shadowing and path loss) is
denoted as y,, where i reads " P " for the primary connection, " S " for the secondary, " SP "

for the channel between secondary transmitter and primary receiver and " PS " for the

channel between primary transmitter and secondary transmitter.

[0040] In one embodiment, the primary node transmits with normalized power P, =1 and,
without loss of generality, the noise power spectral density at all receivers is also normalized
to 1. The power transmitted by the secondary node (when active) is P, <1. In one
embodiment, transmission of a given packet is considered successful if the instantaneous
received signal-to-noise ratio (SNR) 7, | k() |> P, is above a given threshold f,, that is fixed

given the choice of the transmission mode. Therefore, the probability of outage (unsuccessful

packet reception) on the primary or secondary link reads (i equals "P" or"§")

Pout,i =P[}/i lhl(t) |2 R < ﬂi]zl—exp(—ﬁ—} (1)
s

[0041] In one embodiment, the primary and secondary links can employ transmission

modes with different signal-to-noise ratio requirements, 3, # f.

[0042] The cognitive node is able to correctly detect the transmission of the primary user if

the instantaneous SNR y, | 4, | is larger than a threshold « (recall that P, =1). It follows

that the probability of error in the detection process is

P, =P[yps | hps (t) |2<a]=1“eXP('—a—J- (2)
Ves
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[0043] Here, it is understood that whenever the secondary node is able to decode the signal
of the primary, it is also able to detect its presence, i.e., & < 8,. Moreover, it is understood
that whenever the primary user is not transmitting, the secondary transmitter is able to detect
an idle slot with zero probability of error (false alarm). This understanding is reasonable in
the scenario at hand where interference from other systems is assumed to be negligible. As
further detailed below, it will be appreciated by one skilled in the art that the analysis in the
presence of a non-zero probability of false alarm follows from the disclosure presented

herein.
[0044] C. Issues Analyzed

[0045] It is understood herein that the secondary transmitter is able to select its

transmission power P; <1 based on the statistics of the channels (7,7, 7ps, 75 ) and the
system parameters («, B,, B5, A, ) towards the following two (potentially) conflicting goals:

(?) making its activity "transparent” to the primary link (more details below); (ii) maximizing

its own stable throughput. Two remarks are in order:

[0046] 1. The "transparency" of the cognitive node to the primary user is here defined in
terms of stability of the queue of the primary user. That is, as a result of the activity of the
secondary, the primary node is guaranteed that its queue will remain stable. On the contrary,
in certain embodiments, no constraints are imposed on the increase in the average delay
experience by the primary. As such, certain embodiments are suitable for delay-insensitive

applications;

[0047] 2. The knowledge of the (average) channel parameters (,, s, ¥ ps, 7sp ) is assumed

at the cognitive transmitter. The premise here is that, in the assumed stationary fading
scenario, the cognitive node will have enough time to infer these parameters during the
observation phase of the cognitive cycle. Possible solutions to achieve this goal can build on
collaboration with the secondary receiver in idle slots (for further information on cooperative
detection in cognitive networks, see G. Ganesan and Y. Li, "Cooperative spectrum sensing in

cognitive radio networks," in Proc. DySPAN, pp. 137- 143, 2005 and S. M. Mishra, A, Sahai

-10-



WO 2008/072082 PCT/IB2007/004052

and R. W. Brodersen, "Cooperative sensing among cognitive radio," in Proc. IEEE ICC,
2006, the entire contents of which are incorporated herein by reference). In one embodiment,
the system parameter [, is part of the prior knowledge available at the secondary link about
the primary communication. Moreover, in a further embodiment, the throughput 4, selected

by the primary link can be estimated by observing the fraction of idle slots, and measuring

the ACK/ NACK messages sent by the secondary receiver.
[0048] III. Stable throughput of the cognitive node

[0049] The described embodiments below relate to the maximum throughput (i.e., average
arrival rate) A, that can be sustained by the secondary node for a given (fixed) throughput
Ap, provided that the system remains stable. In other words, the primary user selects its own
arrival rate A,, ignoring the presence of a secondary node. It is then the task of the cognitive
user to select its transmission mode (for example, the power F) in ordér to exploit as much

as possible the idle slots left available by the primary activity while not affecting stability of

the system.

[0050] Stability is defined as the state where all the queues in the system are stable. In one
embodiment, a queue is said to be stable if and only if the probability of being empty remains
nonzero for time ¢ that grows to infinity:

lim P[Q;(#) = 0]> 0, €)

t—o

where Q;(¢) denotes the unfinished work (in packets) of the i th queue at time ¢. An

alternative definition of stability is described in more detail in R. Rao and A. Ephremides,
"On the stability of interacting queues in a multi-access system," IEEE Trans. Inform.
Theory, vo. 34, pp. 918-930, Sept. 1988, the entire content of which is incorporated herein by
reference. If arrival and departure rates of a queuing system are stationary, then stability can
be checked by using Loynes' theorem (see R. M. Loynes, "The stability of a queue with non-

independent inter-arrival and service times," Proc. Cambridge Philos. Soc. 58, pp. 497-520,

-11-
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1962, the entire content of which is incorporated herein by reference). Here, if the average

arrival rate A, is less than the average departure rate Hys A; < u;, then the ith queue is stable;
on the other hand, if the average arrival rate A, is greater than the average departure rate 4,
the queue is unstable; finally, if A, = 4, , the queue can be either stable or unstable. Whenever
the Loynes' theorem is applicable, in one embodiment, the average departure rate 4; 1s

defined as the maximum stable throughput of the i th queue.

[0051] In more detail, the system from the point of view of the primary transmitter is
considered. According to the cognitive principle, the primary link is unaware of the presence
of a secondary node willing to use the bandwidth whenever available. Therefore, as far as the
primary node is concerned, the system consists of a single queue (its own), characterized by a

stationary departure rate (due to the stationarity of the channel fading process 4,(f) ) with

average i, =1-P,

out,P

= exp(— &J . Moreover, by the Loynes' theorem, the rate ;" is the
Ve

maximum stable throughput as "perceived" by the primary user. In other words, the primary

user is allowed to select any rate A, that satisfies:

Iy < = exp(—&]. @

Ve

[0052] In a system without measurement errors, the cognitive link does not incur in (or

encounter) any error while detecting the activity of the primary user. Therefore, it can access
the channel in idle slots without causing any interference to the primary link, and the queues
at the two transmitters are non-interacting. It follows that the departure rate at the secondary

transmitter is stationary due to the stationarity of the channel procéss hg(t), and has average
equal to ug™ (P;)=(1-P,, ;)-P[O,(t) = 0]. The second term in pg™* (F;) enforces the

constraint that the secondary node accesses the channel only when the primary does not have
any packet in its queue. According to Little's theorem, P{Q,(¢) =0]=1-A4,/u;™, which from

Equation (1) yields

-12-
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#;rmx (Ps) — exp(_ iBS ](ﬂP xm;/lP J (5)
ysbs Hp

[0053] Therefore, in the case without measurement errors, the maximum throughput of the
secondary link is achieved for transmitted power P equal to its maximum, P =1.
Furthermore, it is a fraction of the "residual” throughput ( ;™ — 4, )/ up" left available by the

activity of the primary link according to the probability of outage on the secondary link.

[0054] The cognitive node senses the channel at each slot and, if it measures no activity

from the primary, it starts transmitting with power P <1 (provided that there 1s at least one
packet in queue). However, due to errors in the detection process, the secondary node starts
(or may start) transmitting (with the same power F;) even in slots occupied by the primary

transmission with probability P, (see Equation (2)) (again, provided that there is at least one

packet in its queue). This causes interference to the communication on the primary link,
which in turns reduces the actual throughput of the primary. Here, it can be seen that the
queuing systems of primary and secondary transmitters are interacting. Therefore, stationarity
of the departure rates cannot (or may not) be guaranteed and the Loynes' theorem is not (or
may not be) applicable (see Rao et al. and W. Luo and A. Ephremides, "Stability of
interacting queues in random-access systems," I[EEE Trans. Inform. Theory, vol. 45, no. 5,

pp. 1579-1587, July 1999, the entire content of which is incorporated herein by reference).

[0055] Described in more detail below is the maximum power P; that the cognitive node is

allowed to transmit in order to guarantee stability of the queue of the primary.

[0056] Proposition 1: Given the channel parameters (¥, 5, 7sp ) and system parameters

(&, Bps4p):

if A, <pp™ exp(— aly ps ), the secondary user can employ any power F

without affecting the stability of the queue of the primary node, and in a particular

embodiment P is set equal to its maximum, P =1,

-13-
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if g5 exp(~a/yps ) < Ap < 4, the maximum power that the cognitive node

can employ is

Ps < Hp _/1P }/P/:BP. (6)

lp _'uglax exp(_ l) 7SP
Vps

[0057] Due to the interaction between the queues at the primary and secondary transmitting
nodes, the Loynes' theorem cannot be directly employed to investigate stability of the system.
In order to overcome the above, a transformed system, referred to as dominant, is considered.
This has the same stability properties as the original system and, at the same time, presents
non-interacting queues. In the setting at hand,'the dominant system can be constructed by

modifying the original setting described herein as follows. If Q(¢) =0, the secondary node

transmits "dummy" packets whenever it senses an idle channel, thus continuing to possibly
interfere with the primary user irrespective of whether its queue is empty or not. Following
Luo et al., it can be shown that this dominant system is stable if and only if the original
system is. In fact, on one hand, the queues of the dominant system have always larger size
than the ones of the original system (thus if the dominant system is stable, the original is
stable). On the other hand, under saturation, the probability of sending a "dummy" packet in
the dominant system is zero and the two systems are indistinguishable (therefore, if the
dominant system is unstable, the original is unstable). As described in more detail later, in the
dominant system the departure rates are stationary processes, and thus Loynes' theorem is

applicable to draw conclusions about the stability of the original system.

[0058] As adirect consequence of Proposition 1, the secondary can employ its maximum

power P, =1 for A, <1, where
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(94
7ol Bp + exp(— jysp
Ap=pp"

PS

(7
Ysp+ 7o/ Bp

[0059] FIG. 2 shows the maximum power P allowed to the secondary user (see Equation
(6)) versus the throughput selected by the primary user A, according to respective

embodiments, wherein fB,/y, =-5dB (which implies P

uep = 0.27), 75 =10, 15, 20dB and
alyns ==5dB (P, =0.27). Here, a large value for probability P, is selected here , for

example, to guarantee a better visualization of the results shown in FIG. 2. It will be
appreciated by one skilled in the art that the performance of the scheme for other values of

the parameters can be qualitatively inferred from the presented results. Here, the maximum
rate that the primary user can select is g3 =0.73 in Equation (4), and the primary rate A,
in Equation (7) at which the secondary node has to reduce its power as compared to

1 reduces for increasing y,. The sensitivity of A, to the detection error probability is shown
in FIG. 3, where the ratio A,/u™ is plotted versus a/y, again for yg, =10, 15, 20dB : for
P, —1 (increasing o/y,g) this ratio tends to y,/B,/(ys +¥/Bs), Whereas for P, >0
(decreasing a/y,g) the ratio tends to 1 and the cognitive node is allowed to use its maximum

power for any A, in Equation (4).

[0060] The queuing process at the cognitive node will now be considered in more detail.
Here, the original issue of deriving the maximum throughput sustainable by the secondary
node under the constraint that the system is stable is addressed. As shown below, the issue

reduces to an optimization over the transmitted power P; (under the constraint set forth in
Proposition 1 above). In fact, there exists an inherent trade-off in the choice of P. On one
hand, increasing P, increases the interference on the primary link, which limits the
probability of transmission opportunities for the cognitive node. On the other, increasing P

enhances the probability of correct reception on the secondary link.
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[0061] Proposition 2: Given the channel parameters (7., 75, ¥ps» ¥sp ) and system
parameters («, B,, f, 4, ), under the understanding that the stability of the queue of the

primary user is preserved ("transparency” of the cognitive node), the maximum stable

throughput of the cognitive user is obtained by solving the following optimization problem:

max 5 (Fy)
s
(P, <1 if, <4,
exp(— &J —Ap ) (8)
SHMp < Ve 7e!Br ifA, > 1’
Ap— exp(— <z —’B—PJ Vse
Yes Vp

\

where the throughput of the secondary link reads

max a max
7SP})S|::uP exp[— _)—X’P:|+7P/ﬁP[:uP _’11?] CXP[_‘&]
pS ) 7sFs

max
Hp

ps(Fs) = SN )

(04

Vol Bp + exp(— J}/SPRS'

PS

and A, is given by Equation (7). The optimization problem as set forth in Equation (8)

requires a one-dimensional search and can be solved by using standard methods, such as
those described in D. P. Bertsekas, Nonlinear programming, Athena Scientific, 2003, the

entire content of which is incorporated herein by reference. Here, assuming a non-zero

probability of false alarm P, at the secondary (see Sec. II), it will be appreciated by one
skilled in the art that a result is a scaling of the achievable throughput z,(P) in Equation (9)

by 1-P,. Further details regarding Proposition 2 above are presented later.

[0062] FIGS. 4a and 4b show the optimal transmitted power P, and the corresponding
maximum throughput x4, for the cognitive node versus the selected throughput of the
primary user A, in the same conditions as for FIGS. 2 and 3 ( B,/y, = Bs/y; =—5dB,

Vsp =5, 15dB and afy,; =—-5dB). In particular, FIG. 4a shows both the upper bound (see

Equation (6)) (dashed lines) and the throughput-maximizing power P;, whereas FIG. 4b
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shows the corresponding maximum throughput z;. As would be expected from Equation (9),
the maximum throughput u, decreases linearly (or substantially linearly) with A, as long as

the optimal P, equals 1. For reference, the maximum stable throughput Mg (1) in Equation

(5) is shown, accounting for the case where no sensing errors occur at the cognitive link.
[0063] IV. Stability throughput of a cognitive node with relaying

[0064] Here, a modified version of the system model presented in Sec. II that allows the
cognitive node to act as a ("transparent") relay for the primary link is described in more
detail. More precisely, in one embodiment, the secondary node is allowed to forward packets
of the primary user that have not been successfully received by the intended destination. In
doing so, the system is designed so as not to violate the cognitive radio principle that
prescribes secondary nodes to be "invisible" to the primary (see, for example, FIG. 5 for an
illustration of the system). As explained earlier, one feature gained by adding relaying
capability to the secondary transmitter 54 is the following. If the propagation channel from

the primary transmitter 44 to the secondary transmitter 54 (7, ) is advantageous with respect

to the direct channel channel y,, having packets relayed by the secondary 54 can help
emptying the queue 42 of the primary 44. This creates transmitting opportunities for the
secondary. It will be appreciated by one skilled in the art that the increased number of
available slots for the cognitive node 54 has to be shared between transmission of own
packets and relayed packets. Assessing the features (or benefits) of this modified structure is

then not trivial and will be described in more detail below.
[0065] A. . MAC layer system model with relaying

[0066] Here, according to one embodiment, the MAC layer model presented in Sec. IT is
modified in order to account for the added relaying capability at the secondary node 54. The
main assumptions (e.g., infinite buffers, slotted transmission, stationarity of the arrival

processes, channel sensing by the secondary node with detection error probability P, in

Equation (2)) are left unaltered. According to one embodiment, the only differences concern
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the transmission strategy of the cognitive node and details concerning the exchange of ACK/
NACK messages. With reference to FIG. 5, the cognitive node 54 has two queues, queue 52

collecting its own packets ( O (¢) ) and queue 51 containing packets received by the primary
transmitters to be relayed to the primary destination (Q,(¢) ). A packet transmitted by the

primary node 44 can in fact be erroneously received by the intended destination, e.g., receiver
46, (that signals the event with a NACK message) but correctly received by the secondary
transmitter 54 (that sends an ACK message). In this case, the primary source 44 drops the
packet from its queue 42, as if correctly received by the destination 46, and the secondary 54
puts it in its queue 51 Q,;(#) . (This a small deviation from the cognitive radio principle of
transparency of the secondary user to the primary: in fact, because of the secondary activity,
the primary might receive two acknowledgments for the same packet. Here, in one
embodiment, it will simply consider the packet as correctly received if at least one
acknowledgment is positive.) Here, if both primary destination 46 and secondary transmitter
54 correctly decode the signal, the secondary 54 does not include the latter in its queue (upon

reception of the ACK message from the destination).

[0067] In one embodiment, whenever the secondary node 54 senses an idle slot (and it does

so with error probability P, in Equation (2)), it transmits a packet from queue 51 Qp(?)
(primary's packets) with probability & and from the second queue 52 Q¢ (¢) (own packets)

with probability 1—¢. Therefore, similarly to the case with no relaying, it is understood here

that the secondary node 54 is able to select its transmission power P; <1 and the probability
€ based on the statistics of the channels (7., 75, ¥sp,7ps ) and the system parameters
(a, By, Bg, Ap ) towards the following goals: (i) retaining the stability of the queue of the

primary node ("transparency" of the cognitive node); (ii) maximizing its own stable

throughput.
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[0068] B. System analysis

[0069] The primary user is oblivious to the activity of the secondary. Therefore, as in the
case of no relaying, it selects an average rate in the range set forth in Equation (4) (see Sec.

ITI(B) above). The maximum power F; that the cognitive node is allowed to transmit in order

to guarantee stability of the queue of the primary is derived below.

[0070] Proposition 3: Given the channel parameters (7,75, ¥sp ) and system parameters

(&, Bp, Ap):

[0071] if A, < ™ exp(~a/yps )+ Apt, with

Au, = exp[— Lﬁ”)[l — exp{— &D, (10)
Vs 7p

the secondary user can employ any power P, without affecting the stability of the queue of

the primary node, and in particular P can be set equal to its maximum, F; =1;

[0072] if u™* exp(—a/yps )+ Aptp < Ap < ™, the maximum power that the cognitive node

can employ is

:u::ax-l-A:uP_z’P 7P/16P. (11)

Ao~ i exx{— 3-] ~dup | 7

PS

P <

[0073] As in Sec. III, due to the interaction of the queues in the system, the concept of

dominant system is utilized. In the embodiment shown in FIG. 5, the dominant system can be
defined by the following modification to the original system. If Q,;(#) =0 (or O;(¢) =0), the

secondary user continues to transmit "dummy" packets whenever it senses an idle channel
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and the first (or second queue) is selected, thus continuing to possibly interfere with the

primary user whether its queues are empty or not. This will be described in more detail later.

[0074] As a direct consequence of Proposition 3, the secondary can employ its maximum

power P, =1 for A, <A where

Al = A, + A, (12)

[0075] Thus, relaying enhances the average departure rate of the primary (by Au,), thus

increasing the range of primary user throughputs at which the cognitive node is allowed to

transmit at full power.

[0076] Similarly to the case of no relaying as described in Sec. III(D) above, the issue of

finding the maximum stable throughput of the secondary 4, reduces to an optimization over
the transmitted power P (under the constraint set by Proposition 3). However, the analysis

here is complicated by the fact that, in one embodiment, the secondary node has the added
degree of freedom of choosing the probability £ that discriminates which queue between

queue 51 Q,(¢) and queue 52 Q,(¢) is served. The main result is summarized in

Proposition 4 that mirrors Proposition 3 for the case of no relaying.

[0077] Proposition 4: Given the channel parameters (¥, ¥ ps, Vsps /s ) @nd system
parameters (&, B,, S5, A» ), under the assumption that the stability of the queue of the primary

user is preserved ("transparency” of the cognitive node), the maximum stable throughput of

the cognitive user is defined by the following optimization problem
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max s (Fy)
s

(P, <1

)\ Hp +App —2p 7! Bp

PS<

PCT/IB2007/004052

ifA, < A%

ifa, > A

(13)
s.t.

max o }/
Ap— Hp exp(— —j - App ol

Vs

A,,[l - exp(— &j] exp(— EE—J
_ 7p Vps

(' (P) - 4 )ex;{_ —'”;]

SP+ S

\

<1

&

where the throughput of the secondary link reads

w(P) = {(u:’(m—ﬂp}exp(_ Be ]

zu;el (7) VspFs

S PR Ry -/} B _Bs | B
,Uzrrel(Ps)(l CXP( Ve j}exp( 7st:|eXp[ 7SPS+7SPPS}

which depends on the throughput of the primary:

(14)

(04
Vol Bp + exp(— ”‘“J?’SPRV
PS

7ol Bp + 7 spFs

rel

Hp ()= g™

+App. (15)

Similar to Equation (8), this problem can be solved by using standard methods as described in
Bertsekas. Similarly to Proposition 2, assuming a non-zero probability of false alarm Py, at
the secondary (see Sec. II) results in a scaling of the achievable throughput us(Ps) in Equation
(14) by (1 - Pr).

[0078] In Equation (13), the first constraint limits the transmitted power, according to the
results in Proposition 3, so as to ensure the stability of the queue of the primary Q,(¢). On
the other hand, the second constraint imposes that the probability ¢, needed to guarantee
stability of the queue Q,¢(?), is in fact a probability (the equality case is excluded since it

would lead to x; = 0). Here, as opposed to the case of no relaying (see, for example,
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Proposition 2), the optimization problem (13) might not have feasible points for some A, due
to the constraint on the stability of Q,;(¢), i.e., on &. For instance, assume that the

probability of outage between primary transmitter and secondary transmitter P, ¢ is much

smaller than P

«.p and, at the same time, the probability of outage between secondary

transmitter and primary receiver P, ¢, is large; in this case, it is apparent that most of the

traffic passes through queue Q,,(f) that overflows due to the small departure rate towards the

secondary receiver.

[0079] A possible solution to this problem could be to let the secondary transmitter accept

only a fraction, say 0< f <1 of the packets successfully received by the primary (and

erroneously decoded at the intended destination). An optimization problem similar to (13)

could be set up in this case, whereby the secondary has the degree of freedom of choosing

power P, and probabilities ¢ and f..

[0080] C. Numerical results

[0081] The results in Proposition 4 are corroborated by FIGS. 6a, 6b, 6¢c and 7. FIGS. 6a,

6b and 6¢ show the optimal power Py, the optimal probability £ and the maximum stable
throughput g, obtained from Proposition 4 versus the throughput selected by the primary
node A,. In one embodiment, parameters are selected as y, =4dB, y; = ys = ¥ps = 10dB
and o =0dB, B, = f; ¥4dB. Here, the average channel gain to and from the "relay" are
6dB better than the direct primary link y,. The maximum rate for the primary is

Mo =0.37 (see, for example, Equation (4)). FIG. 6a shows that, while in the non-relaying

mode the cognitive node can transmit maximum power only up to around A, = 0.34 (see, for

example, Equation (7)), in the relaying case the cognitive node can transmit at the maximum

power in the whole range prescribed in Equation (4). Moreover, as shown in FIG. 6b, queue

22-



WO 2008/072082 PCT/IB2007/004052

51 Qps(#) in this case is always stabilizable, i.e., the optimal probability & resulting from
Equation (13) is less than one in the range of interest. Finally, FIG. 6¢c compares the
maximum throughput for the no-relaying case (Proposition 2) and for the relaying case

(Proposition 1), showing the relevant advantages of relaying for sufficiently large A,.

[0082] The performance advantage of using relaying is further illustrated in FIG. 7, where

the maximum throughput of the secondary user 54 g is plotted for a fixed 4, = p;™* (see

Equation (4)) in the case of relaying. In more detail, A, = g;** — 6 for an arbitrarily small

0 > 0 since the average arrival rate is limited by the model to Equation (4). Here, for 1, =

max

Hp, the throughput of the cognitive node 54 with no relaying is zero and, therefore, the Fig.

at hand measures the gain obtained by relaying (see also FIG. 6¢). Where not stated
otherwise, parameters are selected as in the example above. The Fig. shows that increasing

(at the same rate) the quality of the channel to and from the cognitive node 54 (yg, and y,5)
with respect to y, increases the gain of relaying, and that the advantage is more relevant if

the direct channel gain is smaller (compare the two curves with y, = 4dB and 7dB).

[0083] Moreover, the issue of feasibility and stability mentioned above is illustrated by

FIG. 7. Whenever there is a good channel y,; to the secondary transmitter 54 and a weak

direct channel y,, most of the traffic is redirected to the secondary. On one hand, this helps
increasing the available slots for transmission by the secondary. On the other hand, if not
supported by a sufficiently good channel from the secondary transmitter 54 to the primary
destination 46, y,, the secondary is not able to deliver the extra traffic coming from the
primary. Therefore, the optimization problem (13) does not have any feasible solution, and

~ the throughput of the secondary node is zero. A solution to this problem could be the
implementation of the technique explained above, whereby the secondary only accepts a

fraction of packets from the primary.

[0084] As described herein, a cognitive interference channel, comprising one licensed

(primary) link and one unlicensed (secondary or cognitive) link, has been studied in a
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stationary fading environment. The activity of the secondary link has been considered
"transparent" to the primary if it does not affect stability of the queue of the latter. Under this
understanding and considering power allocation at the secondary transmitter, unavoidable
errors in sensing the activity of the primary link have been shown to limit the maximum
stable throughput achievable by the secondary link. To alleviate this problem, in exemplary
embodiments, a modification of the original cognitive interference channel has been
proposed, where the secondary transmitter acts as a "transparent" relay for the traffic of the
primary. Numerical results show that the advantages of such a solution (may) depend on the

topology of the network.

[0085] While the exemplary embodiments illustrated in the Figures and described above are
presently preferred, it should be understood that these embodiments are offered by way of
example only. The invention is not limited to a particular embodiment, but extends to
various modifications, combinations, and permutations that nevertheless fall within the scope

and spirit of the appended claims.
[0086] VI. Appendix
[0087] A. Further details regarding Proposition 1

[0088] The queue size (in packets) of the primary evolves as
0,()=(Qp(t—1)— X, (2))" +Y,(¢), where Y,(¢) is the stationary process represenﬁng the
number of arrivals in slot ¢ (E[Y,(t)]=4,), and X () is the departure process (to be proved

to be stationary). Function ()* is defined as (x)* = max(x,0). By exploiting the definition of

dominant system and recalling that an outage requires retransmission, the departure process

can be written as:
X, =1{ 0,()n 0,M}+1{ 05N 0,1}, (16)

where 1{} is the indicator function of the event enclosed in the brackets; O,(¢) denotes the

event that the cognitive node correctly identifies the ongoing activity of the primary user (and
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so it does not interfere), which happens with probability 1-P, (see Equation (2)); O,(¢)
represents the event of a successful transmission by the primary user (assuming that the

secondary does not interfere), which happens with probability 1-P,_, , (see Equation (1));

O (¢) is the complement of O, (¢); O,(¢) represents the event of a successful
transmission by the primary user, assuming that the secondary interferes which has
probability 1- P;u,, » (see Equation (19) below). Since all the events in Equation (16) only
depend on the stationary channel process, the departure process X ,(¢) is stationary with
mean given by u,(P)=E[X,({)]=(1-P,)u"™ +P,(1 —P;u,’,,) (see also Luo et al. fora
similar analysis). After substituting eqns. (1), (2) and (19), the averaige departure rate results
n

o
7ol Bp + exp(— —]7SPPS
ps

Vol B + 7o b

Hp(Ps) = pp - a17)
From stationarity of the processes involved, it can be concluded that the primary queue is
stable as long as u,(P;)> A, (Loynes' theorem). For a given selected value of A,, this

imposes a limitation on the power that the secondary user can employ, as stated in

Proposition 1.

[0089] B. Derivation of P,

[0090] In case the transmission of the primary user is interfered by the cognitive

transmitter, the signal-to-interference-plus-noise ratio (SINR) at the primary receiver reads:

2 2
SINR, = 7P|hP|2 __7p | 25 | '
I+7se lhsp " Py 7pPs 1 +|hg, [
SP
7spFs
Using the results of M. Sharif and B. Hassibi, "On the capacity of MIMO broadcast channels

(18)

with partial side information," IEEE Trans. Inform. Theory, vol. 51, no. 2, pp. 506-522, Feb.

2005, the entire content of which is incorporated herein by reference (namely, Equation (15))
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the cumulative distribution function is evaluated as:

exp(_x—)
P[SINR, <x]=P., ,=1-— 12/, (19)
' 1+x7s1>Ps

Ve

[0091] C. Further details regarding Proposition 2

[0092] The queue size (in packets). at the secondary node evolves as
Os ()= (Qs(t -1)- X, (1))" + Y, (¢), where Y,(¢) is the stationary process representing the
number of arrivals in slot ¢ (E[Y;(#)] = 4;), and X(¢) is the departure process (to be proved
to be stationary). The latter can be expressed as X (1) =1{ A (t) O,(¢)}, where

O, () is the event of a successful transmission by the secondary user (to its own receiver),
whose probability is 1-P_, ¢ (see Equation (1)); A (#) denotes the event that slot ¢ is

available for transmission by the cognitive node. Since the queue of the primary user is
stationary by construction, the slot availability process for the cognitive node (defined by

A(?)) is stationary (see Rao et al.). Moreover, due to the considered MAC model, the
probability of availability corresponds to the probability of having zero packets in the queue
of the primary user (Little's theorem, as described in D. Bertsekas and R. Gallager, Data

networks, Prentice-Hall 1987, the entire content of which is incorporated herein by

reference):
Pl As()]=P[Qp(t)=0]=1- & (20)
’ ’ Hp(Fs) .
As such, X(¢) is stationary with average
us(Py) = E[X ()] =P[O, (¢) =0]-(1-P,,, ), (21)

and, using the Loynes' theorem, the stable throughput for the secondary node is limited by the
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condition A, < u(F). The last expression clearly shows the trade-off in the choice of the
transmitted power P that was discussed above. In fact, based on eqns. (1) and (17), the two
terms in Equation (21) depend on the transmission power P in opposite ways, the first
decreasing and the second increasing for increasing P; . By plugging eqns. (20), (1) and (17)

in Equation (21), algebraic computations result in Equation (9), which is shown to be concave

in P;. Having shown the stationarity of the involved processes, Proposition 2 is a direct

consequence of Proposition 1 and Loynes' theorem.

[0093] D. Further details regarding Proposition 3

[0094] The departure rate X ,(¢) of the primary queue satisfies
X,0)=1{0,(t)n O,(®)}+1{ O5()n 0O,(t)}, where O,(¢) represents the event of a
successful transmission by the primary user, assuming that the secondary does not interfere,

which now happens with probability 1-P,,, ,, where

P,,=1- [exp(— &] + exp(— &J - exp(— b _ —ﬂi]] (22)
Ve Vs Ye  Veps

The outage probability of Equation (22) differs from the case of no relaying (see Equation (1)
) in that here transmission by the primary node is considered successful when the packet is

correctly received either by the intended destination (with probability exp(- 8,/7,)) or by
cognitive node (with probability exp(— Bol¥ bs )). Accordingly, X ,(¢) is a stationary process

with mean

Hy'(Py) = ELX, (0] = (1-P)(1-P,, ;) +P.(1-P,, ). 23)

By using Equation (22) in Equation (23), it is found that the average departure rate at the

primary in the considered relaying scenario reads as Equation (15), having defined Ay, asin

Equation (10). Comparing Equation (15) with x,(F;) in Equation (17), we conclude that
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cooperation leads to an additive increase of the throughput of the primary user which is
independent of P,. Here, the latter condition reflects the fact that the delivery rate p7 (B;)
measures the packets departing from the primary, not the traffic actually relayed to the

destination. From the discussion above, Proposition 3 follows.

[0095] E. Further details regarding Proposition 4

[0096] The first queue size O, (f) evolves as Qps (1) = (Qps (1 —1) — X ps (2))" + Y5 (),
where the arrival rate Y,(¢) can be written as
Yo () =1{{Q,(1) 20} OL(1)(#) O,s(2)}. Following the notation in Sec. III(D),

O, (¢) denotes the event of a successful reception of a packet transmitted by the primary
transmitter at the secondary transmitter, which has probability 1-P_, ,c = exp(=B:/7 ).

From the stationarity of the fading processes and stability of the queue of the primary user,

the arrival process Y, (¢) is stationary with mean

A
i a— Pout,P : (1 - Paut,PS )’ (24)

»
Ty
where Little's theorem (see Equation (20)) is applied. Here, in deriving Equation (24), it is
understood that o <f, (see Sec. II). On the other hand, the departure process is
Xps()=1{ A ()N Og(t)}, with A, (¢t) denoting the event that the ¢th time slot is
available for transmission by the first queue of the secondary, which happens with probability
P[O,(t)=0]-&;  Og(t) being the event of successful reception from the primary
destination of a packet transmitted by the secondary node, which has probability

1-P,,, o = €xp(=p,/(7spF;)). Therefore, the departure process X, () is stationary and its

mean reads

Hps (Fs,€) = E[X ps (D] = P[Qp(£) =0]-(1-P,,, ) - €. (25)
Stability of queue Qp¢(¢) is guaranteed if the condition A,; < 5 (P, &) holds (Loynes'

theorem), which in turn from Equations (24) and (25) entails the following condition on &

and F;:
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Ap (1 - exp[— &]] exp[— ﬁp—}
S Ve Vps

(u;e’(&)—zp)exp[—ﬂ—;]

SP* S

(26)

g

The departure process X (¢) is stationary with mean

ps(Ps,e) = E[X(0)]=P[Q,()=0]-(1-F,, 5)-(1-&) =

_ (A B )l (27)
(l #;e’(Ps))exP{ nPs](l ?

| [0097] Optimizing the stable throughput of the cognitive node amounts to maximizing

s (P, ¢) withrespectto £ and P since from the Loynes' theorem A; < ug(F,¢). The
maximum achievable throughput u(P;, ) (27) is a decreasing function of ¢ . Therefore, in
order to maximize u;(F,€), € is set equal to its minimum value (see Equation (26)), thus
obtaining A, < us(Fy), where ug(P;) is in Equation (14). From the discussion above,

Proposition 4 follows.
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WHAT IS CLAIMED IS:

1. A cognitive radio system comprising:

a first transmitter in communication with a first receiver via a wireless
channel, wherein the first transmitter receives a plurality of first packets and transmits the
first packets to the first receiver via the channel; and

a second transmitter in communication with a second receiver and the first
receiver via the channel, wherein the second transmitter receives a plurality of second
packets, receives the plurality of first packets from the first transmitter, and transmits the
second packets to the second receiver via the channel,

wherein the second transmitter is configured to detect an idle state of the
channel, and

wherein, upon detecting the idle state of the channel, the second transmitter is
configured selectively to transmit at least one of the second packets to the second receiver or

to relay at least one of the first packets to the first receiver.

2. The system of claim 1, wherein the second transmitter is configured
selectively to transmit the at least one of the second packets or to relay the at least one of the
first packets based on a detected state of a transmission of the at least one of the first packets

to the first receiver from the first transmitter.

3. The system of claim 2, wherein the second transmitter is configured to relay
the at least one of the first packets if the transmission of the at least one of the first packets is

detected to be unsuccessful.

4. The system of claim 2, wherein the second transmitter is configured to refrain
from relaying the at least one of the first packets if the transmission of the at least one of the

first packets is detected to be successful.

S. The system of claim 1, wherein the first transmitter is configured to

acknowledge an acceptance of the at least one of the first packets by the second transmitter.
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6. The system of claim 5, wherein, after the first transmitter has transmitted at
least one of the first packets, the first transmitter is configured to refrain from re-transmitting
the at least one of the first packets if the transmission of the at least one of the first packets is
detected to be unsuccessful and the first transmitter has acknowledged the acceptance of the

at least one of the first packets by the second transmitter.

7. The system of claim 1,
wherein the second transmitter has a transmission power, and
wherein the second transmitter is configured to ensure a service stability of the

first transmitter by controlling the transmission power.

8. The system of claim 1, wherein the second transmitter is configured to ensure
a service stability of the first transmitter in selectively transmitting the at least one of the
second packets to the second receiver or relaying the at least one of the first packets to the

first receiver.

9. The system of claim 1, wherein the first transmitter corresponds to a licensed
user of the channel and the second transmitter corresponds to an unlicensed user of the

channel.

10. A method of operating a cognitive radio system, the method comprising:

directing a plurality of first packets to a first transmitter for transmission to a
first receiver over a wireless channel, and to a second transmitter;

directing a plurality of second packets to the second transmitter for
transmission to a second receiver over the channel;

transmitting at least one of the first packets from the first transmitter to the
first receiver;

detecting at the second transmitter an idle state of the channel; and

upon the detection of the idle state of the channel, selectively transmitting at
least one of the second packets from the second transmitter to the second receiver or relaying

the at least one of the first packets from the second transmitter to the first receiver.
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11.  The method of claim 10, wherein the step of selectively transmitting the at
least one of the second packets or relaying the at least one of the first packets is based upon a

detected state of the transmission of the at least one of the first packets to the first receiver.

12.  The method of claim 10, wherein the first transmitter corresponds to a licensed
user of the channel and the second transmitter corresponds to an unlicensed user of the

channel.

13. A radio system having at least two single-user communication links, a first
link being licensed to use a spectral resource and a second link being unlicensed, the system
comprising:

a first receiver coupled to a first transmitter ‘by a communication channel; and

a second receiver coupled to a second transmitter by the communication
channel, wherein, upon detecting an idle state of the communication channel, the second
transmitter selectively transmits packets to the second receiver or relays packets to the first

receliver.

14.  The system of claim 13, wherein the second transmitter relays packets to the
first receiver if transmission of packets to the first receiver by the first transmitter is detected

to be unsuccessful.

15.  The system of claim 13, wherein the second transmitter controls transmission

power.

16.  The system of claim 13, wherein the first transmitter is a licensed user of the
communication channel and the second transmitter is an unlicensed user of the

communication channel.

17. The system of claim 13, wherein the primary transmitter derives a maximum

stable throughput for the communication channel.

18.  The system of claim 13, wherein the first receiver detects random packet

arrivals.
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19. The system of claim 13, wherein the second transmitter senses errors due to

fading in the communication channel.

20.  The system of claim 19, wherein, upon detection of fading in the

communication channel, the second transmitter relays packets to the first receiver.
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