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Warm-up Questions

Question 1: What are we doing in wireless

communications?
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Olympic Game

Faster, Higher, Stronger .
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Warm-up Questions

Question 2: What have we done in wireless

communications?
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All Roads Lead to Rome

Wireless Communication is an “air travel”. What we have done is

equivalent to increase passenger throughput.
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All Roads Lead to Rome

Wireless Communication is an “air travel”. What we have done is
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All Roads Lead to Rome

Wireless Communication is an “air travel”. What we have done is

equivalent to increase passenger throughput.

add more airports - MIMO

broaden runway to allow giant airplane (A340) - UWB

add more lanes in runway - OFDM

borrow military airports - Cognitive Radio
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Spectrum Scarcity

Radio spectrum is a limited resource, most has been exclusively allocated to
licensed systems and users.

source: http://www.ntia.doc.gov/osmhome/allochrt.html
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Spectrum Under-utilization

Most of the spectrum is largely under-utilized in vast temporal and geographic

dimensions.

M. A. McHenry, “NSF spectrum occupancy measurements project summary,” Shared
Spectrum Company Report, Aug. 2005.
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Cognitive Radio

Cognitive radio (CR) technology refers to a new type of radio that is

aware of the environment in real time;

self-adjustable to adapt to any corresponding variations, such as
frequency band, power, coding and modulation.

CR is able to solve the con�icts between spectrum scarcity and spectrum

under-utilization by opportunistically accessing the licensed spectrum.
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Cognitive Radio

“Radio etiquette is the set of RF bands, air interfaces, protocols, and spatial

and temporal patterns that moderate the use of radio spectrum. CR extends
the software radio with radio-domain model-based reasoning about such

etiquettes.”

J. Mitola and G. Q. Maguire, “Cognitive radio: Making software radios more personal,”
IEEE Pers. Commun., vol. 6, pp. 13–18, Aug. 1999.
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Cognitive Radio

“Cognitive radio is an intelligent wireless communication system that is aware

of its surrounding environment ... and adapts its internal states to statistical
variations by making corresponding changes in certain operating parameters

(e.g., transmit power, carrier frequency, and modulation strategy) in real time,
with two primary objectives in mind:

Highly reliable communications whenever and wherever needed; and

Ef�cient utilization of the radio spectrum.

S. Haykin, “Cognitive radio: brain-empowered wireless communications,” IEEE J. Sel.
Areas Commun., vol. 23, pp. 201–220, Feb. 2005.
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Cognitive Radio

More speci�cally, the CR technology will enable the users to :

Determine which portions of the spectrum is available and detect the

presence of licensed users when a user operates in a licensed band
(spectrum sensing );

Select the best available channel (spectrum management );

Coordinate access to this channel with other users (spectrum sharing );
and

Vacate the channel when a licensed user is detected (spectrum mobility ).

I. F. Akyildiz, et. al., “Next generation/dynamic spectrum access/cognitive radio wireless
networks: a survey,” Computer Networks, vol. 50, pp. 2127–2159, 2006.
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Application: WRAN
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Consists of one base station (BS) and at least 512 simultaneously associated

consumer premise equipments. Typical range of the system is 33 km. Utilizes
UHF/VHF TV bands between 54 and 862 MHz.
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Challenge: Spectrum Sensing

 

Primary Tx 

Primary Rx 

Primary System 

Spectrum Sensing 

Cognitive Radio System 

Secondary 
Receiver 

Secondary 
User 

Spectrum sensing should detect the spectrum holes reliably and instantly.

Hidden terminal problem. Cooperative spectrum sensing.
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Challenge: RRM

Allocate resources ef�ciently for potentially large avail able bands and

potentially huge number of users

Avoid interference to primary users (top priority accessing resources):

Re-allocate resources upon detection of licensed users. How to guarantee
QoS?

Co-exist with other non-licensed systems, e.g. resources
competition/lending/borrowing
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Other Potential Challenges

Synchronization and channel estimation issues aroused from

huge number of users, extremely wide band, collaboration with peers

New signaling schemes are required for the dynamic radio resource

Circuit-wise issues

oscillator design capable of hopping on a large set of different

frequency bands

ADC design capable of handling the potentially large dynamic range.
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Our Contributions

Cooperative Spectrum Sensing

Cooperative Communications for CR

Interference Management

Whispering Radio

6 Journal papers published and submitted

3 US patents pending
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Grey Spectrum

The spectrum of licensed channels can be classi�ed as:

White space – the spectrum where PU is inactive.

Grey space – the spectrum where PU is in operation with low power.

Black space – the spectrum where PU is in operation with high power.

To exploit the grey spectrum, cognitive users (CU) should “speak”

as loudly as possible to its desired listeners;

as softly as possible not to annoy others, especially “supervisors”.
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Speak, Whisper or Mute?

P1 : the minimum Tx power of the CU which can reach its desired users.

P2 : the maximum Tx power of CU which does not “annoy” the PU.

Speak, Whisper or Mute?

When PU is idle, CUs can freely access the “white space”. – Speak Mode .

When PU is working and P1 � P2 , CUs can only speak with a volume in

the range of [P1 ; P2 ]. – Whisper Mode .

When PU is working and P1 > P 2 , CUs keep silence. – Mute Mode .
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Signal Model
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Reliable Transmission

De�nition 1 : The transmission of a CU is reliable if the successful prob. of the
CU satis�es Prf SINR � � cg � � c .
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Proposition 1 : In the one hop CRN, for given QoS � c and " c , the transmission
of CU is reliable iff its transmit power Pc satis�es

Pc � P1

where P1 is given by

P1 =
� c

log(1="c)

�
N0 +

Pp

u�

�
d� ; (2)

W. Zhang, Whisper of Radio, November 13, 2008. – p.23/39



Transparent Transmission

De�nition 2 : The transmission of a CU is transparent to a PU if the
successful prob. of the PU satis�es Prf SINR � � pg � � p .
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Proposition 2 : In the one hop CRN, for given QoS � p and " p , the transmission
of CU is transparent to the active PUs iff its transmit power Pc satis�es

Pc � P2

where P2 is given by

P2 =
�

v
L p

� � exp(� � pL �
p � N 0

Pp
) � " p

" p � p
Pp (3)
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Whispering Radio

Remember whisper mode? P1 < P 2 . The distance d is the key to keep whisper

mode.

Theorem 1 : In the one hop CRN, TX could reliably and directly reach RX over

a single hop while being transparent to PU iff the distance d is smaller than
D max

D max =
Mu (

p
1 � M 2 sin2 � � Mu cos� )

1 � M 2
; (4)

where M =
�

P2
Pp

� log(1 =" c )
� c

� 1
�

and � is the angle between the CTx-CRx and

PTx-CRx.

Hint of proof : Substituting P1 into P1 < P 2 and using some geometry knowl-

edge.
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Black to Grey

What if the whispering radio communications cannot be established between

the cognitive transmitter and receiver due to the long distance? In the case,
spectrum is black to the CUs.

Keep quiet? Spectrum inef�ciency.

Option: Keep whispering, but through relay nodes.

Why: Since P2 is a constant (see Eq. (3)). The only option to guarantee
P1 < P 2 is to reduce P1 (see Eq. (2)) by shortening the distance d.
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Multihop Relay Network
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The cognitive relay nodes are distributed in a homogeneous Poisson point
process with intensity � . The length of the i -th hop is di .
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Multihop

In the routing, the transmitter per hop attempts to �nd a rela y node inside the

sector 	 such that the hop length di satis�es di � D i;max (rf. Theorem 1).

 

CUi 
�  

Di,max 
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Routing Algorithms

Nearest Neighbor Routing (NNR)

Find the nearest node as relay in the sector 	 within the distance D i;max .

Hop distance is shorter, so the channel is more reliable, but need many
hops.

Furthest Neighbor Routing (FNR)

Find the Furthest node as relay in the sector 	 within the distance D i;max .

Less hops but each hop distance is long compared to NNR.
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Multihop Reliability

De�nition 4 : Multihop reliability is the probability that a packet could be

successfully delivered from the source to the destination.

Over a route Rj , the end-to-end (e2e) reliability is the product of reliabilities

(success probabilities) at each hop, i.e.,

� Rj =
Y

i 2 Rj

� i ; (5)

where i 2 Rj is the index of the node that belongs to route Rj and
� i = Pr f SINRi � � cg. jRj j is the number of hops in route j .
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Multihop Reliability

Theorem 3 : In a Rayleigh fading cognitive network, e2e reliability � R over a

multihop route of N hops is

� R =
NY

i =1

� SNRi �
h
1 �

� P

1 + u�
i Pc;i =(d�

i � c)

i
; (6)

where � SNRi is the SNR of hop i (1) and � P = Pr f PU is ONg.

Proof : Denote X the RV to indicate the PU activity.

� R =
NY

i =1

� SNRi �
h
� SIRi � Pr( X = 1) + Pr( X = 0)

i
: (7)
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Multihop Reliability

The e2e reliability over relay route can be maximized by choosing an
appropriate power value for each hop.

Corollary 1 : In a Rayleigh fading cognitive network, maximum e2e reliability is

� max
R =

NY

i =1

2

4(1 � � P ) exp (� � cd�
i ) + � P

exp
�

� � c d �
i

Pcp;i

�

1 + � c
r �

i Pcp;i

3

5 (8)

Hint of proof : � max
R is obtained by maximizing Pc;i .
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Performance Results

e2e reliability vs. position of relay
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Two-hop. A good relay is the one in the middle between source and

destination.

W. Zhang, Whisper of Radio, November 13, 2008. – p.34/39



Performance Results

The reliability improvement by relaying. � =
� relay � � w=orelay

� w=orelay
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Summary

Spectrum is largely under-utilized.

Spectrum sharing between licensed user and secondary

user is possible if cognitive radios are whispering.

Multihop relaying can further enhance the spectrum

ef�ciency by converting Black spectrum space into Grey

space.
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Further Discussion

A smart routing is needed in which each hop length is

almost equal so as to maximize the reliability and

connectivity.

Cognitive multiple access is desired to improve the

throughput of cognitive networks.

Distributive resource allocation (power control, time

allocation, frequency sharing factor, etc.)
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Thank you!

Questions?
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