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Abstract

Cognitive radio (CR) technology has in recent
years emerged as a new communication
paradigm for next generation wireless mobile
networks. It promises much more efficient
radio resource (especially electromagnetic
spectrum) utilization, 1improved system
performance and novel new functionalities.
The main theme of CR is the capability of a
radio to sense and adapt to its environment,
constantly making spectrum, transmission and
networking decisions that optimize radio
resources

(energy/power, spectrum,

cooperative nodes etc.) opportunistically.
Another rising paradigm is the so-called
cooperative communications. In a cooperative
communication network, a terminal would
solicit cooperation from surrounding terminals
for transmitting or receiving signals, which

means it exploits additional spatial radio



idled
terminals) to enhance system performance.
Note that a CR can also

environmental (spectrum in particular) sensing

resources (in this case, temporary

improve its

capability through cooperation with other
terminals. Hence both CR and cooperative
communications can be regarded as parts of
the generalized opportunistic communications
and one of its realizations is the class of
(radio-based) mobile

cognitive wireless

networks.

We divide the task of designing a CR
system into four subtasks. They are:
1. Spectrum sensing and management in
cognitive wireless mobile networks
2. Cooperative Cross-Layer Design in
Cognitive Wireless Mobile Networks.
3. Cooperative Routing Protocols and QoS
Mobile

Control in Wireless

Networks.

Cognitive

4. Cooperative MAC Protocol Design and
User/Base Station Selection in Cognitive
Wireless Mobile Networks.

Key words:

cognitive, CR, cooperative,

opportunistic ,
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2.1 Introduction

Cognitive radio (CR) which allows distributed
dynamic spectrum usage was therefore
proposed to remedy such a shortcoming in
Based on the CR

concept, Chakravarthy et al. [2] proposed a

spectrum management.
dynamic modified direct-sequence spread
spectrum (DS-SS) system to which they
referred as adaptive waveform communication
(AWCS).
sequence of AWCS 1is synthesized in the

system Since the spreading
transform domain, the system is also called
transform domain communication

(TDCS).

system



The basic idea behind TDCS

generate a

s to

spreading sequence whose
spectrum avoids existing users or jammers
within the SS band. The spectrum conditions
at transmitter and receiver are independently
estimated at both sides. If the spectrum seen
(or measured) by transmitter is different from
that seen at receiver, the mismatch between
two spreading sequence spectra will cause
performance

degradation  [3].  Spectra

mismatches arise because of geographic
separation and/or spectrum estimation errors,
i.e., either the ““true" spectrum represented at
two sides are different or the estimated spectra
although  the

representation are the same. In this report, we

are  different spectrum
analyze the effect of spectrum estimation error
induced spectrum mismatches on the symbol
error rate (SER) performance in additive white
Gaussian noise (AWGN) and Rayleigh fading

channels, respectively.

2.2. Performance Analysis of BPSK-TDCS
The basic idea behind TDCS

produce a so-called time-domain fundamental

s to

modulation waveform (FMW) or a complex
spreading sequence which avoids existing
users or jammers by dynamically selecting the
subcarriers used over a given bandwidth. A
block diagram of the TDCS transmitter is
illustrated in Fig. 1. The transmitter partitions
the signal band into N equal-spaced subbands
(tones) and performs spectrum estimation to
determine which subbands are being used.
estimator

The spectrum output is an

N-dimensional vector

A =AM, A 04),- AWy ) with - 4 (w)=

1 or 0 depending on whether the i-th subband

binary

is available (1) or not (0). The subscript x will
be Tx or Rc to denote if the vector is

associated with the transmitter (Tx) or the

receiver (Rc). The binary vector A, is
multiplied element-wise by a user-specific
random vector e’ and scaled by constant
factor before being inverse discrete Fourier
transformed to produce the time-domain FMW.
The multiplication of the random vector is to
make the FMW noise-like and to provide the
multiple access capability. The FMW is used
to spread (or as a carrier of) the binary phase
shift keying (BPSK) or cyclic code shift
keying (CCSK) modulated data sequence.

We shall assume that A(w,)=0 with
- Py and A(w,)=1 with
probability Ps,. Define two complementary

probability 1

sets of subbands (channels)

G,={w, |Aw)=0,0<i<N-1}

G, ={w |Aw)=1,0<i<N-1}.
G, contains all subbands that are currently in
use and G, is the set of available (unused)
subbands. Let| G, |= N, be the cardinality of
G,,then |G, |=N—-N,.

Obviously, eight possible scenarios may
occur, as listed in Table 1. For Cases 1, and 3,
interference from existing users is present. In
Cases 1 and 5, (additional) noise within the
subband w will be received. The received
signal energy is reduced in Cases 2 and 6. If
the spectrum estimation is performed in a
per-channel manner and each channel is
independently used, then it is reasonable to
assume that the following four probabilities,
Py =Pr( A, () =1] A(w) = 1)

P, =Pr(A4,,(w)=0| A(w) =0)
Py =Pr(d, (w) =1 Aw) = 1)
By = Pr(A4p, (w)=0] A(w) = 0)
and their complementary probabilities are

independent of w,. These assumptions imply

that Ais binomial distributed with parameter
P, and furthermore, A, and A, are

obtained by modifying A basedon P,, P,,



P,,and P, respectively.
The SER in AWGN for

demodulation is given by (1) at the last page,

coherent

where P, is summarized in Table II.

TABLE II
FPe IN AWGN
Fe(x) Modulation Ty pe
Q2yT) BPSK
L—[1—Q(va)? QPSK
(M—1)m 2 e
= r.\xp[““;ilﬁ”-;'” Plde MPSK
2(M—1) -
i @ (\!’f Mm_l MPAM
2(vM-1) iz 2
1- (1= 2o ((/32) MQAM

The error floor becomes

Ps =C Psa“— - RUR'U)"‘
) . 1IN
t‘l - P:cc-',]':‘Ptl + Pr]. - R*,IP?‘I)_
)
C is a parameter depending on
modulation type. The exact value of C is
tabulated in Table III.

where

TABLE 111
' IN AWGN CHANNEL

= Modulation Type
é BPSK
i QPSK
M= 1 MPSK
_.1‘.1“‘; 1 MPAM
4 —_— 2
B G A
1 ( 1 Navi ) MQAM

2.3 Simulation results
In this

simulation of the performance of TDCS

section, we show that the
agrees with (1) for different cases with the
special case: Pg,.=0.5. The size of IDFT N is

set equal to 8.

Example 2: The effect of P, .
The effect of P, is illustrated in Fig. 2. The

t
parameters are set as followed: P, =0.5,

E
P,=0.7, P,=04 and —2 =0 dB. It is

1

obvious that the simulation result is almost
identical to what has been predicted by

analysis.

Example 3: The effectof P, and P,.

Fig. 3 plots the simulated performance with
varying P, and P,. Again, our analytic
result is validated by computer simulation.
The other parameter values used are: P,=0.9,

E
P,=0.5 andN—bZO dB. Notice that the values

1

of P, and P, imply

1, with P,

A (W)= ,
7o) {O,withPr1:1—P,0

i.e., it is determined by receiver without
considering the environment. It is a good

strategy to always assign A(w)=1 without

estimating the spectrum at the receive side.

Example 4: The effect of P,
The effect of P, is plotted in Fig. 4. We can

see that they are almost identical. The

parameter values used are:

E
P,=P,=P, =09 and —> =0 dB. An
N

1
interesting observation is that the BER curves
different points  for
different P,. This is due to the fact that only

have Cross-over

j =N —N, has nonzero value in (2) if P, =0.
Since j=N-N,, [, =0. This implies it is
possible that the interference is smaller than

that in other cases at high —2 . To illustrate
0

this argument, consider Fig. 5. where it is

E
assumed that P, =P, =1, and szo dB.

1

When P, =0.7, the interference is more
serious and centered at higher /, than that in
P,=0.9. For P,=0, it is possible to reduce
interference at cost of E,, which can be

expected by noticing



=2 % (Wr

Ni=0 [y=0
N — N,
( : )P,,'; MR- P f
1

where

g, (Mt
o {ZHEED). nu-o
f - 111"1‘((’\14»11.1)‘
B “Eb(n]a‘((\ll l))
(2 N ’ Ptl =1
mvc(’\l 1) I

2.4. Conclusions

CR has attracted much interest because
of its potential to greatly enhance the
spectrum utilization efficiency. TDCS is a
novel new candidate SS technique that
invokes the CR concept. In this report, we
consider the effect of spectra mismatches due
to spectral estimation error. BER expressions
for BPSK

conditions are given. We also derive analytical

signals in various operating
SER expressions for other modulations like
MPSK, QAM signals and flat Rayleigh fading
channels. Our analysis can easily be extended

to other flat-fading channels by deriving the
corresponding P (x) . It is shown that the
spectral estimation error results in error floor.
As expected, the BER/SER performance is
improved and the error floor is reduced when
the per-tone (single-subcarrier) detection error
decrease. Increasing the number of subcarriers
(processing gain) in the SS band also has
similar effect. Based on this, it suggests that
the best access police is to choice all subbands
in terms of BER/SER if the subbands are
estimated as idle state. We also find that the
BER/SER performance is more sensitive to
the spectral estimation error at the receiver
than that at the transmitter.

There are quite a few issues that remain
to be solved. Firstly, we use a simple

Bernoulli distribution to model the estimation

error, which is appropriate if the spectral
estimation is carried out in a tone-by-tone
manner. A more realistic model depends on
the spectral estimation method used. It would
be interesting to see how the system behaves
under different spectral mismatch models.
Secondly, a soft decorrelation process might
be useful to reduce the impact of spectral
mismatches and enhance system performance.

Furthermore, cooperative spectrum
sensing and prediction should be considered in

the future to reduce the mismatch probability.
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Fig. 1. Block diagram for a TDCS transmitter
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TABLE 1
EIGHT POSSIBLE SCENARIOS FOR A TDCS LINK.
Case | (A{w), Alw)m, Alw)re) The effect of non-ideal maich
[ (0,0,0) None
1 (0,0,1) additional noise and interference are introduced in the subband w
2 (0,1,0) introduce interference to an existing user and reduce the received signal energy
3 (0,1,1) introduce interference to an existing user and interference from existing user to the receiver
4 (1,0,0) None
5 (1,0,1) additional noise in the subband w is introduced
b (1,1,0) received signal energy is reduced
7 (1,1,1) None

Ny N—Ni 4

Py

-

iN—-Ni—3
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Ni=0i=0 j=0 ki=0 =

N -—-N I_N i X g (N1 —i : 1 —i—k
( . I)F’{?_M_J(l—ﬂl)“?(l)P:"o(l—Pq-o)t_h(1 ?)Rf”é(l—R-o)'“_?_”( )PJ H1—Py)"
J key ko Iy
J

“l2(1 - py)P,
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3.1 Introduction

Effective medium access control (MAC)
mechanisms are crucial for realizing high
throughput, low delay, and good
quality-of-service (QoS) performances.
Conventional MAC protocol design is
based on the so-called collision channel
model, that is, a transmitted packet is
successfully received only when there is
no concurrent transmission. We call the
above model as a single packet reception
(SPR) channel [5].

Such a design paradigm, however,
ignores the multi-packet reception (MPR)
capability at the physical layer. An initial
attempt to reflect the MPR facility is the
channel model with capture effect
characterized via the probability of
successful reception [6]. The impact of
capture effect on various existing MAC
protocols such as slotted ALOHA and
FCFS has been addressed in [7]-[9].
However, the capture model overall
remains a simplified representation of the
actual channel characteristics and does not
explicitly account for the MPR capability.
This thus motivates the development of
more realistic MPR channel model [10],
based on which several MAC protocols
have been proposed [11]-[16]. Cooperative
communication is another research area,
which draw increasing attention in recent
years. The cooperation diversity can be
exploited to improve system performance
in both PHY and MAC layers. In PHY
layer, many variant technologies based on
amplify-and-forward (AF) and
decode-and-forward (DF) are proposed.
As in MAC layer, the special cooperative
MAC:s such as CMA [17], CoopMAC [18],
and ALLIANCES [19] are proposed.

As shown in Fig. 6, the packet
= |mmmmm———————————
2 | |
g Cooperative | Cooperative !
ek SPRMAC I MPR MAC i
=3 S :
15 Morn- Non-
— ‘é Ccooperative cooperative
32 SPR MAC MPR MAC
= 0
=3
Single packet Multipacket
reception (SPR) reception (MPR)
Fig. 6 Two directions of MAC protocol design.
reception capability and cooperation

diversity are never jointed together to
design the MAC protocol. On the one hand
it is difficult to take multi-packet reception
capability into cooperative SPR MAC
unless certain assumption, such as separate
channels in [19], is assumed. One the other
the existing non-cooperative MPR MACs
are too complicated to further include
cooperation into analysis. Recently, a
simple dynamic multi-group priority
queueing (DMGPQ) protocol is proposed
for the MPR channel [4]. Benefited from
the non-prediction based user selection
scheme, it becomes possible to let the idle
users relay (decode-and-forward) the
packets from other users without altering
the user selection criteria of the central
controller. The contributions of this paper
are summarized as follows.

1) The proposed protocol is, to our best
knowledge, the first cooperative MPR
MAC without assumptions imposed on
the channel type or user’s homogeneity.

2) The cooperation is self-contained in
the network, i.e., there is no extra relay
deployment required. As the user may act
as relay during idle period, no dedicated
relay is required and no relay selection
issue exists.



3) The isolated server-client design for
cooperation make it flexible on the
incentive plan, because the operation of
server MAC is independent with the
number of users joining cooperation.

3.2 Prelimary

A. System Description

Consider the uplink of a centralized
wireless network such as CDMA cellular
network or wireless LAN, and there are M
users within this network. We propose to
make each packet have one tail flag-bit for
indicating if there is a buffered packet [15].
The extra flag-bit has the advantage to
provide explicit information about the
incoming traffic condition. Note that the
buffered to-be-relayed packet is not
indicated by the flag-bit to maintain the
priority of own packets.

B. GMPR Channel

Let 0 denote the ID of central controller,
and / ~ M the users’ IDs respectively.
Thus, the multi-packet reception channel
for each node ie€{0,1,2,---,M} can be
characterized by  generalizing the
conventional MPR matrix [3.9] into

01,0 (U) Cl,l (Uz)

2

C‘Z,O (U) C‘Z,l (Uz) 02,2 (Uz)

2

(V)2

i

CM,O (Uz) CM,l (UY) CM,? (Uz) CM,M (U

3)
U:{ul,u%m,uM} ! R
u; €{1,2,---,M}, 1s the index set of users
after certain permutation such as priority
sorting, U, =U—{i}, and U, =U . For
1<n<M and 0<k<n ,
C,; (U;) & Pr{k packets correctly received |

n which

n packets from first n users transmitted}.

! The time slot index is omitted hereafter for
simplicity.

For example, the channel between central
controller and all wusers, 1i.e., the
conventional MPR channel matrix in [12],
can be presented as

q_O (UO) Q,l (MJ)
o U)écz,of%) QJE(UJ c(U) @
CM,()(M)) CMl(UO> CM,?(UO) CVM,M(U;))

The statistical characteristic C,; (U;)

can be determined via the physical layer
performance metric such as bit error
probability (BEP); an illustrative example
based on CDMA cellular network is the
standard Gaussian approximation (SGA)
shown below. Let U;, denote the subset

consisted of the first n nodes of U,, then

) 3G

BER(U,)=Q e - (3)
ki 2
0

kel —~{j} B

where jeU,,, Gdenotes the processing
gain, F,; is the signal power transmitted

by the user k and received by the user i,
and o?is the noise power. Assuming that
errors occur independently in a packet, we
then have the packet success probability
(PSP) in the presence of interfering
packets as

t (Ip

FSB (V) = 2

1=0( ™

-, 6

where Lp stands for packet length, and

up tot bit errors can be corrected by
assumed block error control code. Thus,

Cos (U ) =

)=
el

i

>

ol W=k

TLPSE(U,) I1 [1=PSE (U,
()

With the above equation, the GMPR
matrix (4) can be constructed accordingly.




Denotes c,U)= > kC, . (Uy) the
k=1

expected number of correctly received
packets when total n packets from
Up, = {wup, +,u, } are transmitted. The

certain  users
defined as
Note that the

channel capacity with
permutation U is
B(U)2 max C,(U)

numbers of simultaneously transmitted
packets to achieve the channel capacity
may not be unique. Let

ny (U) = min {arg max C, (U)} (8)
be the minimum among  those

capacity-achieving packet numbers for
power saving.

3.3 Cooperative Multi-Group Priority
Queueing Protocol

A.CMGPQ Algorithm

The proposed cooperative multi-group
priority queueing (CMGPQ) MAC
protocol has two independent parts, one in
the central controller (server-end) and the
other in the users (client-end).

Server-end:
I. Put all users into the PREM group.

II. Select first n, users (by the order

of PREM, ACTIVE, and then
STANDBY group) to access the
channel.

a) If the packet of a certain user is
received successfully, then put the
user to the tail of the ACTIVE (if
the flag-bit is on) or STANDBY
group (if the flag-bit is off). And
reset its count of waiting slots to
Zero.

b) If, for a certain user, the buffer is
empty (no packet sent) or there is

packet  transmitted but  not
successfully received, and then put
the user back to the tail of the
STANDBY or ACTIVE group in
which the user originally stayed.
Reset its count of waiting slots to
Zero.

III. Increase waiting slots of all users by
one.

IV. Move those users with waiting
slots equal to S to the PREM
group.

V. Repeat steps I to I'V.

Client-end:

I. If the packet of user i is received
successfully by the unselected user /,
and then the unselected user j will
store that packet in its buffer if it is
not full yet.

II. If an ACK is received by the user,
then the user will check and remove

corresponding packet from its
buffer.

III. The newly generated own packet
will be put in front of the

to-be-relayed packet(s).

Note that the newly generated own
packet may cause the dropping of the
to-be-relayed packet due to limited
buffer size.

3.4 Theoretical Background

As shown in [3.13], there existed an
optimal S to strike a balance between high
throughput and low delay without
considering cooperation. Taking
cooperation into consideration, the optimal
S is not only dependent on the delay
requirement, but also the packet generating
probability and GMPR matrix.
Nevertheless, the Markov chain analysis is
still valid for searching such an optimal S.



We here derive the Markov chain with
no(U) equal to a constant n, for

simplicity. Associated with the user i
(1<i<M)wedefine z;(t), y;(t), z,(t),
z,(t) to be the assumed value of the

waiting slots, the indication of the flag, the
contents (0 stands for no packet) in the
primary buffer and the additional buffer at
the 7th time slot respectively. Hence we
have Iz(t)e{]‘vas} : s yz(t)e{ovl} D
Zi0 (t) € {0317"'5M}7 and Z?ﬁ,l (t) € {OvlaaM} .
Let us further collect z;(t), v (t), z,(t)

and z,(t) for all
X(t) :(xl (t)a "7‘TJLI(t)> s Y(t) = (yl (t) s Ym (t)) D
and Z(t) = (2170 (), 2101 (8)y 52010 (1), 2011 (t)) .

The proposed protocol can be described by
a Markov chain with state space

users to form

Q={E(t)| E(t) = (X(1),Y(®), (1))t =0} (9)

With the similar procedures in [13], the
throughput, delay and packet loss ratio can
be derived but skipped here for lack of
space.

3.5 Numerical Results

We consider a CDMA network with
randomly generated spreading codes, and
obtain the associated GMPR channel
model. The packet length, spreading gain,
number of correctable errors in a packet
were respectively, 200, 6, and 2, as in [3.3].
Eight users are deployed as shown in Fig.
3, where the near users (2, 4, 5, and 7) are
at a distance L from central controller with
SNR equal to 10 dB and the far users (1, 3,
6, and 8) are at a distance 2L from
central controller. We note that the
incurred overhead due to the insertion of a
flag-bit in DMGPQ is 1/201 < 0.005,

? §'is assumed to be larger than [M /n,] for
simplicity [16].

which is pretty small and will be omitted
in the performance evaluation.

A. Cooperation by different number of users

Fig. 8 compares the throughput
performance with different number of
users joining cooperation when the waiting
period is set to M /ny,=4, which is the

minimal waiting period [3.13]. There are
some interesting phenomenon can be
observed. 1) The more wusers join
cooperation; the more cooperation gain is
provided. 2) Four near users 2, 4, 5, and 7
can provide the same cooperation gain as
that provided by all (near and far) users.
That means far users 1, 3, 6, and 8 cannot
provide cooperation gain, because their
signal quality is much worse than those of
near users. 3) The cooperation gain is only
available in light traffic condition (p < 0.6).
Because in heavy traffic condition, all
users have their own packets waiting for
transmission, and therefore no cooperation
happens.

B. Performance comparison between near
and far users

We further investigate the average
performance of near and far users. As we
can see in Fig. 9, the average throughput
of far wusers is almost zero if no
cooperation from near users. However, in
light traffic condition, the average
throughput of far users is improved with
the cooperation from near users. Most
importantly, the cooperation causes no
reduction to the throughput of near users,
because the relaying only happens during
their idle period. Based on the mechanism
of cooperation, the cooperation gain is
reduced with increasing traffic.

The delay performance is shown in Fig.
10. As we can see, the infinite delay of far
user is shifted from light traffic to middle



traffic. This was attained with the
increasing delay of near users.

Figure 11 shows the performance of
average packet loss ratio. The reduction of
packet loss is obvious in the light traffic
condition.

3.6 Conclusion

In this paper, a cooperative approach is
used to enhance the performance of
dynamic multi-group priority queueing
(DMGPQ) protocol, which is an MAC
protocol designed for wireless network
with  multi-packet reception (MPR)
capability. The resulting protocol is the
first cooperative MPR MAC without
special assumptions imposed on the
channel characteristics, and simulations
demonstrate its superiority.
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