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Abstract—We propose a novel dynamic multiple-access (DMA) schemes [12,13]. In order to investigate the performance of
SCEeme fOf_alolilﬂiC&ltiOtnOlianOfgﬂi:ine radios (C;RS)-_ ThiS_tEA'\/[/'A the dynamic FFH/MFSK system, we assume that the PUs
scheme IS Implemente asl Trequenc oppmng wi - H H H
ary frequency-ghift keying {FFH/MFSqK) as)gociarigd gWith sub- and CRUs are operated in the m.terweave para}dl.gm [10],
optimum noncoherent maximum-likelihood multiuser detection where the CRUs can only communicate opportunistically on
(ML-MUD). In our studies, we assume that the primary users the frequency bands not used by the PUs, and must stop
(PUs) and the cognitive radio users (CRUs) are operated in communication, once there are PUs appearing on these bands.
the interweave paradigm. The PUs activate to communicate \We assume that the whole frequency spectrum accessible by
according to a Poisson process and the duration of an activation yhe CRUs is divided into a number of frequency bands. Once
obeys exponential distribution. The bit error rate (BER) and . . .
throughput performance of the dynamic FFH/MFSK systems are a PU activates, it occupies on_e to several _frequency b"_’mds'
investigated by simulations, when assuming communications over We assume that the PUs activate according to a Poisson
Rayleigh fading channels. Our studies and simulation results process and the duration of activation of a PU obeys expo-
demonstrate that the dynamic FFH/MFSK with suboptimum nential distribution. Therefore, the frequency bands ibbess
noncoherent ML-MUD constitutes one of the promising candi- ¢ the CR system is dynamic and is utilised by the dynamic
dates for DMA in CRs. It has low-complexity and employs high- o)\ e sy seheme, which varies the set of FFH frequencies
flexibility for DMA and seamless transition between different . ! ) .
frequency bands. according to the frequency bands available. In this paper, a

noncoherent suboptimum ML-MUD is proposed for detec-
|. INTRODUCTION tion of the dynamic FFH/MFSK signals. Both the BER and

The increasing demand for high-speed wireless multimedt@oughput performance of the dynamic FFH/MFSK systems
services makes radio spectrum one of the most scarce ame investigated by simulations, when communication over
valuable resources, the use of which has been regulatedRayleigh fading channels is assumed. Our studies and sim-
governments and usually limited only for licensed userslation results show that the dynamic FFH/MFSK is a high-
However, the practical measurement shows that most of tiiciency scheme for DMA in CRs. It has low implementation
licensed spectrum is underutilised and low-efficiency 1, 2complexity owing to using noncoherent detection. With the
The studies in recent years demonstrate that cognitiv@sadaid of the FFH techniques, it is very easy to achieve seamless
(CRs) [3] may have the potential to increase the efficiency epectrum transition. Furthermore, assisted by the suiojpti
the radio spectrum through introducing opportunistic asceML-MUD, the dynamic FFH/MFSK system is capable of
of the licensed frequency bands that are underutilised][2—4chieving very promising error performance and throughput
Furthermore, it has been shown that the main techniquesp@rformance even in Rayleigh fading channels, owing to the
CRs include [4]: (1) the spectrum sensing, which determinebaracteristics that the FFH scheme can naturally makefuse o
available spectrum holes [5] for CRUs and detects the poesetthe frequency-selective diversity [12].
of PUs, (2) the spectrum management, which motivates toNote that, since the proposal of CRs, DMA has attracted
make the spectral-efficiency as high as possible, (3) thelot of attention in research, as evidenced by, e.g., [4,6-8
spectrum sharing for coordinating the CRUs to access &lailaHowever, the DMA schemes considered so far for CRs use
spectrum and, (4) the spectrum mobility, which concermsainly coherent detection depending on ideal channel state
seamless transition from one spectrum to another. information (CSI), which is hard to acquire in the dynamic CR

In this paper, we focus on the issue of spectrum sharing acmmmunication environments. Furthermore, the dependence
consider the DMA in CRs through noncoherent FFH/MFSKn real-time CSI imposes specific requirements on signal



design and requires extra bandwidth for channel estimatiamherer(k) is a function defined as
which unavoidably decrease the spectrum-efficiency of tRe C

systems. n(k) = {

Il. SYSTEM MODELLING

1, when thekth PU is ON

3
0, when thekth PU is OFF ®)

We assume that an activated PU is allocated the channels

In our considered systems, there are two types of US@ipsen uniformly from the unused channels. In this case, it

without cross-type cooperation. The first are the PUs thadn pe readily shown that the channels available for the CRUs

are licensed to use the spectrum bands. The second arecestitute a Poisson process with its parameters that can be
CRUs or secondary users, which are not pre-assigned vérelggadily derived from the corresponding PUs’ Poisson praces

spectrum bands. In this paper, we assume that the PUs #éhis paper, we assume for simplicity thap = c; = ¢, =
CRUs are operated under the interweave paradigm [10], where— ., Then, when there ane active PUs, the number of

the CRUs can only communicate opportunistically on theyannels available for the CRUs is

unused spectrums referred to as ‘spectrum holes’, without -

affecting the PUs’ communication and reducing the quality- C=C-nCp, n=0,1,...,Kp (4)
of-service (QoS) of the primary communications _system's_;.or the CRUs, we assume that they have the same priority
In other words, the CRUs must stop communication on a

. to_utilise theC bands, which is achieved by a noncoherent
spectrum band, once the PUs licensed to use the band appl‘—alélr-I/MFSK communication scheme consid)(/ared in the next

, o section.
KpA (Kp=1A (Kp-n+1A (Kp-n)A 2\ A
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For the sake of carrying out the related investigation, wer,
assume that the total spectrum accessible by the CR users is
divided into C channels, each of which has a fixed and equal
bandwidth that is enough for accommodating a MFSK tone. It
is assumed that, in the primary communications networlsehe
C channels have been allocated to supp@g PUs, which
are activated according to th&l//M/Kp/Kp/Kp queueing Fig. 2. Thekth user's transmitter schematic for the FFH/MFSK.
model [9], which is depicted in Fig. 1. According to the
MIMIK pl K pl K p queueing model, the number of active PUs ) o
follows the Poisson distribution associated with an intgrsf 1 € general transmitter schematic diagram foritie CRU
A (arrival rate), the service time obeys the negative expoaien 'S Shown in Fig. 2. It consists of/ sub-streams for the
distribution with an average service time bfy, while the PUrPose to attain various data .rates, each sub-s.treanes:arrl
number of parallel service windows, system capacity and tR#t Poth FFH and MFSK operations. In more detail, as shown
total number of customers are the same valug@ef[9,11]. N Fig. 2, the input binary bits having a peridtl, and a
Furthermore, let;, be the number of channels occupied by thEt€ 1t is serial-to-parallel (S/P) converted & parallel sub-
kth PU once it communicates. We assume M:pl e < C. streams. During a MFSK symbol |_nterval ()3 se.conds, each

When the system reaches its steady state, according to $HE-Stréam transmits = log, M bits representing a MFSK

queueing theory [11], we can show that the probability th§¥MP0l- Hence, we havé; = UbT;. In order to implement
there aren active PUs is the FFH, the symbol duratiof is divided intoL = T5/T}

number of time slots of duratiofi;,, which represents the

exp(27rfl(€2)t

MFSK
q frequency|
tones

exp(27rf]iU) t)

1 - n=0 FH dwell time. For each of the sub-streams, a frequency is
KP!Z@K:% 7 l—i)'i' (A)Z activated from a set of (¢ > M) frequencies according to
P, = PO AM (1)  thekth CRU's FH address and the value of the MFSK symbol
Kp! (A) P, 1<n<Kp to be transmitted. The frequency hops from one to another per
(Kp—mn)n! \ u T;, seconds.
Furthermore, the number of bands available for the CRUs is”ccording to the above description and Fig. 2, we can
given by know that the total number of frequencies required by the
Kp general FFH/MFSK system i§) = Ugq. However, in our
C=0C— Zn(k)ck (2) forthcoming discourse, we assume for simplicity that= 1

1 and, hence) = ¢. Note that, this simplification does not



loss any generality, if we assume that tiesub-streams are complex valued low-pass equivalent additive white Gaussia
operated oriJ orthogonal frequency bands. noise (AWGN) with zero mean and single-sided power spectral
Let the FH address code of CRW be expressed by density of Ny per dimension. As shown in Fig. 3, the front-
aj, = [ax(0),ax(1),...,ar(L — 1)] and X}, be the symbol to end processing sub-block is a typical noncoherent MFSK
be transmitted by CRUW:. Then, as shown in Fig. 2X; is detector [13] excluding the decision-making device. It ban
first signatured by, expressed as readily shown that, after some normalisation, the obsenvat
samples input to the MUP of Fig. 3 can be expressed as
Y = [yr(0), yk(1), ., ye(L = 1)] = Xy, - 1@ay  (5)

K
where1 represents an all-one vector of lengthand & de- Ryt =[rmt® = Y 0 6[yw(1),m] + ngm |
notes the modul@) addition operation. After the signaturing k=1
processing of (5), finally, each of the elementygpfactivates m=0,1,...Q0—-1; 1=0,1,..,L—-1 (8)

one from the@ frequencies based on the MFSK principles . ) . L .
and this activated frequency is transmitted for one time si§nere dlz.y] is the Dirac delta function, which is defined

duration ofT}, seconds. Specifically, the transmitted signal fd#S 91#-%] = 1 and d[z,y] = 0 whenz # y, n, is a
the MFSK symbolX, duringiT, < t < (i + 1)T, can be complex Gaussian noise sample distributed with mean zero
expressed as . ° and a variance? = LNy /E,, where E, = PT, denotes the

energy per MFSK symbol.
L—-1
sp(t) = Z V2P, (t —iTs — IT},) exp (27r[fc + fl(k)}t + cpl(k)) R

R’ Ra
1=0 ©) 7 [RrolR71|R72lR73| 7 nn 7 L a; =[2,6,5,3]
6 |Reo|R61|Rs2|Re3| 6 [ 6 [ ay = [1,4,7,2]
where P denotes the transmission power per dimension, 5 [RsoRsi|RsolRssl 5 |l MW NN =[57023
i, (t) is the normalised pulse waveform of duratigp, f* 4 [RuglRar|RazlRas| 4 | 4|m as = [3,5,1,4]
is the frequency tone determined by(l) and Xy, f. is the 3 [Rao|Rs1[Rs0|Ras| 3 Wz N W _>
carrier frequency, Whil@al(k) is the initial phase introduced by 2 [Rz0{R21fRaalRos) 2 H 2 . §2 =3
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Fig. 3. Receiver schematic block diagram of the FFH/MFSK esyst 0 1(d)2 3 0 1( )2 3 0 1(02 3 0 1( )2 3
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L ... Fig. 4. TF matrices related to posterior noncoherent multiagstection,
We assume that there a¢ CRUs communicating with when M = 4,Q = 8,L = 4: (a) soft-decision observations; (b) hard-

a CR base-station (CRBS). The receiver schematic blogdcision observations; (c) accompanying TF matfiix; (d) (e) (f) (g) the
diagram at the CRBS is shown in Fig. 3, which employs th& matrices formed after the frequency-de-hopping operstiming the FH
posterior noncoherent MUD [12], as detailed later. As shoy{§aresses of CRUs 1.2,3 and 4 for soft-decision suboptimuriD.
in Fig. 3, the receiver is divided into two sub-blocks: front
end processing and multiuser processing (MUP). We assumén Fig. 3, the MUP is implemented by the posterior nonco-
for simplicity that the CRU'’s signals are ideally synchsed herent MUD [12], which is based either on soft-decision or on
and that their received power at the CRBS is the santeard-decision observations. Specifically, let us ¢&&,;} to
Consequently, the received complex low-pass equivalgnasi construct a(@ x L) time-frequency (TF) matri®R = [R,.i],
at the CRBS can be expressed as where the@ rows are in the frequency (F)-domain explained
K 1 by the @ number of FH frequencies, while the columns are
R(t) = Z\/ﬁz hgk)¢T,L (t— ZT},,)eXp(QTl'fl(k)t) +N(@) In the time ('_I')-domam determined by the tm_we slots per
i = symbol duration. In the context of the posterior noncoheren
(7) MUDs using soft-decision observations, the TF matrix is
shown in Fig. 4(a), where thém,[)th element of the TF
where h{") represents the fading gain of the channel withatrix is simply R,,,; and has analog value. For the posterior
respect to the frequencﬁk) of the k&th CRU andN (t) is the noncoherent MUDs using hard-decision observations, the TF



matrix is shown in Fig. 4(b), where the elements of the TH order to reduce the detection complexity, the detection
matrix are binary, representing two states ‘1’ (or ‘marRed'may be based on the hard-decision TF matrix as shown in
when R,,,; > v, and ‘0’ (or ‘empty’) whenR,,; < v, where Fig.4(b). Furthermore, some posterior noncoherent iaterf
v is a preset threshold for hard-decision making. ence cancellation (IC) techniques, such as minimum-distan
Let assume that the transmitted MFSK symbols by th#ecoding IC and iterative posterior IC, etc. [12, 14-16]yma
K CRUs are collected into a vector expressed sas= be invoked for improving the detection performance. Howeve
[X1, Xa, ..., Xk]T. Given the transmitted symbol vectaer these algorithms become less efficient, when communicating
and a set of FH addresses of the CRUs, we express the over fading channels with AWGN [12]. Furthermore, selecting
conditional probability density function (PDF) of the re@@ a near-optimum threshold for deriving the hard-decision TF
TF matrix R as f(R]s, {a}). Then, the transmitted symbolmatrix in the form of Fig. 4(b) is usually very hard in praetic
vector s can be detected by the optimum noncoherent ML- Considering the above issues, in this paper, we invoke a

MUD as soft-decision based suboptimum noncoherent ML-MUD, the
A principles of which are as follows. First, the receiver kisow
§=arg s%,%i{f(msv {ar})} ©)  that there are at most elements activated by th CRUS in

each column of the TF matriR shown in Fig. 4(a). Hence,
the detector only needs to test thekesymbols. However,
Ei)ue to the fading and AWGN, which result in false-alarms,
we select{yK], 1 < v < Q/K, elements from each column
of R, rendering them the possible candidates activated by
{Q LIl } (10) the K CRUs. Second, an accompanying TF matRy as

where X is the signal set containing th&/ possible MFSK
symbols. We assume that tidgl, entries in the TF matriR

of (9) can be expressed as

5= max

{X eX K H H f (Rmils, {ax}) shown in Fig. 4(c) is constructed based on these candidate
k k=1

m=0 1=0 elements. SpecificallyR, is constructed according to the
In this paper, we assume that the FFH/MFSK signals afellowing policy: the (m,)th element is ‘1’ (or ‘marked’) if
transmitted over Rayleigh fading channels with AWGN. For the corresponding element iR of Fig. 4(a) is a candidate
given set of symbols transmitted by tle CRUs as well as element; otherwise, thém,)th element is ‘0’ (or ‘empty’).
their FH addresses, the number of CRUs activating#thg)th  Third, the accompanying TF matriR, is respectively de-
TF element is then known, which is expressedigs;,0 < hopped by the FH addresses of theCRUSs, yieldingK de-
K,,; < K. Then, the decision variablg,,,; is hopped matrices expressed Bs, Do, ..., Dy, in the form
Ko 2 Ko 2 of Fig. 4(d), (e), (f) and (g) for the example considered.
R, = (Q{{Z hﬁ,’j) n nm}) n <j {Z h£,’§) n nm}) Forth_, based on the de-h_opped matriées Do, . .. ’D?(’. j[he
P P possible symbols transmitted by tii& CRUs can be initially
(11) identified. Specifically, depended on the affordable detact
complexity, in Dy, the rows with the number of marked
Rlements no less thafL — ¢) are identified and mapped
to the MFSK symbols, which are treated as the possible

_ _ _ symbols transmitted by théth CRU. Here,e is a preset
both the real and imaginary parts of (11) are Gaussian rand ger. For example, in Fig. 4(d), (), () and (g), the jiules

variables with zero mean and a variancef6f. /2 + 0*/2.  yansmitted symbols fok = 1,2,3,4 can be identified as
Therefore, R,,; obeys the centrai?-distribution with two (X1 € {0,2); Xs € {3}; X3 € {0}:; X4 € {1}}, when setting
degrees of freedom with the PDF ¢ = 0. Let the possible symbols transmitted by tReCRUs

When communicating over flat Rayleigh fading channel
both the real and imaginary parts bf?) obey the Gaussian
distributions with zero mean and a variance IgR. Hence,

R - 1 Roni be collected in{X; € X,}[X . Fifth, having obtained the
F(Bomls, {ar}) = Koi+02 P\TK o2 (12) set{X; € X;}[<, for the possible symbols transmitted, the
m=0.1 Q-1; 1=01 L -1 receiver re-encodes these possible symbols using tb&Us’

FH addresses to form a TF matrR; having the same form
Upon substituting (12) to (10), the optimum noncoherent ML&SR The marked elements iR, are collected in a seM.

MUD can now be stated as Finally, based on the sefX; € X,;}/, of the candidate
Q-1L-1 1 R symbols and the seM containing the elements possibly
3= arg | max, 11 11 Koo P (—W) activated, the suboptimum ML-MUD detecatsaccording to
k o m—0 1— m m
- Q— (1)201 QlL-l R 1
N . - Rpu §=arg min { (K 4 0?) + o ]}
(13) (m,l)eM

The search space’s size for the optimum noncoherent ML- (14)
MUD, as shown in (13), isM ¥, which leads to high com- Note that, in (14), we only need to consider the elements
plexity even for a moderate number of CRUs supportethlling within (m,l) € M. This is because, for the other



elements not included iM, we havek,,; = 0, implying that 100 Rayleigh channels: ¥6Q<128,M=16 L =4:=1,=2
these elements are not activated by any CRUs. Hence, their 3 * optimum,K=1
corresponding terms are common to the optimization and can o . Zﬂﬁgﬁmﬂmi
be eliminated without affecting the solution. o suboptimum K=3

It can be seen from (14) that the search sp&ég, < 9 & suboptimum,K=4
X, }K | for the suboptimum ML-MUD can be signifi- 10’ = ¢ suboptimum,K=5
cantly smaller than that of the optimum ML-MUD stated = ~ N suboptimurm k=6
in (13). Specifically for the example considered in Fig. 4, %10-3 AN =
there are only two candidate symbol vectors to consider, SRS X
in contrast to M¥ = 8* = 4096 candidate vectors for - \@\\\%
the optimum ML-MUD. The first candidate symbol vec- SN S
tor is {X1, X2, X3, X4} = {0,3,0,1} and the second is . i‘i N
{X1, Xo, X3, X4} = {2,3,0,1}. Therefore, the suboptimum 105, 10 15 20 5 30
noncoherent ML-MUD may require significantly lower imple- SNR per bit (dB)
mentation complexity than the optimum ML-MUD.

(&) M =16

IV. SIMULATION RESULTS

In our simulations, we assume that the arrival rate of the 16 Rayleigh channels:16Q0<128,M is dynamic,L =412
PUs isA = 1 and that the average occupying time of a 3 * optimum,K=1
frequency band by a PW/u = 1/2, resulting in\/u = 1/2. . i :ﬂgggmﬂmiz
The number of frequency bands for operation of the CR o suboptimum K=3
system is given by = C, which experience independent @ & suboptimum,K=4
identically distributed (iid) Rayleigh fading. For simtitan of T10° ¢ suboptimum,K=5
the BER, we assume that < C' < C, implying that the CR S o Suboptimum,K=6
system is active. By contrast, for simulation of the througth ot \\%
performance, we assume that< C' < C. Furthermore, “ S 3
for implementation of the suboptimum ML-MUD, we set 10 > \“\\z \\\\\‘f\\
the parametee = 1, meaning that the rows witll and S
L — 1 entries are considered by the suboptimum ML-MUD. i \S\g \“\,
Additionally, random FH addresses are assumed. 105, 5 1 25 30

0 15 20
Fig. 5 shows the BER performance of the dynamic SNR per bit (dB)

FFH/MFSK system employing the suboptimum ML-MUD,
when communicating over Rayleigh fading channels. The
parameters for the primary radio system wéfre- 128, Kp =
8,Cp 16. For the CR system, in Fig. 5@}/ = 16
was assumed, while in Fig. 5(b) the value &f was M =
2int(log: ©) - depending on the value af. Furthermore, the
number of entries in each column & chosen for forming
R, in order to find the candidate symbols wa&". From the
results of Figs. 5(a) and (b), we observe that the suboptimumFig. 6 illustrate the throughput achievable by the
ML-MUD is a high-efficiency detection scheme. There are neBFH/MFSK systems. The throughput depicted were found
error-floors observed, even the system suppfits L num- as follows. Given the values of = C, M and the BER

ber of CRUs. At a given SNR per bit, the BER only slightlyrequired, the maximum number of CRUs supportable by the
increases, as the number of CRUs increases. Specificallydghamic FFH/MFSK system can be determined, say it is
the BER of10~3, in Fig. 5(a), an extra of abowdB of SNR K. The throughput is then calculated &5x log, M. From

is required, in order for the CR system to supp@r€CRUs, the results of Fig. 6, we have the following observations.
in comparison with the CR system supportiA = 1 CRU First, a FFH/MFSK system using dynamic MFSK is capable
and using the optimum ML detector. By contrast, as showaf achieving higher throughput than that using fixed MFSK.
in Fig. 5(b), aboutrdB of extra SNR is required, in order for Second, for a given BER demanded, the throughput increases
the CR system to suppoft CRUs, in comparison with the sharply, as the SNR increases, especially, when the demiande
CR system supportindgC = 1 CRU and using the optimum BER is relatively low. Third, when we compare Fig. 6(a)
ML detector. The reason for the increased SNR in Fig. 5(k)ith Fig. 6(b), we can see that, for a given required BER
in comparison with that in Fig. 5(a) is because, in Fig. 5(@nd a given but reasonable SNR per bit, the FFH/MFSK
M = 16 is fixed, while in Fig. 5(b) the value a¥/ is dynamic, CR system using”' = 256 is capable of providing a higher
which provides a higher throughput than the system consitlethroughput than the FFH/MFSK CR system usifig= 128.

in Fig. 5(a). This observation implies that, although the PUs’ arrivadiia

(b) Dynamic M

Fig. 5. BER versus average SNR per bit performance of the dynami
FFH/MFSK system employing suboptimum noncoherent ML-MUD,ewh
communicating over Rayleigh fading channels.



Rayleigh channels: 0Q<128,L=4g=1=2

FFH/MFSK and noncoherent MUD techniques, the proposed
DMA scheme is low-complexity and high-flexibility. It can
implement seamless and smooth handoff between different
frequency bands, when the available spectrum bands change.
Furthermore, it requires only simple spectrum control and

5/ 5/ b spectrum allocation protocols.
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CRUs to access dynamically the available frequency spastru

in the CR environments, where PUs activate their communica-
tion according to a Poisson process. The error and throughpu
performance of the dynamic FFH/MFSK systems employing
suboptimum noncoherent ML-MUD have been investigated by
simulations, when assuming communications over Rayleigh
fading channels. Our studies and performance results show
that our proposed dynamic FFH/MFSK constitutes a highly
promising DMA scheme for application in CRs. It is ca-
pable of achieving a promising throughput with reasonable
error performance. Owing to the employment of noncoherent



