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Abstract—This paper proposes a fast frequency-hoppingd/- where the CRUs can only communicate opportunistically on
ary frequency-shift keying dynamic multiple-access (FFH/MFSK  the frequency bands not occupied by the PUs, and must stop
e e I e ok ey _comimunication, once PUs appear on these bands, We assume
primary user% (Pl.l?s) are assumed to become active gccordiﬁg.that.the th’le frequency spectrum accessible by the CRUs
to a Poisson process. In our FFH/MFSK DMA system, the IS divided into a number of frequency bands. Once a PU
noncoherent majority vote assisted single-user detector (MV- becomes active, it occupies one to several frequency bands.
SUD) or noncoherent iterative interference cancellation assiste \We assume that PUs activate according to a Poisson process
multltulser detecfor.t(IICé-I\:IUItD.) IS %r]nmg)t/edr’r'? Prtderé%émplﬁa and the duration of activation of a PU obeys exponential
tmhfg‘ugr?;‘(f%rgﬁ;mgncg %? 't?]g' FFﬁ/MIFseK ODMaAeséstem)s aare distribution. Therefore, the frequency bands possiblettier
investigated, when assuming communications over Nakagami- CR system are dynamic and are shared by a number of CRUs.
fading channels. Our studies show that the FFH/MFSK DMA is The CRUs access the frequency bands using the FFH/MFSK
a high-flexibility scheme for application in CRs. It is capable of DMA, which varies the set of FFH frequencies according
attaining a substantial throughput without degrading the quality- 5 the frequency bands available. In this paper, MV-SUD
of-service (QoS) of primary radios (PR). and IIC-MUD are introduced for noncoherent detection of
the FFH/MFSK DMA signals. Both BER and throughput
performance are investigated, when assuming commurcatio

Recently, the studies demonstrate that the radio spectruover Nakagamin fading channels [12]. Our studies show
regulated by governments and limited only for licensed sisahat the FFH/MFSK DMA constitutes one of the promising
are low efficiency in use [3]. The practical measurement showalternatives for DMA in CRs. It uses noncoherent detection
that most of the licensed spectrum is underutilised. Adogrd without requiring channel estimation. It has linear comitie
to the Federal Communications Commission (FCC) [1,2jnd reasonable error and throughput performance owing to
for example, temporal and geographical variations in thmaking efficient use of the embedded frequency-selective
utilisation of the allocated spectrums range from 15% to 85%iversity. Furthermore, with the aid of the FFH techniques,
Therefore, for the future generations of wireless commamicit is convenient to implement seamless spectrum transition
tions systems supporting high-speed multimedia servités,  Note that, since the proposal of CRs, DMA has attracted a
very important to establish high-flexibility and high-eility |ot of attention in research, as evidenced by, e.g., [4, GA8]
access models, which can substantially improve the uiiisa the references therein. However, the DMA schemes considere
efficiency of the valuable spectrums. This motivation hab l&o far for CRs use mainly coherent detection depending on
to the concept of CRs [3], which increase the efficiendgeal channel state information (CSI), which is hard to aegu
of using the radio spectrum resources through introducing dynamic CR environments. Furthermore, the need of real-
opportunistic access of the licensed frequency bands teat ime CSI requires extra bandwidth for channel estimation,
underutilised [2-4]. According to [4], in CRs, there are fouwhich unavoidably decreases the CRs’ spectrum-efficiency.
main functions, including (1) the spectrum sensing for dete
mining available spectrum holes [5] for CR users (CRUSs) and Il. SYSTEM MODELLING
detecting the presence of PUs, (2) the spectrum management
motivating to make the spectrum-efficiency as high as ptessib  The spectrum bands considered host two types of users,
(3) the spectrum sharing for coordinating the CRUs to acceBels and CRUSs, without cooperation between them. The PUs
available spectrum and, (4) the spectrum mobility, whiches are the licensed users to use the spectrums, while the CRUs
with seamless transition from one spectrum to another.  are secondary users that are not pre-assigned spectrums. In

This paper addresses the issue of spectrum sharing in ClRg paper, we assume that the PUs and CRUs are operated
proposes and studies the FFH/MFSK DMA scheme with noonder the interweave paradigm [10]. Under this paradigm, th
coherent detection [12, 14]. In order to investigate thdgrer CRUs can only communicate opportunistically on the unused
mance of the FFH/MFSK DMA systems, we assume that tispectrums, which are referred to as ‘spectrum holes’, witho
PUs and CRUs are operated in the interweave paradigm [18ffecting the PUs’ communication and reducing their QoS Th

I. INTRODUCTION
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or the sake of carrying out the related 'nveSt'gat'oF?tE;. 2. Transmitter schematic block diagram of thth CRU in the
we assume that the total spectrum accessible by the CRi#S/MFSK DMA system.

consists ofC' channels, each of which has a fixed and equal

bandwidth that is enough for accommodating a MFSK tone. 1. FFH/MFSK DMA SYSTEM

It is assu_med that th€ channels are allocated to suppéfit A, Transmitter

PUs, which are activated according to th&/M/Kp/Kp/Kp he The general transmitter schematic block diagram for the

gueueing model [9], as depicted in Fig. 1. According to t : - : X
MIMIK pl K pl K p queueing model, the number of active PU th CRU is shown in Fig. 2. It consists Gf sub-streams for
e purpose of providing various data rates, each subrstrea

D emestning e St o, s Sovtes e bocys TS ou bolh FFH and WFSK aperators. A5 shown i
negative exponential distribution with an average sertiioe 9. % P y gap

of 1/u, and the number of parallel service windows systepﬁi is first ser.ial—to—parallel (S/IP) c_onverted to parallel sub-
capacity as well as the total number of customers are tRacams. During a MFSK symbol interval B seconds, each

ub-stream transmits = log, M bits representing a MFSK
same value ofKp [9,11]. Furthermore, we assume thagymbol. Hence, we havé, — UbT}. In order to implement

i e = O nere ci denotes the number of channelize FEp, the symbol duratiod, is divided into L = 7./7;
occupied by thekth PU when it communicates. number of time-slots of duratiofi},, which is referred to as
: i 'he FH dwell time. For each of the sub-streams, a frequency
converges to its steady state, the probability that theeenar is activated from a set of (¢ > M) frequencies, which is
active PUs is determined by the FH address assigned to/ithreCRU and
1 the MFSK symbol to be transmitted by thigh CRU. The

i n=0 frequency hops from one to another [¥gy seconds.
Kp! S K m (%) According to the above description as well as Fig. 2, we

Kol \ T @) can know that the total number of frequency bands required
P () P, 1<n<Kp by the general F_FH/I\/_IFSK DMA system @ = Ug. However,
(Kp —n)n! \ p in our forthcoming discourse, we assume for simplicity that

( 2\ A
2 P

nf (n+Dp (Kp-1)p

[

Pn:

. U =1 and, hence@) = ¢. Note that, this simplification does
Furthermore, the number of frequency bands available ®r thot oss any generality, if we assume that thiesub-streams
CRUs is given by are operated o/ orthogonal frequency bands.
Let the FH address of CRW be expressed by, =

Kp
- [ax(0), ar(1), ..., ar(L—1)] and X} be the value of the symbol
C=0C- Z"(k)ck () to be transmitted by CRW. Then, as shown in Fig. 2} is
k=1 first signatured by, as
wheren (k) is a function defined as Yr = [yr(0), k(1) sk (L —1)] = Xp - 1B a. (5)
K — 1, when thekth PU is ON 3 where 1 represents an all-one vector of length and &
n(k) = 0, when thekth PU is OFF ®) denotes the modul@ addition operation. After the processing

of (5), each of the elements gf, activates one from thé€)

In this paper, we assume that the channels allocated toftgfluencies based on the MFSK principles and this activated
active PU are uniformly and randomly chosen from the unusé@quency is transmitted for one time-slot duration Bf
channels. In this case, the channels available for the CRids éseconds. Specifically, the transmitted signal for the MFSK
constitute a Poisson process with its parameters that cansygbol X, during i7s < ¢ < (i + 1)Ts can be expressed
readily derived from the corresponding PUs’ Poisson prace&s
For the sake of simplicity, we assume in this paper that= L—1
1 =ca =...=ck,. Then, when there are active PUs, the si(t) = T —
number of channels available for the CRUs is () Z;\/ﬁ?/)n (t =T, —1Th)

C=C-nCp, n=01,....Kp @) <exp (2nlfe+ [l +6)  ©

For the CRUs, we assume that they have the same prioNpere P denotes the transmission power per dimension,

to communicate on th&' bands, based on a noncoherenpr, (¢) is the normalised pulse waveform of duratidp, l(k)

FFH/MFSK DMA scheme as considered in the next sections the frequency tone determined hy(!) and Xy, f. is the



carrier frequency, Whil@ol(k) is the initial phase introduced by 7l 7 .Rh. o = [2.6.5.9]

the MFSK and carrier modulations. 6 [roclrolodrel 6| |3 a — [1;4;7:2}
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Fig. 3. Receiver schematic block diagram for the FFH/MFSK DkyAtem. IIAN N1 EEN: EHEE:BORN
Let us assume that there al€ CRUs communicating o_|O] |mjo H o EEENEEEN
with a CR base-station (CRBS). The receiver schematic block 01238 02123 02123 01,23
diagram at the CRBS can be shown as Fig. 3. The receiver LA//
is divided into two sub-blocks: front-end processing and-no Ry R” =R, - Ry, p{"
coherent processing. For simplicity, we assume synchi®nou 7| HE 7 7
FFH/MFSK DMA systems with ideal power-control. Conse- 6 6 |0 6
qguently, the received complex low-pass equivalent sighal a L u 5 | 5
the CRBS can be expressed as : L . ‘3‘ = | S ‘3‘ 0
K L-1 2 [ 2 2
R(t) = 3 V2P 3 Py, (0 = 1T exp@nf{Pt) + N (1) o e N S = I
k=1 1=0 0123 01,23 01,23

where hl(k) represents the channel gain corresponding to the . .
Fig. 4. TF matrices related to detection f0f = 4,Q = 8, L = 4: (a)

frequencyfl(k) of thekth CRU andN (¢) is the complex valued soft-decision observations; (b) hard-decision obseswati (c), (d), (e) and (f)

additive white Gaussian noise (AWGN) process with zerf- matrices formed after the frequency de-hopping of the TFirgdy using
( ) P the FH addresses of CRU 1, 2, 3 and 4, respectively; (g) mefer@ F matrix

mean a_nd 5|ngle-5|ded_ pov_ver SpeCtraI den3|ty (PSIINquer formed by re-encoding the symbols detected for CR and 3 using their
dimension. As shown in Fig. 3, the front-end processing Sutbrresponding FH addresses; (h) TF matrix after interferaamncellation; (i)

block is a typical noncoherent MFSK detector [14] excludingpdated TF matrix for detection of CRU

the decision-making device. It can be readily shown that,

after some normalisation, the observation samples inptiteto IV. DETECTION INFEFH/MESK DMA SYSTEMS
noncoherent detector of Fig. 3 can be expressed as

K
_ 2 _ (k) 2 The MV-SUD and IIC-MUD considered start with con-
Bt =lrmi]” = | ; POl (1), ] + i structing a(Q x L) time-frequency (TF) matriR = [R,,.], as
m=0,1,..Q0-1: 1=01,...L-1 (7) shown in Fig. 4 (a), using the decision variab{g®,,; } in (7),
P ’ Py where @ and L correspond to th&) frequency tones and
where[z, 3] is the Dirac delta function defined dsr,z] = time-slots per symbol duration, respectively. In Fig. 4 (ag
1 and 6[z,y] = 0 for & # y, n,y is a complex Gaussian Yellow entries are the elements activated by the four CRUs.
noise sample distributed with zero mean and a variarice  In order to form the hard-decision TF observation matrix
LN,y/E,, where E, = PT, denotes the energy per MFSKeXpressed byR;, let us assume that is a preset threshold.
symbol. Then, wheneverR?,,, > v, the corresponding TF entry in
In Fig. 3, the noncoherent detector can be either a singf@ 1S marked or indicated by an element ‘1'. Otherwise, the
user detector (SUD) or multiuser detector (MUD), which may/’: l)th entry of R, is left empty or indicated by an element
be operated based either on soft-decision or on hard-decis)? - Correspondingly, the hard-decision TF matiy, is in the
observations [12]. Although they are capable of achievid§™ of Fig. 4 (b), where the two yellow entries are the result
better error performance, however, the noncoherent aetectO! false-alarm.
based on soft-decision observations usually have signtfica  In practical communications systems, however, it is uguall
higher complexity than that based on hard-decision obseery difficult to evaluate the optimal threshold for caryin
vations [13]. Hence, in this contribution, we focus on theut the hard-decision. For this sake, in this paper, an @mbro
noncoherent detectors operated based on hard-decisien ob®ferred to as the expectation-based element selectio8)(EE
vations. Specifically, the error and throughput perforneaot which does not use threshold, is proposed for constructing
the FFH/MFSK DMA systems employing MV-SUD or IIC-the hard-decision TF observation matrix. In more detai th
MUD [16] are investigated, when assuming communicatiofisES approach is operated as follows. First, giveénof the
over Nakagamin fading channels. Let us now consider theumber of CRUs and) of the available frequency bands, the
MV-SUD and IIC-MUD in the next section. expectation of the number of activated entriesRncan be



calculated, which is Finally, based on the modified TF observation matﬂg),
min(Q,K) 0 :jhei dﬁt(ejctiotn _is t(r:]arried out for th(t)r?eS%RUQs IEaving no'[I been
) _ etected yet, in the same way as thaSedp 2. For example,
E(R) =L x Z Z( ')fR(Z) (8) based onRELl) of Fig. 4 (i), the detected symbol for the forth
CRU is X, = 0, which is now correctly detected.
when random FH addresses are assumed. In(®)fr(i) is Note that, for the [IC-MUD, the detection procedure com-
the probability of the event thatout of @ entries of a column pletes either when all CRUs are detected, or when the maxi-
in R are activated by thé& CRUS, fg(i) is the probability of mumy,,.. number of iterations is reached, or when at a stage
the event that the givenentries of a column are activated bythere are no detection matrices having only one majority. row
the K’ CRUs. Again, assuming random FH addresses, we carNote furthermore that, the 1IC-MUD has a linear complex-

i=1

readily show that ity, i.e., a complexity increasing linearly with the number
1/QK i1 CRUs [186].
fr(i) = i K - f i fali—1), i3 2 (9) V. PERFORMANCERESULTS
Q pet J R T In this section, we provide some simulation results of the

FFH/MFSK DMA systems using MV-SUD or IIC-MUD. In
After knowing E(R), then, the hard-decision TF observatiomur simulations, we assumed that the arrival rate of PUs was
matrix Ry, as shown in Fig. 4(b), is formed froR, as shown X = 1, the average time of a frequency band occupied by a PU
in Fig. 4(a), by marking a maximur’(R) number of entries was 1/ = 1/2 and the number of frequency bands for the
in Ry, which correspond to the elements R having the CR system was) = C. We assumed that each frequency
highest values. Furthermore, considering the fact thah edzand experienced independently identically distributid) (
column has at least one but no more tdaelements activated, Nakagamim fading [12], where the value of. characterises
correspondingly, each column R, should have at least onethe severity of fading. Specificallyn = 1 and1 < m <
but no more thank marked elements. Except the markedorrespond to Rayleigh and Rician fading channels, respec-
elements, all the other elements R), are empty. Now, the tively, while m — oo corresponds to Gaussian channels. For
MV-SUD or IIC-MUD can be carried out based @),, which simulations of BER, it was assumed thaf < C < C.
is explained as the following steps enhanced by the examfg contrast, for simulations of throughput, we assumed that
as shown in Fig. 4. 0 < C < (C. Additionally, we assumed that CRUs used
Step 1 - For both the MV-SUD and IIC-MUD, the random FH addresses.
TF matrix Ry, is first de-hopped using the FH addresses

a,, ay, ..., ag of the K CRUs, forming theX' detection ma- 1. Nakagami-m fading, L=6, 16Q<128, M s dynamic
tricesDq,D-, ..., Dy, which are in the form oD, D5, D3 —
andD,, as shown in Fig. 4(c), (d), (e) and (f), for the example o
considered.
Step 2 - Based on the detection matricEs, Do, ..., Dk, 2

a decision is made for any of the CRUs, whose corresponding
detection matrix contains only one majority row. Here the

majority row is defined as the row with the maximum number

of marked entries. The symbol value is decided as the index
of the majority row. For example, as shown in Fig.I2,, D, i
and D all have just one majority row. Hence, the symbols
transmitted by CRUI, 2 and 3 are detected aX, = 2, 0 SNR per bit (dB)
X, = 3 and X3 = 0. However,D, has two majority rows. Fig. 5. BER versus average SNR per bit performance of the FIRSH/

Therefore, for the 1IC-MUD, the detection of CRWis left DMA systems employing MV-SUD, when communicating over Nakagami-
to the following iterations. By contrast, when the MV-SUD igading channels.

employed, the detection procedure completes at this stép an

decisions have to be made for those CRUs having more than
one majority row. In this case, the symbol for a CRU can be —— — m=10
detected as the index of a majority row chosen randomly from o
the majority rows.

Step 3 - At the ith iteration of the IIC-MUD, where =
1,2, ..., imax With iy, representing the maximum number of
iterations allowed, the following operations are execukacbt,

a reference matriRy,, as showed in Fig.4(g), is formed by re- ]
encoding the symbols detected at tfie- 1)th iteration using ol
their corresponding FH addresses. Then, the TF observation i
matrix is modified fromR!'~", whereR\”’ = R,, to R\" ol AN

. 6 9 12 15
by deleting the entries irRﬁf’l), which correspond to the SNR per bit (dB)

- . . . . Fig. 6. BER versus average SNR per bit performance of the FIRSH
marked entries iR),. For example, in Fig. 4’Rh is obtained A systems employing 1IC-MUD, when communicating over Nakagami

from R(O) = R;, after applying the interference cancellationfading channels.
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o Nakagami-m fading: €Q<128, L=6, M is dynamic

Figs. 5 and 6 depict the BER performance of the
FFH/MFSK DMA systems employing MV-SUD (Fig. 5) and
IIC-MUD (Fig. 6), respectively, when communicating over
Nakagamim fading channels with the fading parameter=
1 or 10. The parameters for the PRs weate= 128, Kp =
8,Cp = 16. In the CR systems, the value af for MFSK
was dynamic and set td/ = 2" C) implying that the

~
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o
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value of M is dependent on the value 6f. Additionally, for 20 R
the 1IC-MUD, i, = K — 1 was applied. " .
From the results of Figs. 5 and 6, we can be implied that the ° BERAIC

spectrum considered is capable of accommodating a substan- T
tial number of CRUs communicating based on the FFH/MFSK SNR per bit (dB)
DMA, in addition to providing the required services for theFig. 8. Throughput achievable by the FFH/MFSK DMA system ayipig
PRs. As seen in Figs. 5 and 6, promising error performan®-SUD or lIC-MUD, when the parameters for PRs afe= 128, Kp =

. : p = 16.
may be attained at reasonable SNR values, owing to the
merit that the FFH/MFSK DMA scheme can make efficient
use of the frequency-diversity. Given the number of CRUs substantial throughput, without affecting the commuiice
supported, the error performance improves as the changghlity of primary radio systems.
quality improves. When comparing the results in Fig. 5 with |n conclusion, we have proposed a FFH/MFSK DMA

8 10 20

that in Fig. 6, we can see that the lIC-MUD outperforms thecheme for dynamically accessing the available frequency
MV-SUD. For examples, givek’ = 6, the FFH/MFSK DMA  spectrums in CR environments. The studies demonstrata that
substantial throughput is attainable by the CRs. This tiineu
put is achieved without QoS degradation of the PRs where the

system using MV-SUD needs a SNR per bitlétdB or 11dB
to achieve a BER of0—3, when the fading parametersis = 1

or m = 10. Correspondingly, giver{ = 6, the FFH/MFSK CR systems are embedded.

DMA system using IIC-MUD only needs a SNR per bit of
about 15.5dB or 9.6dB to achieve the BER ot0~3, when
m =1 orm = 10.

Nakagami-m fading: m=1.5,L.=6,%89<128,M is dynamic,SNR=15dB
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Fig. 7.  BER versus number of CRUs of the FFH/MFSK DMA systerru I

employing MV-SUD and 1IC-MUD, when the parameters for PRs @re= 7]
128, Kp = 8,Cp = 16.

Fig. 7 illustrates the BER performance of the FFH/MFSK!
DMA systems employing the MV-SUD or IIC-MUD, when
communicating over Nakagami- fading channels associated®]
with a fading parameter of» = 1.5. Again, the value of\/
was dynamic and wad/ = 2"0°g: ) andi,,.. = K—1was [10]
set for the 1IC-MUD. Explicitly, the [IC-MUD outperforms
the MV-SUD. For a required BER of0—3, the FFH/MFSK
DMA system can support abo6itor 10 CRUs, when MV-SUD
or 1IC-MUD is invoked. By contrast, at a BER df0—2, the
FFH/MFSK DMA system can support aboit or 20 CRUs,
when it employs MV-SUD or [IC-MUD.

Fig. 8 illustrates the throughput achievable by th
FFH/MFSK DMA systems. The throughput depicted wa
evaluated as follows. Given the values @f = C' and M
as well as the BER required, the maximum number of CRU!
K can be determined. Then, the throughput is calculated (a5
K xlog, M. The results of Fig. 8 demonstrate that, with the aid
of the FFH/MFSK DMA, a CR system is capable of attaining

[11]
[12]
(23]

4]
9]
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