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Abstract—A redundant residue number system assisted mul-
ticarrier direct-sequence code-division dynamic multiple-access
(RRNS MC/DS-CDDMA) scheme is proposed for application
in cognitive radios (CRs). Taking the advantages of both
the multicarrier direct-sequence code-division multiple-access
(MC/DS-CDMA) and the RRNS, the RRNS MC/DS-CDDMA
has a low-complexity for implementation, a high-flexibility for
reconfiguration and is robust to dynamic spectrums. Associated
with the RRNS MC/DS-CDDMA, in this paper, the so-called
receiver multiuser diversity aided multi-stage minimum mean-
square error multiuser detector (RMD/MS-MMSE MUD) is con-
sidered for signal detection. Specifically, three types of RMD/MS-
MMSE MUDs are proposed, which are the Type-l.1, Type-Il.1
and Type-1.2 RMD/MS-MMSE MUDs. In these MUD schemes,
the Type-l.1 MUD carries out the joint detection of all the
subcarrier signals using both the observations and the channel
state information (CSI) of all the subcarriers. In the Type-l.2
and Type-11.1 RMD/MS-MMSE MUDs, the embedded MMSE-
MUDs are implemented subcarrier-by-subcarrier independently.
Furthermore, in the Type-l.2 RMD/MS-MMSE MUD, the au-
tocorrelation matrices used by the MMSE-MUDs are free from
the CSI. Explicitly, both the Type-ll.1 and Type-1.2 RMD/MS-
MMSE MUDs are suitable for operation in dynamic spectrum
environments. Furthermore, our simulation results show that
the above three types of RMD/MS-MMSE MUDs are capable
of making the RRNS MC/DS-CDDMA systems achieve similar
error and throughput performance. Owing to the above merits,
the RRNS MC/DS-CDDMA employing either Type-1.2 or Type-
1.1 RMD/MS-MMSE MUD may be considered one of the highly
promising DMA schemes for application in CR systems.

Index Terms—Cognitive radios, dynamic multiple-access, mul-
ticarrier modulation, code-division multiple-access, residue num-
ber system, redundant residue number system, multiuser detec-
tion.

I. INTRODUCTION

For example, the measurement shows that the average spec-
trum occupancy from 30 MHz to 3 GHz over six cities is 5.2%
and that the maximum total spectrum occupancy is 13.1% in
New York City [1]. On the other side, the increasing demand
for high-speed wireless multimedia services makes rackg-sp
trum one of the most scarce and valuable resources. Cagnitiv
radios (CRs), which implement opportunistic access of the
licensed frequency bands that are under-utilized, have bee
recognized the possible solutions to the spectrum corgesti
problem in the future generations of wireless communicatio
systems [2, 3].

According to [4], in CRs, there are four main techniques,
including: (1) spectrum sensing for determining available
spectrum holes [5] for CR users (CRUs) and for detecting the
presence of primary users (PUs), (2) spectrum management
motivating to make the spectrum-efficiency as high as ptessib
(3) spectrum sharing for coordinating the CRUs to access
available spectrum and, (4) spectrum mobility for handling
the transition from one spectrum to another. Hence, oneeof th
most important issues in CRs is that multiple CRUs access the
unused frequency bands and maintain their communications i
dynamic frequency environments.

Conceptually, a PU is defined as a licensed user that has
preferential right to access the allocated bandwidth. s th
paper, we assume that the PUs and CRUs are operated in the
interweave paradigm [6], where CRUs can only communicate
opportunistically on the spectrums not occupied by PUs and
without causing degradation of PUs’ quality of services $Ro
Once there are PUs appearing on some spectrums being used
by some CRUSs, these CRUs must vacate the corresponding
spectrums and move to some others, whenever available. This
process is usually referred to as spectrum handoff. Exiglici

Conventional radios are regulated by fixed spectrum allf?r spectrum handoff, the CRs require time to acquire the
cation policies, which are operated in certain time framekowledge about the available spectrums, the correspgndin
over certain frequency bands and within certain geographi€hannel state information (CSI), etc., and to restructtee t
regions. This fixed spectrum allocation has resulted in lof=RUs to make efficiently use of the newly available spectrums
efﬁciency in usage of the precious Spectrum resourcesingakHence, in order to maintain seamless communications, a CR

most of the allocated (licensed) spectrums are underedili
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system is expected to be robust to spectrum varying and have
a high-flexibility for on-line reconfiguration.

Motivated by the above concerns, in [7], we have proposed
a dynamic multiple-access (DMA) scheme for making use of
the time-varying spectrums in CR systems. Our DMA scheme
is designed by taking the advantages of both the multicar-
rier direct-sequence code-division multiple-access (&/
CDMA) [8-11] and the redundant residue number system
(RRNS) [12-16], which is referred to as the RRNS MC/DS-



CDDMA for convenience of description in the following textscan argue that the RRNS MC/DS-CDDMA employing either
The advantages of the MC/DS-CDMA and the RRNS cafype-l.2 or Type-Il.1 RMD/MS-MMSE MUD constitutes one
be briefly summarized as follows. First, it has been welbf the highly promising DMA schemes for application in CR
recognized that the MC/DS-CDMA scheme has the higlsystems. Note that, in [7], the performance of the RRNS/MC
est flexibility and highest number of degrees-of-freedom f®@S-CDDMA systems has been investigated, when a so-called
reconfigurations [8], which may render the RRNS MC/DSsuboptimum MMSE interference cancellation (SMMSE-IC)
CDDMA a versatile multiple access scheme that is suitabdeheme is employed.

for CR systems. The MC/DS-CDMA scheme is also beneficial The reminder of this paper is organized as follows. Sec-
to pseudo-noise (PN) sequence acquisition, in comparision Il describes the main assumptions for the PR and CR
with the single-carrier DS-CDMA [17-19]. Second, the signaystems. In Section Ill, the RRNS MC/DS-CDDMA system
processing based on RRNS has a range of advantages thahadel is addressed, while, in Section IV, the three types
beneficial to DMA [12—-14]. RRNS-based arithmetics exhibit af RMD/MS-MMSE MUD schemes are detailed. In Sec-
modular structure that leads naturally to parallelism igitdl tion V, we derive the outage probability and the lower bound
hardware. Comparing with the conventional weighted numberror probability of the RRNS MC/DS-CDDMA systems.
systems, such as the binary weighted number system refBection VI provides performance results and discussion and
sentation, the RRNS has two attractive inherent featur2s [finally, in Section VII, we summarize the main conclusions.
14]: (a) the carry-free arithmetic and (b) the lack of ordere

significance among the residues. The first property imptias t
the operations related to the different residues of the RR
are mutually independent. The second property implies that

any erroneous residues may be discarded without affedting t In this paper, we assume that the PUs and CRUs are
data recovery, provided that a sufficient dynamic range iresnaoperated under the interweave paradigm [6]. In this case,
in the reduced RRNS in order to unambiguously represethie CRUs are only allowed to communicate opportunistically
the non-redundant information. Due to the above-mentioned the spectrums not occupied by the PUs, which are usu-
properties of both the MC/DS-CDMA and the RRNS, oually referred to as the ‘spectrum holes’, without distugoin
proposed RRNS MC/DS-CDDMA is well suitable for DMAthe PUs’ communication and affecting their QoS. A CRU
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RADIO SYSTEMS

in CRs environments. communicating on a given spectrum band must terminate its
In this paper, we focus on design of low-complexitypommunication, once the band is found to be used by PUs.
high-efficiency and high-flexibility multiuser detectioM{D) In order to carry out the related investigation, in this

schemes for the RRNS MC/DS-CDDMA systems, and quaper, we assume that the whole frequency band accessible
studying the achievable error and throughput performaricelly the CRUs is divided inta” subbands supported by the
the RRNS MC/DS-CDDMA systems employing the proposetbrresponding subcarriers. The subbands are allocated to
MUD algorithms. Three types of MUD schemes are designadipport maximalK'» number of PUs. Once a PU becomes
based on the principles of the receiver multiuser divewsityed active, it is assumed to occuy> subbands, where we assume
multi-stage minimum mean-square error MUD (RMD/MSthat K,Cp < C. We assume that the PUs activate accord-
MMSE MUD) [20-23], yielding the so-called Type-l.1, Type-ing to the M/M/Kp/Kp/Kp queuing model [24]. In this

[.2 and Type-1l.1 RMD/MS-MMSE MUDs. Specifically, the M/M/K p/ K p/ K p queuing model, the number of active PUs
Type-l.1 MUD carries out the joint detection of all thefollows a Poisson distribution associated with an arriaer
subcarrier signals using both the observations and thenehan\, the service time obeys a negative exponential distributio
state information (CSI) associated with all the subcasriBy with meanl/u, and the number of servers, system capacity as
contrast, in the both the Type-1.2 and Type-ll.1 RMD/MSwell as the total number of customers are the same and have
MMSE MUDs, the embedded MMSE-MUDs are implemented value of Kp [24, 25]. According to the queuing theory [25],
subcarrier-by-subcarrier independently. Furthermore,the after the system converges to its steady state, the prdtgabil
Type-1.2 RMD/MS-MMSE MUD, the autocorrelation matricesof the event that there are active PUs is

used by the corresponding MMSE-MUDs are not dependent -1

on any CSI. Hence, their inverse matrices are required to po—|K ,§ 1 A '

be updated, only when the active CRUs change. Therefore, 0 P — (Kp —0)li! \ p ’

from the Type-l.1 to the Type-ll.1 and, finally, to the Type- KF, A\ ™

[.2 RMD/MS-MMSE MUD, the implementation complexity P, :m (H) Py, 1<n<Kp Q)

becomes lower and lower while the implementation flexipilit
becomes higher and higher. In this paper, the error andBased on the above assumptions for the PRs, we can know
throughput performance of the RRNS MC/DS-CDDMA systhat the frequency bands possible for the CR system are
tems employing the proposed MUD schemes are investigaté¢namic. The number of subbands available for the CRUs is
when assume communications over frequency-selectivadadgiven by

channels. From the performance results, we observe that the C=C—-nCp, n=0,1,...,Kp )
three types of RMD/MS-MMSE MUDs are capable of making

the RRNS MC/DS-CDDMA systems achieve similar error andthen there arer active PUs, wheres may take any value in
throughput performance. Owing to the above properties, W8, 1, ..., K, } with the probabilities given in (1).



Let us assume that the channels assigned to an active Pl D ESCRIPTION OFRRNS MC/DS-CDDMA & STEMS
are uniformly and randomly chosen from the unused frequengy A Brief Overview of RNS and RRNS

subbands.. In this cgse, the subbangjs gvallable for the CRUi residue number system (RNS) is defined [12] by a set of,
also constitute a Poisson process with its parameters démat ¢

. . . o say S, positive integers denoted by.;,mo,. .., ms, which
be readily derived from the corresponding PUs’ Poisson prg referred to as information moduli. All the moduli are

.. al
cess [25]. We assume that the CRUs have the same priority {§ ¢ . . . .
access th€ subbands based on the RRNS MC/DS-CDDM alnTsEgelatlvecg:;mbe;.um tlT(IaSI R;\rl](sj’ l?:gﬁ:gzegﬁil)( rz -
scheme that will be detailed in our forthcoming discourse, . s=1 s | quely 9 y rep

. sqpted by a residue sequengg,rs,...,rs), wherer, = X
Furthermore, when the CRUs are capable of accessing a : .
the C' subbands provided by the abovd/M/KplKplKp mod m, represents the _resujue af W't.h respect tom ?‘”d
gueuing model without any other limitations, we say that th(s)eeS Jénig':(j' Reverse)ly;,\ll::;h(l)s ENS' grven aﬁ‘rtuElelresuilgue
CR system is operated under t mode. However, in gordin to7 Iﬁé“ér:ib;]ese remin_dgrs th<eonrﬁ:r7n ?CET{[E(%] ,there
practice when operated under the interweave paradigm [gL: 9 ) Sy

eXists one and only one integér < X < M; satisfying

some other constraints are usually imposed on the CR systems .

. r. = X mod my. In other words, if {1, rs,...,75) conveys a
accessing the frequency spectrum. For example, a CR mr%ssetssageX it can be recovered uniquely and unambiguously
immediately clear the being used subbands, once it reallzel%h the aid of, for example, the CRT.

that the subbands are occupied by PUs. Therefore, for thee sak . . .
For the sake of incorporating error control or making a

of distinction, we refer to this constraint operational reago RNS-based system fault-tolerant, redundant moduli can be

asSthecF;hstrl;aunt_ mct)rc]ie d RRNS MC/D appended to the information moduli, forming the so-called
pecitically, In this paper, our propose S_r'edundant residue number system (RRNS) [12,15,26-28].
CDDMA is considered to be operated under the constrai becifically (Q — ) moduli m m e referred

mode by taking into account the effect of spectrum hando ' SHL IS +2) 200 TG

o . as redundant moduli, can be added to the previously
which is referred to as thisandoff mode. The operations under introduced RNS, in order to form a RRNS with positive,
the handoff mode are as follows. Let us assume that th

&irwise relative prime integers. Usually, it is requirdthtt
are n active PUs att. After a time duration ofA¢, some %r P 9 Y, q

. . . i , s s > , Moy .. . Let
of the (Kp — n) inactive PUs may become active to starﬁlené?;fjtttngff; ° 7:7@} ilaxb{em é eZ?te d byTCIS} Now
communication. The probability thatout of the (Kp — n) SR At i

) ) : R in the RRNS, an integerX in the range|0, M;) can be
inactive PUs become active withifat is given by [25] represented by a-tuple residue sequen[o(evl,r)z, Q)

with respect to the) moduli of the RRNS. At the receiver,
, based or(r1, 72, ...,7g), the RRNS decoding processing, such
as erasure-only decoding, error-correction-only deapdin
error-and-erasure decoding [27,28], may be implemented to
recover the messagg.

Additionally, once CRUs realize that there are ‘new’ PUs . .
appearing on some of the subbands they occupy, the CRUs iml—n this paper, our RRNS MC/DS-CDDMA system is de

mediately terminate their communications on these sul:rbanglgr]eFj based on the principles of RRNS, which is now
: } : : escribed as follows.

Simultaneously, after a time duration Aff, some active PUs

may complete their communications and become idle. The _

probability of the event that active PUs become inactiveB. Transmitter

within At is given by [25]

pr _PMEr )AL ey
7!

i=0,1....,Kp—n (3)

*»®_> 1
P, = n,uAte_""(kAt), k=0,1,.... 4) A
n (Bt o | et
In this case, there will be some new subbands available ér th s [ g2 &) C—=2
CRUs. However, the CR systems have to sense the spectrum ES |8V J(t) cos(2 faf) EXQ
first and also need to estimate the channels of the newly found L2 ?Of = T - =
subbands found, in order to access them. These processes)_(—’“> Tz ‘g% *»®—>L
should take some time. Therefore, the spectrum handoff may sympols €S = I
impose a significant impact on the achievable performance S P g0 Vit cos(2mfict)
of the CR systems, if the DMA scheme is not efficiently ] = :
designed. In order to avoid communication interruption, an —U =19

efficient DMA scheme should offer sufficient time for spec- _ _ _ _

t handoff and can tolerate some loss of sianals MOtii/atFlg' 1. Transmitter schematic block diagram of #ith CRU in the RRNS
rum ( gnaits. MC/DS-CDDMA system.

by these issues, our RRNS MC/DS-CDDMA systems take

into account of the spectrum handoff. As demonstrated in

the forthcoming discourses, the RRNS techniques make thelhe transmitter schematic block diagram for i CRU
CRUs robust to the spectrum varying and allow to implemeist shown in Fig. 1. The binary bits to be transmitted are first

seamless spectrum handoff. transformed to a residue sequer(@ék’),rék)7 ...77'8“)), which



represents a message having the integer valgeX;, < M, among the CRUs. Then, the received baseband equivalent

whereM < M;(=[]._, ms) and usually takes a value in thesignal at the CRBS can be expressed as

form of 28 with B denoting the number of bits per symbol. K 0 L

Then, the@ residues are mapped @ number of orthog- R(#) :ZZZ Eh(k)v(’“)(t)ck(t) exp(j27 furt)

onal sequences based on théary orthogonal-shift keying P s e U a1 a

(MOSK) principles [29]. In this paper, orthogonal Hadamard

Walsh codes are assumed, and every CRU is assigned the same +n(t) (7)

set of orthogonal sequences consstm@j:l m, orthogonal wherehfl’f) represents the channel gain of thi¢h subcarrier

Hadamard-Walsh codes of lengii,, arranged as: of the kth CRU, which obeys the independent identically
Vio(t), Vit (), oy Vi, 1) (8); distributed (iid) complex Gaussian distribution with zenean
Vao(£) Va1 (6)s s Vit 1) () and a variancd).5 per c_JlmenS|on. In_(7)n(1§) deno_tes the

20851, V2L ey V2(ma =1 (5) complex baseband equivalent Gaussian noise, which has zero
""" mean and a single-sided power-spectrum density (PSDJ),of

Vo (),VQ1(t), s Vomeo—1)(t) per dimension. Note that, without loss of generality, in, (7)
the initial phases due to subcarrier modulations at the CRUs
where the subset{Vyo(t), V1 (1), -, Vom,~1)()}; ¢ = were absorbed into the channel gains. Additionally, ¢fté
1,...,Q, is for transmission of the residue{"’, k& = subcarrier is the one determined by the indexesd|.
1,..., K, by taking one out of them, orthogonal codes
according to the value offlk). Note that, owing to the or- LTI p—
thogonality of the subcarriers in the RRNS MC/DS-CDDMA, Ev 3»% -
some of the orthogonal codes in the different rows of (5) SEo(nT. S | =
can be the same. Le¥, = T,/T,, where T, denotes the R - §?'3 X ﬂ»%g V| 2 i
symbol interval andT,. is the duration of the orthogonal 5@;5 22 ' x
codes’ waveforms, referred to dsaction for convenience. exp(—j27 fut) 'SE% CEg
Then, the orthogonal code waveform can be expressed as : oL | Yo,
Vi (8) = SN ViR [n) Pr, (t—nT,.), whereVi¥) [n] = +1, Sub-block | " Sub—block I5ub=block IIl

Pr, (t) represents the rectangular waveform of durafipnAs
shown in Fig. 1, after the mapping from residues to orthogorfs?i%t;]
sequences, each of tlig orthogonal sequences is spread by ' ) _ )
user specific signature sequence. Furthermore, each a@pthe The receiver schematic block diagram for the RRNS
spreading sequences is transmitted.csubcarriers, in order to MC/DS-CDDMA is shown as Fig. 2. The receiver can be
achieve arLth order frequency diversity. Therefore, the RRNirtually divided into three sub-blocks. In Sub-block I,eth
MC/DS-CDDMA system requires a total = LQ number of multicarrier demodulation is first executed. We assume that
subcarriers. Specifically, according to Fig. 1, the tratai the subcarrier signals are configured so that the subcarrier
signal by CRUk can be expressed as signals are orthogonal with each other at chip-level [3®licl
hence do not conflict inter-carrier interference (ICl). fhe

Receiver schematic block diagram for the RRNS MC/IEM™A

2P ®) a chip waveform matched-filter (MF) with its time domain
SeM =% \ 7Vq(rq) ()er(t) cos(2m ft + dg”), impulse response* (T, — t) is employed by each of th&
a=1i=1 subcarrier branches. As shown in Fig. 2, the chip waveform
k=12,... K (6) MFs’ outputs are sampled at the chip-rate in order to provide

the discrete observations for detection. It can be shown tha
he nth observation in theisth fraction of Vq(,@(t) and the
subcarrier can be expressed as

where P is the total transmission power of tti& number of
subcarriersgy (t) represents the spreading code assigned to t

kth CRU, which can be expressed@gt) = 3% My (t —

j=0"J
iTe), wherecg,’“) assumes a value of1 or —1, while v (t) vl = 1 /LST,\+( )T -
is the chip-waveform of the spreading sequences, which is T V2PNGN. T, Jo. 1, snr,
normalized to satisfnyTC Y2(t)dt = T.. Furthermore, we X ™ (t) exp(—j2m fyt)dt (8)

defineN, = T,./T., which is the number of chips per fraction. . o
Finally, in (6),¢flll“) represents the initial phase associated witi{here the factor ofl/(v2PN,N.T.) is for normalization.
the subcarrierf,. When substituting (7) into the above equation, we obtain

K
_ A ONO) (k)
C. Receiver yql’"[ns] _I; /NsNeUhql cnstJranTq [nS] + qu,n[”s]y
We assume that there afé CRUs using the samé = L@ q=1,2,...Q; 1 =1,2,...,. L;
number of subcarriers to communicate with one CR base- ne=0,1,....,Ny—1: n=0,1,..., N, — 1 (9)

station (CRBS). The subcarrier channels from theCRUs to
the CRBS are assumed to experience flat fading. FurthermostereN,, ,,[n;] represents the sampled noise, which obeys the
we assume synchronous transmission and ideal power-ton@aussian distribution with zero mean and a variane€’gf =



1/(2+,) per dimension, where, = E, /N, denotes the signal-  Mai[s] = [Naro[ns], Nava[ns], - Nty 1 ns]]”

to-noise ratio (SNR) per symbol anl, = PT, denotes the culng] = 1 [ (k) R) ) }T
energy per (RRNS) symbol. Furthermore, Bt= log, M be YN, e N e Net Ll e Ne t Ne =10
the number of bits conveyed by every RRNS symbol. Then, C[n,] = [e1[nJ],e2[ns], - - ,ex[ns]], (10)

we havey; = B+, with v, representing the SNR per bit. _ 1

As shown in Fig. 2, after the processing in Sub-block I, Ha = \ﬁdlag{h§§)yh§?)’-~- ahéf{)}
the observations are sent to the Sub-block Il, where meltius " _c q
detection (MUD) is carried out to suppress the multiuser atlns] = Clns] x Hoi
interference (MUI). Finally, after the inverse RNS transfo Then, it can be shown that
(IRNST) by Sub-block Ill, the information transmitted byeth
K CRUs is recovered. Let us consider the operations of Subg J[ns] =H g [ns]vg[ns] +nglng), ns = 0,1 N, —1;
blocks Il and 11l of Fig. 2 in the following sections. ! . B . ! 0 l—ql ’ I T (1’1)

IV. SIGNAL DETECTION INRRNS MC/DS-CDDMA
SYSTEMS Furthermore, let

From the description of the RRNS MC/DS-CDDMA sys- (1] [ T n],yhlnsl, - o yL ]
tems in Section Ill, we can know that the RRNS MC/DS- Yallts] = [Hq11Msl:- Ygzlltsly =7 - Yqr s .
CDDMA signals conflict MUI and channel fading, in addition H[n] = [H}[n, Hng), - HL[n]] (12)
to Gaussian noise, as explicitly seen in (9). Channel fadarg
be mitigated with the aid of the frequency-diversity atéain
by transmitting every residue digit over multiple subaoarri Then. we can write
channels experiencing independent fading. However, inmul "’
tiuser systems, diversity scheme becomes efficient ongr aft
the MUI is sufficiently suppressed. Otherwise, the perforcea
improvement contributed by the diversity will be overwhelin ¢=1...,Q (13)
by the performance degradation generated by the MUI. Fur-, . . .
thermore, when operated in dynamic communication enviro%‘gd't'onally’ if we express
ments, low-complexity detection is critical. Considerithgse

]T

3

ng[ns] = [0l [y n ), -l ng)] "

Yqlns] = Hynslvg[ns] +nglng, ns =0,1,..., Ny — 1;

_|p® (2) (K)
issues, in this contribution, we extend the RMD/MS-MMSE Hlns] = {hql (] by [ns)s -+ hy [”S]}
MUD proposed in [20-23] to the RRNS MC/DS-CDDMA H _ [ [Xe)) o R 14
systems. As the studies in [20, 22, 23] show, the RMD/MS- alrs] { o [l hg sl oy [ns]} (14)

MMSE MUD is a low-complexity and high-efficiency MUD .
scheme, which is capable of achieving the near single-uger}en’ it can be shown thak,[n.] andy,[n.] can be repre-

X nted as
error performance, even when the multiuser systems are faf
load, where the number of active users is equal to the spread- K
ing factor. Specifically, for our RRNS MC/DS-CDDMA, the Yq[ns) = th}’;) [ns]vfl’“) [ns] + ngi[ns) (15)
RMD/MS-MMSE MUD is operated at the fraction level to k=1
suppress the MUI. Then, MOSK demodulation is carried out to K
recover thel) moduli transmitted and, finally, the information Yg[ns] =D R 0ol [ng] +ngln.] (16)
symbol represented by the RRNS is recovered by the IRNST. k=1
Note that, the detectors considered below are all the cohere ) *) .
detection schemes, which require both the channel knowled§ (15) and (16)vg [ns] = Var, [ns]/v/N; is the kth entry
of all the CRUs and the knowledge about the PN sequen@svq[ns], which is then,th fraction of the orthogonal code
used by all the CRUs. The channel knowledge may be obtairfé@nsmitted by theéith CRU.
with the aid of the advanced time/frequency-domain channelThe RMD/MS-MMSE MUDs considered below are derived
estimation [31, 32], while the PN sequences can be acquife@sed on (11) - (16) in correspondence with the different sce
by the algorithms proposed, such as, in [17-19, 33, 34]. narios, which have different complexity requirements. fFar
this paper, since our focus is on the RRNS/MC DS-CDDMAake of distinction, we classify them as the Type-I and Type-
as well as its achievable performance, we hence assume RBD/MS-MMSE MUDs. Furthermore, Type-I includes Type-
the channel knowledge is ideal and all the PN sequences hieand Type-1.2 and Type-Il includes Type-II.1 and Type2||

ideally known to the receiver. which will become explicit by following the discussion belo
According to [20-22], the RMD/MS-MMSE MUD is an
A. Fraction Level RMD/MS-MMSE MUD iterative MUD, which iteratively carries out the operatson
Let us define of MMSE-MUD, identifying and detecting the most reliable
1 ) , . T CRU and interference cancellation (IC), until all the CRUs
vg[ns] = VoA Vi, VP, VI ]| are detected. Below we first analyze the component MMSE-

- MUD and reliability measurement (RM), before stating the
Yai[ns] = [yarolns), yara[ns), - ygn.—1[ns]] RMD/MS-MMSE MUD algorithm.



1) MMSE-MUD: The Type-l RMD/MS-MMSE MUD is after substituting (20) and (21) into (18), we obtain
built on (13) or (16). Its related MMSE-MUD forms the

-1
decision variable vector as W, [n.] = KIL ® C[ng]CT[ ]) + N,o?I N, } H,[n,]
Vg[ns| =N {Wf[ns]yq[ns]} ,ns=0,1,..., Ny, —1; (23)
¢=1....Q A7) Furthermore, in (23), if we let W, [n] =
where (Wailns,Wealng, -, W,rlng]", then, with the aid
) of (12), it can be shown that
Wns] = R;::q [HS]quvq[nSL (18) 1 1
R, [ns] andR, , [n,] are the autocorrelation matrix 9f [n.] W alns] = [Uc[ﬂs]CT [ns] + NSGQINe] Hylns),
and the cross-correlation matrix betwegfin,] andv,[n], 1—19 I (24)
respectively. With the definitions in (10) and (12), the auto Ty
correlation matrix is given by where the inversion operation is channel independent. Equa
1 tion (24) explains that, during the whole detection procedu

Ry, [n] =E [yqnyl [n]] = ——HyndH] [nd] + o°ILn,  the Type-l.2 RMD/MS-MMSE MUD needs to inveriV,
number of (N, x N,) matrices once, ifC[n;] is dependent
72,}(/@ (h(k) ])H o (19) On n,. If C[n,] is independent of,, then, the RMD/MS-
‘ MMSE MUD only needs to invert aQN, x N,) matrix once

) ) ) during the whole detection procedure.
wherel v, denotes aiLN. x LN.) identity matrix. In (19), 501 supstituting (24) into (17), the decision variabletoec
Ry, [n,] isan(LN, x LN,) Hermitian matrix that is channel- ¢ n,] can be simplified to
ql'ts

dependent. Hence, it is needed to be updated according to
type of autocorrelation matrix can be obtained using netti ZW nslYql [ns]} )
short-range average of the observations at the receiver. Th =1
RMD/MS-MMSE MUD invoking the autocorrelation matrix ns=0,1,....,Ns—1; ¢g=1,...,Q (25)
of channel-dependent, as shown in the form of (19), is classi
fied as the Type-l.1 RMD/MS-MMSE MUD.

In order to reduce the detection complexity, relativelygon
range average may be used to obtain the autocorrelatioixmatr

R, [n,] of channel-independent. In this case, after averagln
out the channels in (19), we obtain

A

the time-varying of the fading channels experienced. This y {
) ns =

which implies that the related MMSE-MUDs associated with
the U subcarriers are independent. Explicitly, this property is
highly beneficial to the DMA in CR systems, since in these
systems the frequency bands are time-varying. In this case,
ce some frequency bands are removed from a CR system or
some new frequency bands are added to a CR system, the CR
system only needs to deal with the corresponding subcsirier
covered by the frequency bands switched off or turned on,
without affecting the operations of the other subcarriers.
Against the above observation, the Type-lII RMD/MS-
MMSE MUDs are directly designed to achieve the subcarrier-
y-subcarrier independent detection based on (11) or (15).

Note that, if the spreading codes assigned taffhesers are Correspondingly, the decision variable vectors formedHhzgy t

fraction independent or, in other words(fn ] is independent related MMSE-MUDs are given by
of the indexn,, then, both (19) and (20) will be independent of
the indexn,. Explicitely, by doing this the complexity of the Vg[ns] = {ZW nslYql [ns]} :
corresponding RMD/MS-MMSE MUD can be further reduced, I=1
since the autocorrelation matrix invoked is only requiredé ns=0,1,...,Ng—1; ¢=1,...,Q (26)
computed once for all thév, fractions.

In (18), the cross-correlation matrix for either the Type-I

or Type-1.2 is given by W ilns] = R;qll [ns]Ry, v, [0s); ns =0,1,..., Ny —1;

1 _ g
Ry, = E [ygln.Joy[n.]] = S-Holni]  (22) ¢=12,...,Q; =12, L (27)
’ The autocorrelation matrix for the Type-11.1 RMD/MS-MMSE
Therefore, for the Type-1.1 RMD/MS-MMSE MUD, after ;b is
substituting (19) and (21) into (18), we obtain

. b L P
W) = (o BY 0] + No®Loy) Byl @2) Pl = 2 alnsiuatbnsl] = s Bl JHu ] o7

Ry, o] = (11 - Clo0 ") + o'Lux, (20)

where ® denotes the Kronecker production operation.

The RMD/MS-MMSE MUD making use of the channel-
independent autocorrelation matrix in the form of (20) i

referred to as the Type-1.2 RMD/MS-MMSE MUD.

where the weight matrices are given by

which needs to invert a0 N, x LN.) matrix of channel de- Zh(k) (h(’f) S})H + oy (28)
pendent. Similarly, for the Type-1.2 RMD/MS-MMSE MUD, N ‘



which is obtained by using relatively short-range averagend carrying out some simplification as well as ignoring the
and, hence, channel-dependent. By contrast, for the Tiype-iirrelevant coefficients, we obtain
RMD/MS-MMSE MUD using relatively long-range channel "

average, the autocorrelation matrix is given by (hf]k) [ns]) R [ng b [ny]

Yq
Lf]’“) [ng]=1|[1- N

|@ék) [ns]|

Ry, [n = (ns]CT [ng] + oI, (29)

1
UNq )
In (27), the cross-correlation matrices for both the Typg-| (1 _ (hék) [ns]>ngk) [ns]) ‘@((Ik)[nsﬂ (35)
and Type-II.2 are the same and given by

1 whereny, = 0,1,..., Ny — 1; ¢ = 1,2,...,Q; k =
Ry v, [ns] = ﬁﬂql[ns] (30) 1,2,...,K. Equation (35) shows that, aftd¥ [n,] is ob-
s tained, the reliabilities of the detections can be very Igasi
Hence, when substituting (28) and (30) into (27), the weigkvaluated.
matrix for the Type-Il.1 RMD/MS-MMSE MUD is given by  For the Type-l.2 and Type-Il.1 RMD/MS-MMSE MUDs,
the corresponding reliabilities can be similarly obtainesl

_ —1
Walns) = (qu [ H "' [ns] + NSUQIN6> H,ln,]  above, which are given by
D e NV
k k 5k
which is dependent on the channels but independent Lz_; (wa [nSD by [ns]] X [0g" [ns]]

subcarrier-by-subcarrier. When substituting (29) and (8®) L [n,] = — e
(27), the weight matrix for the Type-11.2 RMD/MS-MMSE (k) H _ Cg[nslCi ns| | (k)
MUD is given by ; (w ! [ns]) Ry, UN.N, |V [rs]

(36)

_ 1 -1
qu [ns] = (UC[TLS]CT[TLS] + NSJ2INC> qu [TLS] (32) fOI’ the Type'|2 and

which is channel independent and also subcarrier indepénde Lfl’“) [ns] =
Furthermore, when comparing (24) with (32), we can im-
mediately find that the MMSE-MUDs used in the Type-I.2 [
and Type-11.2 RMD/MS-MMSE MUDs are the same. Hence,
in the following discourse, only the name of Type 1.2 is used.
2) Reliability Measurement: Upon following the analysis in Z (w(k) [ns])H
[20], the reliabilities of the different CRUs can be measliire at
the principles of maximum likelihood (ML), after approxitra 37)
ing the decision variables output by a corresponding MMSE-
MUD as Gaussian random variables. First, for the Typeor the Type-Il.1, respectively. Note thak,,, in (36) is given
I RMD/MS MMSE MUD, after approximating the de(:|5|onby (29) and in (37) is given by (28). Correspondmg&/ [ns]
varlablevq [ns] as a Gaussian random variable, its mean afgl 36) is given by (32) and in (37) is given by (31).

l l
E NS g
=1

variance can be expressed as 3) RMD/MSMMSE MUD Algorithm: With the aid of the
" MMSE-MUDs and the RM as described above, we can now
B[00 o ]| = (wi ) b o ] state the RMD/MS-MMSE MUD algorithms [20-22]. Since
H the RMD/MS-MMSE MUD algorithms for the Type-1.1, Type-
Var {Uék) [ns]} = (w((lk) [m]) (qu [ns] [I.1 and Type-l.2 are similar, they can be described togethe

H as follows.
_ht(zk) [ns] (hék) [”s]) /NS) “’gk) [ns]/2 (33) Initialization : Forn, =0,1,..., N, — 1,

(0) (0) _
wherew(" [n,] = R, [n,h{"[n.]/N, is the kth column of Yo' [ns] =Yalnsl, Wollns] =Waln,] (38)
W[ns] given in (23). According to [20], the reliability of whereq is forq orgl, q=1,2,....,Q:1=1,2,..., L.
detectingvfl’“) [ns] in ML sense can be expressed as Detectiont for i = 1,2,..., K, carrying out the following
1 1 operations:
LP[ny) = ———— ‘(2E [@(k) [0S [ns] = } 1) Forming decision variables:
! 2Var[ 5 [n s}} I ? VN, ) 9 :
55 1 1 (P) L (Wz(ffl)[”s])H § 7V, Typedld
—2F |0, [nsﬂvq [ns] = _\/]T 0y [ns] (34) N0 fna] = .
T S W)y, oters
The detection obé’” [ns] is rendered more reliable, when the =1

value of L{"[n,] is bigger. Upon substituting (33) into (34) (39)



2) Determining and detecting the most reliable CRU: For algorithms. Then, the MOSK demodulation [29] is carried, out
the CRUSs, ki, ks, ...,k%_,,,, that have not been de-which is constituted by blocks with each responsible for
tected, computing their reliabilities according to theecovering one of th&) residues. Specifically, for theth,

equati/ons giver) in Section I\(—A2, which are expressegd=1,2,...,Q, block responsible for recovery mﬁk), it first
asLV[n,], LY [n,], -, L+ [n,], and identify- formsm, decision variables as
ing the most reliable user as N1
kS ng] = argmax{Lwi)[n -, Ly ]} Zgy) :éﬁ{ > o [”]qu[n]} ;m=0,1,mg =1 (45)
q S ki q Sy bl q S =0

(40) whereV,,,[n] is thenth fraction of themth orthogonal code
Whose(_)decision variable is recorded and hard-decision the gth group, as shown in (5), for transmitting th¢h

of Vq(,,’il(; [”S])[ns] is made. residue. Then, the largest is selected from the decisidabiar
3) Interference cancellation: set{Zéﬁ), Zé’f), e ,Z;’(?nrl)} and the corresponding index
y D [ng] =y [n,) of this largest term represents the estimate, expresséﬁ)as
. v (k) . .
RP[n]) e (k8 [n]) tory" of the gth residue transmitted by theth CRU. Let the
—ha [ Var, [ns]//Ns (A1) @ estimates to the residues transmitted by kle CRU be
9 fns , i [
Wherehik" [ ])[ns] is theszl )[ns]th column ofH ,[ng], collected into .
corresponding to the CRU detected at title iteration #F) _ [f{k),fék), L 7fé§’ L k=1,2,.... K (46)
of detection. i o
4) Update: UpdatingWs™ ' [ns]'s to Wa" [n]'s. Finally, #*) is sent to the IRNST of Fig. 2, where the
In the above algoritthf?[ns] can be updated from estimate0 < X, < M to the transmitted messag¥,
ij’l)[ns] according to the formula [20] is obtained, for example, with the aid of the CRT [26].

Furthermore, when the RRNS is consideretf!) represents

7 _ i—1
W()[”s] = [Wfl )[”S] the observations of a RRNS codeword [28]. In this case,

a

(1) 5D 1] H (1) the ratio statistic test (RST) assistechsure-only decoding,
W, ][ns] <ha" ‘ [ns]) Wo Vlns] | error-correction-only decoding or the RST-assisteerror-and-
M - = PW[n,]  erasure decoding [27,28] may be employed to decod€"
qu ng i— ) I
1— <ha [ ][ns}> wfz,k;iz[ns][ns] and to recover the messagg. transmitted.
(42)

C. Characteristics of RRNS-Based MC/DS CDDMA
for both the Type-l.1 and Type-1l.1 RMD/MS-MMSE MUDs, i i o i
From the analysis and discussion in the previous subsec-

while according to the formula .
tions, we can know that the RRNS MC/DS-CDDMA scheme

W n,] = {ij*”[ns] has the following characteristics, when applied in CRsstFir
o o T the RRNS MC/DS-CDDMA is a multiple-access scheme of
(RG] ent "] (cﬁq ["S][ns]> Wi V(n.] low complexity. In comparison with the conventional MMSE-
n UN. P(“[ | MUD designed based on (17), which obtains the weight matrix
kD () T b s kel a'"s] from (18), Table | summarizes the number of operations re-
<°“ [”"‘]> (Ra™ " [na]) " ee (] quired by the four detection schemes. In Tablel, as, ...,
1= UNs 43) Y, db are certain constants, wheR,, the number of CRUSs,

is given. Furthermore, the column of ‘Channel Dependence’
for the Type-l.2 RMD/MS-MMSE MUD. In the above indicates how the detection scheme is dependent on the
two equations,w(i;(li)) [ns] is the k{”[n,]th column of channel knowledge. Specifically, the term of ‘Auto/cross-
(1) km[,‘:] ! ["] @ correlation’ corresponding to the first two detection sceem
Weo lnsl, ea” " [ns] is the kg’ [ng]th column of Clns|, means that the invoked autocorrelation and cross-coimalat
while P{[n,] is a permutation matrix obtained frof}, by matrices are dependent on the channel knowledge of all the
removing the columns corresponding to the CRUs detectedsubcarriers. The term of ‘Subcarrier auto/cross-coriaator
the Type-1l.1 MUD means that the invoked autocorrelatiod an

B. Orthogonal Demodulation and Inverse RNS Transform cross-correlation matrices are only dependent on the @hann

After the fractional RMD/MS-MMSE MUDs, the estimatesknowledge of the subcarrier considered. By contrast, the
to the fractions of the orthogonal codes sent by it k = term of ‘Subcarrier cross-correlation’ for the Type-1.2 U
1,2,...,K, CRU can be expressed as means that the related autocorrelation matrix is indepanafe
T channels, while the cross-correlation matrix is only dejeen

”é’f«)q = |6 10], 0 (1], -+, 5 {F [N — 1]} (44) on the channel knowledge of the subcarrier consideredllfina
we note that the IC operations in the three proposed MUD
where ¢ = 1,2,...,Q and {f;ék)[n}} are the soft-values schemes require the channel knowledge associated with all

output by the MMSE-MUDs in the RMD/MS-MMSE MUD the subcarriers of the RRNS/MC DS-CDDMA system. From



TABLE |
COMPARISON OF THE NUMBER OF OPERATIONS REQUIRED BY THE VARIO®J/DETECTION SCHEMES

Type MMSE-MUD SIC Channel Dependence
Conventional | aj LN, + as(LN:)? + az(LN.)? — Auto/cross-correlation
Type 1.1 b1 LN + ba(LNe)? + b3(LNe)3 | b KLN. + by (LNe)? Auto/cross-correlation, IC
Type 1.1 c1Ne + caN2 + c3N3 i KNe + c4N2 Subcarrier auto/cross-correlation, 1C
Type 1.2 d1Ne +doaN2 +d3N3 d)KN. + d,N?2 Subcarrier cross-correlation, I1C

Table I, we can see that the Type-l.1 RMD/MS-MMSE MUCRRNS MC/DS-CDDMA scheme highly robust and suitable
has a similar complexity as the conventional MMSE-MUDfor achieving seamless spectrum handoff in CR systems.
both of which are proportional td.>N? and expressed asAccording to the first property of the RNS arithmetic, the
O(L?N2). Both the Type-I.2 and Type-I1l.1 RMD/MS-MMSE operations of the residues belonging to different modui ar
MUDs have the complexity of2(IN?), since, in these two mutually independent. Correspondingly, the operationth wi
MUD schemes, the matrices need to be inverted atex N.) respect to different residues in Fig. 2 are independentreFhe
dimensions. Furthermore, as shown in Section IV-A, in there, the RRNS MC/DS-CDDMA scheme is highly flexible for
Type 1.2 and Type-1l.1 RMD/MS-MMSE MUDs, the MMSE- reconfiguration. The second property of the RNS arithmetic
MUDs are operated subcarrier-by-subcarrier indepengengxplains that, if the RNS is designed with redundant moduli,
Additionally, the autocorrelation matrix used by the Tyge- forming the RRNS, some of the residues may be discarded
RMD/MS-MMSE MUD is channel-free and, hence, it is notvithout affecting recovery of result, provided that a sudfidly
required to be updated, provided that the active CRUs do rogh dynamic range is retained by the reduced-range RRNS
change. When taken this into account, the complexity of tlsgstem. In this case, the RRNS MC/DS-CDDMA scheme is
Type-1.2 RMD/MS-MMSE MUD is in fact onlyO(N?). fault-tolerant.

Second, as our performance results in Section VI will In summary, all the above-mentioned properties of the
show, although the complexity of the proposed three typ&RNS MC/DS-CDDMA scheme are important for a multiple-
of RMD/MS-MMSE MUDs is different, they are all highly access scheme operated in CR environments, which make
promising MUD schemes, which are capable of achievirije proposed RRNS MC/DS-CDDMA scheme a promising
the near single-user error performance bound even a reaseandidate for DMA in CR environments.
able number of CRUs are supported. All the three proposed
RMD/MS-MMSE MUDs outperform the MMSE-MUD in V. PERFORMANCEANALYSIS OF RRNS MC/DS-CDDMA
terms of the error performance. SYSTEMS

Third, in the RRNS MC/DS-CDDMA systems, the MMSE- In this section, we first analyze the outage probability
MUDs associated with th& subcarriers can be implementecf the RRNS MC/DS-CDDMA system. We assume that an
separately and independently. Hence, they are highly flexilmutage occurs, when there are not sufficient subcarriers for
and beneficial to reconfiguration in dynamic communicatiolme RRNS MC/DS-CDDMA system to be operated properly.
environments. For example, when some new PUs activate &afften, we analyze the lower bound error rate of the RRNS
occupy some of the subcarriers that the CRUs communicateM@/DS-CDDMA system. Note that, it is extremely difficult
or when some other PUs complete their communications atad derive the expressions for the error rate of the RRNS
release some subcarriers, the RRNS MC/DS-CDDMA systatiC/DS-CDDMA systems using our proposed RMD/MS-
can readily adapt to these changes. It can simply termint®ISE MUD. This is because, as shown in Section IV, the
the communications on the subcarriers occupied by the neignals detected at different stages are at differenthiétia
PUs without having to terminate the CRUs’ communicationevels, and they are correlated too. Hence, for the RRNS/MC
Furthermore, the RRNS MC/DS-CDDMA system may makBS-CDDMA systems supporting multiple users (or CRUs), we
use of the newly released subcarriers by the PUs for enhgincirse the Monte-Carlo simulation approaches to evaluate thei
the communication performance. BER performance.

Fourth, the RRNS MC/DS-CDDMA scheme is beneficial to
PN sequence acquisition in dynamic communication enviroa: Outage Probability of RRNS MC/DS-CDDMA Systems
ments. The studies in [17-19] show that the MC/DS-CDMA ;1 section Il we can readily know that the probability of

scheme is capable of providing advantages for PN SEQUERCE o ent that there alé — Cp.2Cp. ... KpCp subchannels
acquisition in comparison with the single-carrier DS-CDMA, ; T

vailable for the CR system is
scheme. Furthermore, in the RRNS MC/DS-CDDMA, every y
CRU communicates using multiple subcarriers and the PN Pfjﬁ(U) = P(KP,CL), 47
sequences on these subcarriers are synchronous. In tkis ca; g

when there are new subcarriers added, the PN sequences U the CR system is operated under the ideal mode or is

by the newly added subcarriers can be readily synchronized Kp-U/Cp
with the PN sequences of the existing subcarriers, without PSE. . (U) = Z P, (/KP_L_n)’CP (48)
requiring the PN sequence acquisition procedure. n=0 or

Moreover, the inherent properties of the RRNS make thehen it is operated under the spectrum handoff mode.
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According to the principles of the RRNS MC/DS-CDDMA,in Section IV become the same and are equivalent to the
when the RRNSD,S) is employed, the RRNS MC/DS- matched-filtering (MF) detection. In the single-user cdke,
CDDMA system requires at leaStnumber of subchannels for observation equation (15) in the context of #ta residuer,
conveyingS out of the@ number of residue digits, in orderbecomes

for the receiver to recover the transmitted message. Toreref 1 *) *)
the outage probability is given by Yar[ns] :\ﬁck [ns]hqz [ns]vg” [ns] + mqns],
Kp l=1,2,...,L; ng=0,1,...,N, — 1 (51)

PO uiea(S) = Z PTL
n:Kpf(%.|+l
Kp

wheren, [n4] is anN.-length Gaussian noise vector with zero
mean and a covariance matriy, /vs. From (51), them,
Kp! </\>" (49) decision variables can be formed using the MF principles as

(Kp—n)n! \ .
Z Z Z (n?") czyqz[ns]},

n=Kp—[&1+1 {
when the RRNS/MC DS-CDDMA system is operated under S Ihql i
the ideal mode. In (49)x] returns the minimum integer larger =0,1,...,my— 1 (52)
thanx and P, is given in (1). By contrast, when operated under
the handoff mode, the above outage probability is given bywhere \/U/Zle |h((1'f)|2 is applied to normalize the outputs.
Without loss of any generality, let us assume that= 0

:PO

S
Kr—Tep] Kp_n was transmitted. Then, when substituting (51) into the abov
P§E,(8) = PSFea+ Y I > P/ | equation, we obtain
= i=Kp—n—[]+1
. i Zg0 =1+ Ny
= PGH, L P A S @ Zgm =Ngmym =1,2... ;mg — 1 (53)

i _r-s_ . . . .
i=Kp=lep1+l whereNy,, is a Gaussian random variable with mean zero and

Kl R variances?,, = U/(2v, 31 [h})?).
¥ —AMKp—n)At _ .
+ o Z |:(KP — )l <> e AEp=m) Let v, = 74 Zle |hqi|?> with 4, = ~,/U denoting the

KP*"%]

n=1 K average SNR per subcarrier channel. Since each subcarrier
Kp—n (A(Kp —n)Ab)" channel is assumed to experience iid Rayleigh fadjpdience
X Z P—' (50) obeys the central?-distribution with2L degrees of freedom,
k=Kp—n—[ £ ]+1 k! having the probability density function (PDF) [29]

- - 1
where At represents the duration of spectrum handoff, which frg) = —————~F"Texp (_%> Ve >0 (54)
is normalized by the symbol duration and takes integer value ! (L—-1he 1 Ya =

Considering thatZ,,, is Gaussian distributed with a mean of

B. Error Performance Lower Bounds of RRNS MC/DS one form = 0 and zero form # 0 as well as a variance of
CDDMA Systems qm, we can obtain the PDF df,,,, by averaging its Gaussian

According to [20, 22], the RMD/MS-MMSE MUD is usu- PDF With respect to the PDF of (54), yielding
ally capable of achieving the near single-user BER perfor- VAL + %)
mance, even when the system is full-load, where full- load/ 7. (%) = VAL — DI[L + 7y (x — 1)2]L+3
means that the number of users supported equals the spgeadin i Ta

imula in Sect | VL + )
factor. Our simulation results in Section VI of this papesaal ¢, (;) = a 2 —om=1,..,my —1
show that the RRNS MC/DS-CDDMA systems employing V(L = Y1 + y,a2) Lt
the RMD/MS-MMSE MUD can also achieve promising per- (55)

formance that is close to the single-user BER performangﬁl,]ereF
provided thatKX < LN, number of users are supported
Therefore, in this section, we analyze the error performan
bound of the RRNS MC/DS-CDDMA systems by assuming

that single user is supported, which represents the lowando / fy
for the error performance of the RRNS MC/DS-CDDMA Zun e

() represents the Gamma function [29]. Let us express
the cumulative distribution function (CDF) df,,,,, m # 0,

systems supportlng multiple users. Furthermore,. owing to 7 L+ 1) [ L Cr(ly
the high efficiency of the RMD/MS-MMSE MUD, in most - -0 |, 1 tm 021 (56)
cases, the single-user error performance can be viewed as ' Yoo (L4 9y7)
the approximate error performance of the RRNS MC/Dgyhere, by definition,
CDDMA systems supporting multiple users. oL — 2\I(2] — 31!
When the RRNS MC/DS-CDDMA systems support single- CL(l) = (2L —2)!1(2 = 3)!! (57)

user, all the three types of detection schemes considered C (2L -1l - 2)!
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Then, the error probability of detecting tigeh residuer, can defined in Section Il. Based on the above definitions, the
be derived as [29] lower-bound symbol error probability of the RRNS MC/DS-
oo y me—1 CDDMA systems operated in dynamic environments can be
P.(mg,L)=1— / [/ JZym (x)dx} Tz, (y)dy expressed as
C

—1- / T [Fan @)™ Fzw)dy Ppua =Y PERUIP. rrns (fo(U), fL(U))  (62)
[e) U=S

= (mq — 1)/ F 2y = DI Fz,, )" 2dFz,, (y), wherePCE(T7) denotes the probability aPS2 (T7) given by

(47) or the probability oPCE., (1) given by (48), while
¢=12...,Q ®8) P riws (fo(U), (1)) is given by (60).

which can be evaluated by numerical integration. Let us below provide a range of performance results for

When the RRNS MC/DS-CDMA is considered, where theharacterizing the performance of the RRNS MC/DS-CDDMA
total number of subcarrier® is fixed, if all the @ moduli Systems.
are used exclusively for transmitting information, meanin
that there are no redundant moduli, i.€), = S, then the VI. SIMULATION RESULTS AND DISCUSSION
transmitted RNS symbolX}, is correctly received on the In this section, we provide a number of figures to demon-

condition that all the@ number of residueri,r2,....7Q  gate the achievable performance of the RRNS MC/DS-

are correctly received. Hence, the lower-bound of the @eerg-H\1a and RRNS MC/DS-CDDMA systems employing the
error probability of the RRNS/MC DS-CDMA systems can bﬁroposed MUDs, namely

expressed as [16] « Type-.1 RMD/MS-MMSE MUD:

Q « Type-1.2 RMD/MS-MMSE MUD;

Perns(@ L) =1~ [ = Pe(mg, )] (89) |, Type-Il.1 RMD/MS-MMSE MUD.
o=t The performance results shown in this section were all ob-
When RRNSQ), 5) coding, where) > S, is invoked in our tained from the C++ software tool called IT++. In our sim-

RRNS MC/DS-CDMA systems and when the ‘error-correctiofjations, we assumed that random spreading sequences were
only’ decoding is employed, it can be shown that the lowegmployed for the DS spreading and that the subcarriers ex-
bound of the average error probability of the RRNS/MC DSserienced independent frequency non-selective (flat) éigtyl

CDMA systems is given by [16] fading. For convenience, the parameters used for settiag th
. . PR and CR systems are summarized as follows.
Porrns(Q, L) =1 — Z Z H P.(my,, L) o C': total number of subcarriers of the PR system;

e Kp: maximal number of PUs;

= Q i=1
I CCRR EE e « Cp: number of subcarriers occupied by an active PU;
e A, 1/p and \/u: arrival rate of PUs, mean service time
< [ = Pma, L)) (60) per active PU andltilization factor;
n=1,n7#q; o U: total number of subcarriers used by the CR system;
Wheretm/aa; = L(Q — S)/2J represents the maximum number e Q7 S total number of moduli and number of information
of errors that the RRNSI7 S) code can Correct' anﬁ:N Q) m0du|? of the RRNS Hence, the number of redundant
represents all the possible selections thait of the number moduli of the RRNS i) — 5
of residues{#,, 7, ..., 7} are received in error. Furthermore, ¢ L: order of frequency diversity; _ _
P.(m,,, L) in both (59) and (60) are given by (58). e N. = T,/T.: number of chips per fraction of duration
Finally, when the RRNS MC/DS-CDDMA systems are  Ir;
considered, where the total number of subchanfieis time- = K number of users (CRUs) supported by the CR sys-

varying, the lower-bound error performance can be analgzed tems;

follows. We assume that there is no information transmissio In order to demonstrate and compare the error performance
in the CR system, if the number of available subchannelsa$ our proposed three types of RMD/MS-MMSE MUDs, in
lower than the minimum number &f required by the RRNS Figs. 3 and 4, two RNS MC/DS-CDMA systems without

MC/DS-CDDMA systems. In this case, we define using redundant moduli were studied, when assuming that the
1 _ henS < U < systems are operated in static communication enwronmkmts
f1U) ’UfQ(U) U whenS<U=<@Q (61) the first RNS MC/DS-CDMA system considered for Fig. 3, we
frlU)= 1=, foU)=Q, whenQ <U < C assumed that the system employed in téfak 8 subcarriers
Q for transmitting S = 2 information moduli,m; = 5 and

wherefq (U) and f (U) represent the numbers of moduli usedn, = 7, and achievingl = 4 orders of frequency diversity.

by the RRNS and the diversity order achieved, respectiveljde choseM = 32 and, henceB = log, 32 = 5 bits were
when there ard/ number of subchannels available for théransmitted per symbol. In the RNS MC/DS-CDMA system
RRNS MC/DS-CDDMA systems. Additionally, in (61),' considered for Fig. 4, we assumed that the system employed
is the total number of subchannels of the PR systems, indotal U = 16 subcarriers for transmitting = 4 information
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1 Y78 Q=572, 174, \F8 From Section IV-A1l we know that the MMSE-MUD in-
7352:“11 voked in the Type-l.1 RMD/MS-MMSE MUD carries out
. . o Type-l.2 the joint detection of the signals transmitted on different
10 : — Lower bound subcarriers, which makes use of the channel knowledge about
o - MMSE (K=8) all the subcarriers. Correspondingly, as seen in Figs. 34and
&g 10° the Type-l1.1 MUD is capable of achieving the near optimum
S N BER performance that is close to the lower-bound (singkr-us
% 1015 kes $\N NI BER), even when the number of users supported is as high as
0 K=16 A K = 2N.L = 64. Furthermore, as shown in Figs. 3 and 4,
L |oK=s2 N the BER of the Type-1.1 MUD converges to the lower-bound
10* [ A K=48 , .
o K=64 as the average SNR increases. By contrast, as the analysis
] [ ] in Section IV-Al shows, the MMSE-MUD invoked in the

o 2 4 & 8 1 1 1 15 1 2 Type-Il.1 and Type-l.2 MUDs detects each subcarrier signal
Average SNR per bit (dB) separately. The difference between the MMSE-MUDSs used in
the Type-Il.1 and Type-1.2 MUDs is that the autocorrelation
Fig. 3. BER versus average SNR per bit performance of the Ri¢8eb i i _ _ -
MC/DS-CDMA systems employindg/ = 8 subcarriers, which conveg) = matn?( in the the MMSE-MUD f(.)r the Type-ll.1 reqUIreS.
S — 2 residues attaining, — 4th order frequency diversity. real-tlme channel knowledge, while that for the Type-1.2 is
independent of channel knowledge. Hence, these two MUDs
have a degraded capability of MUI suppression, in compariso

Jp UT16,Q=5=4, 1=4, -8 with the Type-l.1 MUD. Therefore, as observed in Figs. 3
— Type-l.1 and 4, the BER curves of these two MUDs diverge from the
i - %’;g::f'zl lower-bound, when the number of users supported is relgtive
10 A —— Lower bound high, such ag{ = 32 or 64 in Fig. 3 andK = 64 in Fig. 4.
o o] |7 MMSE (K=8) However, when the number of users supported is not very high,
8 10? ‘ typically, when X' < LN,., or when the operational average
S SNR is relatively low, such as, yielding a BER of abouil,
i 10° the performance of the proposed three types of MUDs is
o + K=8 i . . .
o K=16 usually close to each other, with the difference typicallshim
o ko3 R o 0.5 dB (the only exception is the case &f = 64 in Fig. 3).
10* — & K=48 e
o K=64
U=8, Q=4, S=2, L=2, N8
5 ‘ ‘ . 10°
10 0 2 4 6 8 10 12 14 16 18 20
Average SNR per bit (dB)
- \E = -
Fig. 4. BER versus average SNR per bit performance of the Ri&eb \
MC/DS-CDMA systems employing/ = 16 subcarriers, which conve§) = % ,
S = 4 residues attaining thé& = 4th order frequency diversity. @ 10° | — Type-l.1 \
5 Type-Il.1
5 ---- Type-1.2
'Z.%' 10% | —— Lower bound
moduli, m; = 5, ma = 7, m3 = 8 andmy = 9, and also SR
achieving L = 4 orders of frequency diversity. Correspond- 10* | 0 K=32
ingly, we chosel/ = 2048 and every RNS symbol transmitted . ﬁ:gf‘l
B = logy, M = 11 bits. In both the figures, the lower bound 10° :
BER was depicted. Furthermore, in these two figures, the BER ° %% average SNR perbit (dB)

performance of the corresponding MC/DS-CDMA systems

using MMSE-MUD to supportK’ = 8 users is depicted. Fig. 5. BER versus average SNR per bit performance of the RRICEIS-
Figs. 3 and 4 explicitly show that any of the three propos&PMA systems communicating over frequency-selective Rallefading
detection schemes outperforms the MMSE-MUD. As seen ffannels.

Figs. 3 and 4, at a given SNR per bit, the Type-I.1, Type-I.2

or Type-1l.1 RMD/MS-MUD may support significantly more Figs. 5 and 6 illustrate the BER performance of the RRNS
CRUs than the MMSE-MUD, while attaining a similar BERMC/DS-CDMA systems employing the proposed MUDs,
This observation becomes more declared, when the SNR pdren non-dynamic communication environments were as-
bit becomes higher. From Figs. 3 and 4, we observe that themed. In the context of these two figures, RRNS schemes
Type-1.1 MUD outperforms both the Type-l.2 and Type-Il.Were considered. Specifically, for Fig. 5, the RRN) was
MUDs, while the Type-Il.1 MUD outperforms the Type-l.2used, where the two information moduliwerg = 5,ms =7
MUD. This observation becomes more clear, either when thed the two redundant moduli weres = 8, my = 9. By
number of users supported increases, or when the average SNRrast, for Fig. 6, the RRNS8,4) was employed, where
per bit increases. the four information moduli weren; = 5,ms = 7,m3 =
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o U=16, Q=8, S=4, L=2, \8 # Dynamic EnvironmentA=0.2
10 1

g 8
[ 4"_Jgﬂuﬂn
10" ;‘\\E L\‘* : o ' -7 55
S r? ] .2
© S 102 e LAt
& 10% | — Type-l.1 : 96 poet i '//
5 Type-Il.1 > 10° Y et
o ---- Type-l.2 E e
= 103 | — Lower bound 0 By 2
4] Ny RY Q o4
+ K=8 \ N o 10 e
.| oK=16 % o e - - Handoff: S=2,k=8,G=2
107 | O K=32 Y S A 105 =7 ---- Handoff: S=4,k=16,G=2
A K=48 ‘v\,\. —— Ideal: S=2,k=8,G=2
. < K=64 \ N . — ldeal: S=4,k=16,G~=2
W2 4 6 8 10 12 14 16 18 20 10 10 B 5 10 2 5 10t

Average SNR per bit (dB) m

Fig. 6. BER versus average SNR per bit performance of the RRE®I&- Fig. 7. Outage probability versus/p (utilization factor) performance of
CDMA systems communicating over frequency-selective Rafleading the RRNS MC/DS-CDDMA systems using two information moduli and t
channels. redundant moduli and\¢t = 1.

8,ms = 9, while the four redundant moduli weress = of the PR system increases, even when the number of PUs
11,mg = 13,m7 = 17,mg = 19. The value of M was supported increases proportionally with the subbands.
chosen as\ = 32 for Fig. 5 and asM = 2048 for Fig. 6.

Furthermore, as for Figs. 3 and 4, the impact of the number of U=8, S=2, N=8, K=32

users was evaluated, when the proposed three types of MUD 1 —— Type-l.1

schemes were employed, respectively. 5§~°\\ a- Type-Il.1
From the results of Figs. 5 and 6, we observe that, within 10" %\1 \‘\g,\\ 7 Typerl.2

the considered SNR region, the BER performance achieved . \ \

by the three types of MUDs for the various number users is 8102 NS b, S=3,L=l

very similar. This observation explains that the Type-Hrid, 5 & \ \\%

especially, Type-1.2, which are suitable for implememtatin @ B N

dynamic environments, are also promising MUDs in terms @ 1 "6 \

of the BER performance. When we compare the results in Q==2.L=4X ﬁi"*\'gﬂ L4

Figs. 5 and 6, where RRNS was considered and 2 orders 10* NS

of diversity were used, with that in Figs. 3 and 4, where no B, \ B

RRNS was used but = 4 orders of diversity were achieved, 10° Sk

we can observe that the BER performance shown in Figs. 3 and e e Aversge SNlé per éf’t (dB)lg =

4 is generally better than the corresponding BER performanc
shown in Figs. 5 and 6. The reason for this observation fg. 8. BER versus average SNR per bit performance of the RRIGEDE-
that, in this paper, hard-decision based RRNS decodingngA systems communicating over frequency-selective Rallefading
assumed and, furthermore, the RRNS codes used are rqlati\?g?nnels'
short, with RRN$4, 2) for Fig. 5 and RRN&, 4) for Fig. 6.
Consequently, the decoding scheme is outperformed by theén Figs. 8 and 9, we compare the BER performance of
diversity scheme within the SNR region considered. Notg thghe RRNS MC/DS-CDMA systems, when various number of
the error performance of the RRNS codes may be significangydundant moduli and various order of frequency diversiey a
improved, when soft-decision based decoding scheme is usgskd, while maintaining the total number of subcarriess, i.
Fig. 7 shows the outage probability of the RRNS MC/DSY/ = @ L, a constant. As the results in Figs. 8 and 9 show,
CDDMA system in the dynamic communication environmentshe BER performance of the RRNS MC/DS-CDMA systems
where the PR system was configured by the parameters shamproves, as the value of increases and the value @
in the figure. Both the ideal mode and handoff mode wedecreases. This observation implies that, when hard-idecis
evaluated. Two information moduli and two redundant moduliased RRNS decoding is employed, obtaining frequency di-
were employed by the RRNS. The results of Fig. 7 explicitlyersity, which is equivalent to using repetition code witfts
show that the performance predicted without taking into acembining, is more beneficial than using redundant moduli
count of spectrum handoff may be too optimistic, espegciallfor error correction. Note that, soft-decision based RRNS
when the utilization factoi/u of the PR system is relatively decoding is beyond the consideration of the current paper.
low. Additionally, given a fixed utilization factor, the nélts of However, we note that the BER performance of the RRNS
Fig. 7 show that the outage performance of the RRNS MC/DSIC/DS-CDMA systems should be significantly improved,
CDDMA system improves as the total number of subbandgen the soft-decision based RRNS decoding is employed.
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& U=16, S=4, N=8 . Dynamic (Handoff Mode): C=48,6,G~=8,1=0.2,=0.4; S=2,N=8
o Type-l.1 — Type-I.1 o K=8

o Type-ll.1 4 Type-Il.1 o K=16
& Type-l.2 2 — ---- Type-1.2 o K=32
=842 k=51 10% S — Lower bound| & K=64

i ot 5 SES====|
L

=
o,

Bit-Error Rate
Bit-Error Rate
5

. Q=4,L=4 K= 3
10* 5
16° Q=8,1 B 10*
0 3 6 9 12 15 18 24 0 2 4 6 8 10 12 14 16 18 20
Average SNR per bit (dB) Average SNR per bit (dB)

Fig. 9. BER versus average SNR per bit performance of the RRIEEI®8- Fig. 11. BER versus average SNR per bit performance of the RRE®S-

CDMA systems communicating over frequency-selective Ralleimding CDDMA systems communicating over frequency-selective Rghldading

channels. channels, where the RRNS hés= 2 information moduli and upt@—S = 4
redundant moduli and\¢ = 1.

§ Dynamic (Ideal Mode): C=48,6,G=8,A=0.2,=0.4; S=2,N=8

1
— Type-l.1 0 K=8 . .
° Type-lll | o K=16 are observed, even when single CRU is supported. In contrast
: N e b when operated under the ideal mode, as shown in Fig. 10, error
105 = floors are observed only for the casestof= 64. The reason
g £ - for the observation of error floors in Fig. 11 is that, under th
T2 NN handoff mode, the transmission on some subcarriers has to be
o 10—2 A& - _
il X e terminated, once the subcarriers are required by PUs. $n thi
o N\ . .
@ — —] case, the CRBS has to detect the transmitted signals based
2 Y H << . . . . . .
- Nk Nd on the incompletely received signals, yielding high ermter
5 g\ == detection.
S [\ R
2 VR Dynamic: C=48,k=6,G=8\=0.2 At=1, SNR=10dB; S=2, 8
Vo 4 e 8 10 12 14 16 18 20  p— Type-1.1 = e
Average SNR per bit (dB) 5 Type-Il.1 — e
---- Type-l.2 T P
Fig. 10. BER versus average SNR per bit performance of the RRE®S- 2 }g/zyj{/ e el
CDDMA systems communicating over frequency-selective Rghldading © 102 A e se= =ndS
channels, where the RRNS héis= 2 information moduli and upt@)—S = 4 © —= e ,i/ -’Fi}i
redundant moduli. ﬂg 5 — *) o — =
LE 2 : 4 i ] Z #
. . . @5 N S e’ } :ﬁ—- Ideal: Lower bound
In Figs. 10 and 11, we investigate the BER performance of e AW - Eancli_olzfigower bound
the RRNS MC/DS-CDDMA systems employing, respectively, ¢ 2 Zar S Handof: K=8
the proposed three types of MUDs, when communicating over 2 - S g 4 Ideal: K=32
dynamic spectrum environments. In Fig. 10, we assumed that - S & Handoff. K=32
. . . vl 0
the CR system was operated under the ideal mode, while in 10 2 s i;’ 2 s 10
i

Fig. 11, we assumed that the CR system was operated under

the handoff mode. For both the figures, the PR systems wet@ 12. BER versus\/p (utilization factor) performance of the RRNS

structured by the parametefs= 48, K, =6, C, =8, A = MC/DS-CDDMA systems communicating over frequency-selediegleigh
o fading channels, where the RRNS héis= 2 information moduli and upto
0.2 andp = 0.4. The CR systems were assumed to yse O — S = 4 redundant moduli.

2 information moduli, namelym, = 5,ms = 7, and upto

@ — S = 4 redundant moduli, which werei3 = 8,m4 =

9,ms = 11, mg = 13. From the results of Figs. 10 and 11, we Fig. 12 shows the BER performance of the RRNS MC/DS-
observe that, when the number of CRUs supported is relativé€l DDMA systems against the utilization factox/u, of the

low, such ask < 2N., the BER performance of the RRNSPR systems. From the results, we can observe that the BER
MC/DS-CDDMA systems using any of the proposed MUDBscreases, as the utilization factor of the PR systems aserg

is close to the lower BER bound. However, as the number which results in less subcarriers for operation of the RRNS
CRUs supported increases, the BER performance of the RRME/DS-CDDMA systems. Again, as shown in Fig. 12, the
MC/DS-CDDMA systems degrades. Furthermore, as shownBER performance predicted based on the ideal mode is over
Fig. 11 corresponding to the handoff mode, BER error-floogptimistic in contrast to that predicted based on the more
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practical handoff mode. environments, the throughput predicted by assuming thal ide
mode is explicitly higher than that predicted by assuming th

40 Dynamic; 0<C<48 =0.2g=0.4At=1,BE’R;}O2 handoff mode. The results of Fig. 14 show that, for both
[ v the ideal mode and the handoff mode, the throughput of the
3 4 ”[‘_.D"'/ﬁ B S RRNS MC/DS-CDDMA system decreases, as the load of the
2 % I uk L o PR system becomes heavier, i.e., as the utilization factpr
=4 increases.
i 25 e;; -
% " E———l VIl. CONCLUSIONS
g 5 ’ %Eg::'-zl In this paper, we have proposed a RRNS MC/DS-CDDMA
F e scheme for dynamic access of the frequency spectrums in
10 5 Dynamic: Ideal CRs. Along with the RRNS MC/DS-CDDMA, three types
; 4 Dynamic: Handoff of MUD schemes, namely, the Type-l.1, Type-l.2 and Type-
0 12 14 16 18 20 1.1 RMD/MS-MMSE MUDs, have been proposed. The error
Average SNR per bit (dB) and throughput performance of the RRNS MC/DS-CDDMA

systems have been investigated by assuming communications
Fig. 13. Throughput versus average SNR per bit performanteeoRRNS OVer frequency-selective fading channels and that the PUs
MC/DS-CDDMA systems communicating over frequency-selediagleigh activate according to a Poisson process. From our studies
fading channels. and performance results, we may conclude that the RRNS
MC/DS-CDDMA constitutes one of the highly promising
DMA scheme for application in CRs. First, with the aid of the

Dynamic: 0<C<48,\=0.2 At=1,SNR=10dB,BER=18 proposed low-complexity MUDs, the RRNS MC/DS-CDDMA
0= \ %° — Typeri1 is capable of accommodating a substantial number of CRUs
N Type-Il.1 and still achieving near single-user error performanceofe,
Hu\ ~ o Type-l2 benefited from the MC/DS-CDMA and the subcarrier-by-

AN S 1 © Ideal mode subcarrier independent MMSE-MUD in the Type-1.2 or Type-

? Handoff mode Il.1 RMD/MS-MMSE MUD, the RRNS MC/DS-CDDMA is
well suitable for operation in the CRs environments. Fur-
thermore, owing to the properties of the MC/DS-CDMA,
RRNS and the proposed Type-1.2 or Type-ll.1 RMD/MS-
MMSE MUD, in the RRNS MC/DS-CDDMA systems, new
spectrums can be readily added to the CR system and the
spectrums found to be occupied by the PRs can be simply
5 switched off, without having to break the communications.

10 2 5 10 2 5 In other words, the RRNS MC/DS-CDDMA is capable of
M implementing seamless access and achieving smooth handoff
Fig. 14. Throughput versus/ (utilization factor) performance of the RRNS between different spectrums, with the aid of only simple

MC/DS-CDDMA systems communicating over frequency-selediegleigh spectrum control and spectrum allocation protocols.
fading channels.
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