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Abstract—Redundant residue number system (RRNS)-based multicar-
rier DS-CDMA (MC/DS-CDMA) is proposed for dynamic multiple-ac cess
DMA) in CO%nltive radios (CRs). The proposed RRNS-based MC/B-
DMA DMA has the merits of low-complexity for implementation, high-
flexibility for reconfiguration and spectrum handoff, robustness to spec-
trum varying, and fault-tolerance to errors. Specifically, in our RRNS-
based MC/DS-CDMA DMA system, RRNS-based orthogonal modulatio
aided by MC/DS-CDMA is employed for information transmission. At
the receiver, signals are detected subcarrier-by-subcaier independently
based on suboptimum MMSE interference cancellation (SMMSE-IC) In
performance study, we model the arrival process of primary sers (PUs) in
primary radios (PRs) as a Poisson process. Both the bit errorate (BER)
performance and throughput performance are investigated.Our studies
and performance results show that the RRNS-based MC/DS-CDMAa@n-
stitutes one of the highly promising DMA schemes for applicabn in CRs.
It is capable of achieving a substantial throughput with recuired quality
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processing algorithms, such as digital modulation/demodulation, fault-
tolerant design of arithmetic units, error-detection and error-correctio
codes [11, 12], as well as novel digital transmission schemes [11].

In this paper, the performance of the RRNS-based MC/DS-CDMA
DMA systems is investigated, when assuming communication over
Rayleigh fading channels. Both the BER performance and through-
put performance are considered. Our studies show that the RRNS-
based MC/DS-CDMA constitutes one of the versatile multiple access
schemes that are suitable for CRs. It employs the properties well
satisfying the requirements of CRs. Furthermore, as our perfoenanc
results show, it is capable of achieving a substantial throughput for the
CR systems without making trade-off of the QoS of the PR systems.

Il. SYSTEM MODELING

for the CR systems, while without degrading the quality-ofservices (QoS)
of the PR systems.
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. INTRODUCTION

The CRs equipped with flexible software defined architectures,
which aim at intelligent wireless communications, demand high-
efficiency, high-flexibility and also high-reliability DMA schemes.
These DMA schemes should be suitable for online reconfigurationsgig 1 state transition diagram for modeling the arrivalgess of PUs.
and robust to spectrum varying as well as to the side-effects resulted . - . .
from spectrum varying. In this paper, we propose and investigate a sol order to carry out the related investigation, in this paper, we
called RRNS-based MC/DS-CDMA DMA scheme, which is showAssume that the whole frequency band accessible by the CRUs is

to employ the above-mentioned properties. In our investigations, vided intoC' subbands supported by the corresponding subcarriers.

assume that the PUs and cognitive radio users (CRUSs) are operatel|g C' subbands are allocated to support maximigt PUs. Once
&°U becomes active, it is assumed to occapy subbands, where

the interweave paradigm [1], where the CRUs can only communicé
opportunistically on the frequency bands not occupied by the PU¥E assume thak’,Cr < C. Furthermore, we assume that the PUs
Once there are PUs appearing on some of the frequency bands g@yate according to the//M/Kp/Kp/Kp queuing model [13], as
the CRUs communicate on, the corresponding CRUs must vacgfPicted in Fig. 1. In thisM/M/Kp/Kp/Kp queuing model, the
these frequency bands and move to some other available. This proégdgber of active PUs follows a Poisson distribution associated with an
is referred to as spectrum handoff. Explicitly, the spectrum handdfrival rate), the service time obeys a negative exponential distribution
requires some time for the CRUS to obtain the knowledge of the n&ith mean1 /., and the number of servers, system capacity as well as
spectrum sources, including available frequency bands, chante! stge total number of customers are the same valu€ 013, 14].
information (CSI), etc. Furthermore, the CR system also needs time td3@S€d on the above assumptions for the PRs, we can know that the
coordinate the CRUs after the handoff. In this paper, our studies tdkgquency bands possible for the CR system are dynamic. The number
into account of the effects due to spectrum handoff. of subbands available for the CRUs is given by
In this paper, the RNS/RRNS techniques are introduced for further A _
enhancing the CR system’s flexibility, robustness and fault-tolerance, C=C-nCp,n=01....Kp @)
in addition to the MC/DS-CDMA, which has been recognized to hawghen there aren active PUs, wheren may take any value in
high-flexibility and high number of degrees-of-freedom for reconfig{0, 1, ..., K, }.
urations [5-7]. Due to their inherent characteristics, RNS/RRNS havelet us assume that the channels allocated to an active PU are
been widely applied for design of high-speed special-purpose digitaliformly and randomly chosen from the unused channels. In this
hardware, such as very large scale integrated circuits (VLSIC) [8-10ase, the subbands available for the CRUs also constitute a Poisson
Specifically, RNS/RRNS-based arithmetics exhibit modular structurpgocess with its parameters that can be readily derived from the
that lead naturally to parallelism in digital hardware. Comparingorresponding PUs’ Poisson process [14]. We assume that the CRUs
with the conventional weighted number systems, such as the binagve the same priority to access thesubbands based on the RRNS-
weighted number system representation, the RNS/RRNS have thased MC/DS-CDMA DMA scheme that will be detailed in our
attractive inherent features [8, 10]. First, they belong to the caeg-frforthcoming discourse. Furthermore, for convenience, when the CR
arithmetic. Second, the residues with respect to different moduli hasggstem is capable of accessing all thesubbands provided by the
no ordered significance. The first property implies that the operatioalsove M/M/Kp/Kp/ K queuing model without other limitations,
related to the different residues are mutually independent. The secavalsay that the CR system is operated underdeal mode. However,
property explains that, in a RRNS, any erroneous residues canvidgen operated under the interweave paradigm [1], it is the usual case
discarded without affecting recovery of the information, provided th#iat other constraints will be imposed on the CR systems accessing the
a sufficient dynamic range remains in the reduced RRNS systérmaguency spectrum. For example, a CR must immediately clear the
in order to unambiguously represent the information. Due to theeing used subbands, once it realizes that the subbands are occupied
above-mentioned inherent properties, the RNS/RRNS techniques rbgyPUs. Correspondingly, we say that the CR systems are operated
offer a variety of new approaches to the realization of digital signahder theconstraint mode.
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In this paper, our proposed RRNS-based MC/DS-CDMA DMA =01
system is operated under the constraint mode by taking into account
the effect of spectrum handoff, which is hence specifically referred 0 =1V ) cos(27 fuit)
to as thehandoff mode. Under the handoff mode, let us assume that o [ E o) X2
there aren active PUs at. After a time duration ofA¢, some of the 3 85| .. A i
(Kp —n) inactive PUs may activate to communicate. The probability 85 |r | 28|V ) o )] cos(2m frot | Sk(t)
. : . . s . X2l OS |—> k() ( fu)
that out of the(Kp — n) inactive PUs become active withift¢ is X, | &% L : >
. C - = O
given by [14] — :‘?g - *>§—>p
i symbolg ¢ ST
pr PEr — AT awromat o1 K —n () o 88| cosonfin
! | — .
Once the CRUs realize that there are ‘new’ PUs appearing on some —U=pq

of the subbands they occupy, the CRUs immediately terminate their
communications on these subbands. Simultaneously, after a time 8ig- 2. Transmitter schematic block diagram of #td CRU in the RRNS-
ration of A¢, some active PUs may complete their communicatiorf&sed MC/DS-CDMA DMA system.
and become idle. The probability that there &ractive PUs become
inactive withinAt can be expressed as [14] orthogonal-shift keying (MOSK) principles [18]. In this paper, Walsh-
"y —np(kAt) Hadamard codes are assumed, and every CRU is assigned the same se
Py =npAte y B=0,1,.... ) of orthogonal sequences consistingwfx{m1, ma, ..., mq} Walsh-

In this case, there will be some new subbands available for the CRUgdamard codes of lengfh;, arranged as
However, the CR system has to sense the spectrum first and may Vio (), Vi1 (8), oo Vigmy -1y (B);
also need to estimate the channels of the corresponding subbands Vao(t),Vau (1) Ve (t);
found, in order to access them. This process also takes some time. 2085 V2IRE)s ey V2(ma—1)RY)
Therefore, the spectrum handoff may have significant impact onthe | -

achievable performance of the CR systems, if the DMA scheme is Vo (1), Va1 (£), oy Va(mg -1y (2)
not designed appropriately. Hence, in order to avoid communication !
interrupt, an efficient DMA scheme should offer sufficient time fowhere the subsefVio(t), Vii(t), ..., Vigm,—1y ()}, @ = 1,...,q, is
spectrum handoff and can tolerate some loss of signals. Our RRN&- transmission of the residuq(k), kE = 1,...,K, by taking one
based MC/DS-CDMA DMA system takes into account of the spectru t of them, orthogonal codes according to the valuerST)7 k=

handoff. With the aid of the RRNS techniques, it is robust to th : .

: : ' - - » . Note that, due to the orthogonality of the subcarriers, some
spectrum varying and can implement seamless spectrum handoffmaﬁ]e orthogonal codes in the differgnt I’OV\)IIS of (4) can be the same.
demonstrated in the next section. Let Ny = Ts/T,, whereT; denotes the symbol interval affdl is the

4)

11l. RRNS-ASSISTEDMC/DS-CDMA DYNAMIC duration of the orthogonal codes’ waveforms, referred térastion
MULTIPLE-ACCESS for convenience. The orthogonal code waveform can be exgresse
k s— k k
A. RNSand RRNS A Brief Overview VD) = XNeg Vil [n)Pr, (t — nT,), where VP [n] = +1,
ARNS is defined [8] by a set of, say positive integers denoted by Pr, (t) represents the rectangular waveform of duraffpnAs shown

which are referred to as information moduli. Al thein Fig. 2, after the mapping from residues to orthogonal sequences,
M, M2, .. .5 Ms, ! ¢ > . : each of theq orthogonal sequences is spread by a user specific
moduli are pairwise relative primes. In this RNS, any intder X < gionare sequence. Furthermore, as seen in Fig. 2. each af the
M < [;_, mi can be uniquely and unambiguously represented bysﬁqreading sequences is transmitteghsbcarriers, in order to achieve

rﬁsiduegeque&qel_, rf’ oy T's), Wherer; - X mod m; Irqepreserllts apth order frequency diversity. Therefore, the RRNS-based MC/DS-
the residue ofX with respect tom;, 0 < i < mi. Reversely, cpya DMA system requires a totdl = pg number of subcarriers.

in this RNS, given arns-tuple residue sequence;(rs,...,rs) with i ; ; ; ;
0<7r; <mi,i=1,...,s,according to the Chinese remindertheorer’gg%(igf:slg’eg%?rd'ng to Fig. 2, the transmitted signal by OReAn

(CRT) [15], there exists one and only one intefer< X < M
satisfyingr; = X mod m;. In other words, if 1, r2, ..., rs) conveys . F 2P
a messageX, it can be recovered uniquely and unambiguously with Sk(t) = Z Z v/ 7V®(t)ck (t) cos(2m fut + ¢Ezk))7 (5)
the aid of, for example, the Chinese reminder theorem. i=1 =1

For the sake of incorporating error control or making a RNE/—V

» ; re P is the transmission power of tHé number of subcarriers,
based system fault-tolerant, redundant moduli can be appende kq;% represents the spreading code assigned td:thecRU, which

the information moduli, forming the so-called RRNS [8, 11, 15-17f. o (k) _ %)
Specifically, (¢ — s) moduli m.;1, Mg+, ..., mg, referred to as re- ¢an be expressed as(t) = > 7=, c¢; ¥(t — jT.), wherec,
dundant moduli, can be added to the previously introduced RN&sumes value of-1 or —1, 7. Is the chip-duration, whilep(t)

in order to form a RRNS withy positive, pairwise relative prime is the chip-waveform of the spreading sequences and normalized to
integ{ers. Usually, it if ri_eqtutirr]ed thznint{mﬁl,mm,...,mq} > [7°4?(t)dt = T.. Furthermore, we defin&. = T;./T., which is the
max{mi,ma,...,Msy. LE € proauct OMms41, Ms+42, ..., M . . . . (k) P
denoted byM . Now in the RRNS, an integeX in the range{oflM ) nﬁgwsgeég:rgglposn%?ri fr%cpr?en.slljg:%llr)y/q,érn (5)y,” represents the initial
can be represented by @tuple residue sequencg-,rs,...,7q) P P 9

with respect to the; moduli of the RRNS. At the receiver, basedC. Receiver

on (r,7s,...,7q), the RRNS decoding processing, such as erasure-ye assume that there afé CRUs communicating with a CR base-
gnly éj.ecodllgg,ﬂerror-cort:ec_tlonl-only ?%c?dlng or ertrr(])r-anmgéra station (CRBS). Furthermore, we assume synchronous transmission
ecoding [16,17], may be implemented to recover the message,nq jdeal power-control among the CRUs. Then, the received adeb

transmitted. ; ;
In this paper, our RRNS-based MC/DS-CDMA DMA system isequwalent signal atthe CRBS can be expressed as

designed based on the principles of RRNS, which is now described K a P \/ﬁ T
as follows. t) = RV () er(t 27 fat t

. RO =333 i Vie! e (®) eplganfut) +n(0)
B. Transmitter T (6)

The transmitter schematic block diagram for #fie CRU is shown %) o
in Fig. 2. The binary bits to be transmitted are first transformedhereh;;’ represents the channel gain with respect toittie sub-

to a residue sequende!" ("), .. r{¥)). Then, theq residues are carrier of thekth CRU, 1" obeys the complex Gaussian distribution

mapped intog number of orthogonal sequences based onithrary  with zero mean and a varianfes per dimension. In (6)»(¢) denotes



the complex baseband equivalent Gaussian noise, which has zerdhe SMMSE-IC MUD [6, 7] for the RRNS-based MC/DS-CDMA
mean and a single-sided power-spectrum density (PSDYoper DMA system is shown in Fig. 4. In our SMMSE-IC, the linear MUDs
dimension. are first implemented in the context of tlé subcarriers separately
and independently. Then, the subcarrier signals conveying the same
o residue are coherently combined in order to form a decision variable.

A vy, : ; . !
Ec | — Finally, parallel interference cancellation (PIC) is operated to reduce
S2-l,r Vilo | the remaining MUI and enhance the error performance.
R(t) N o R N P I Let us define
155 2 g H E 11, @ w17
2% *S‘ : = = : : - Vy [TLS] = |:Vu'r'u [ns]v Vu'r'u [nSL B Vuru [ns]] ’
exp(—J27 fuut) GE ! oo VN "
. V,
: :&p} q‘,— Yuv [ns] = [yuu,O[ns}v Yuwv,1 [ns]7 ce 7yuu,Nefl[ns]] 5
Sub-block | ' Sub-block Il Sub-block I Ny [Ns] = [Nuv,0[ns], Nuv,1[ns], -« - ,NU,U’Ne_l[ns]]T,
i i i i ) . L ) (k) k) T (®)
Ellgﬂ.s.syFéteecrﬁl.ver schematic block diagram for the RRNS-basét8-CDMA Ch [ns] = v [CnsNS s Cr Nt 1r 7cn5Ns+N571] ,
The receiver schematic block diagram for the RRNS-based MC/DS- Clns] = [e1[ns], e2[ns], -, ex[ns]],
CDMA DMA is shown as Fig. 3. The receiver can be divided into Ho _ 1 diag{h() e h(K)}
three sub-blocks. In Sub-block I, the multicarrier demodulation is first uv 73 uv s Nuw y o™ g

executed. We assume that the subcarrier signals are configured so tha

the subcarrier signals are orthogonal with each other at chip-levigl [18hen, it can be shown that we have

which does not yield inter-carrier interference (ICI). Then, a chip

waveform matched-filter (MF) with its time domain impulse response Yuv[ns] = Clns]Huovu[1s] 4+ nuw 0] )

Y (I — t) is employed by each of thef subcarrier branches. As | yhq context of the SMMSE-IC, when the MMSE-MUD is applied

shown in Fig. 3, the chip waveform MFs’ outputs are sampled at ; : - .
chip-rate in order to provide the discrete observations for detection?ﬁg?f)h O?f ttr?gjsjgggﬁ?grer; anngsafégwgeirgnamrgasl;rantéo rce%r%z'g'nt%e
can be shown that theth observation with respect to theth fraction decision variable vector far [%L ] can be e)>/<prgessed as ’

of Vu(f?l (t) and theuvth subcarrier can be expressed as

n n " 1 -

B 1 «Trt(n+1)Te . dulng = =Y Wi nslyus[n], (10)
Yuv,n[ns] =~ R()y" () Pz
V QPNSNETC ngTr+nTe v=t

x exp(—727 funt)dt, u=1,2,....,q; v=1,2,....,p; whereW ., [ns] is the weight matrix for detection of the, fraction
ne =01 N.—1;n=0,1,..,N. —1; (7) Of the orthogonal code conveyed by theth subcarrier .., [n;] in
oy ' T ' MMSE sense can be expressed as

where the factor ofl /(v/2PN,N.T.) is for normalization. When

—1
substituting (6) into the above equation, we obtain Wauulns] = Ry, [ns]Ry 0., 5], (11)
K 1 where
wwmns] = T ¥ () (k) v () A Nuw nlne
nlne) =2 R v Vi ]+ N o] Ry.. = E [yu .yl o]
1
where N, [ns] represents the noise sample, which is Gaussian =N CngH..HL,C"[n] + o’Ix,, (12)

distributed with zero mean and a varianceoof/2 = 1/(2v,) per 1
dimension, wherey, = E,/N, denotes the signal-to-noise ratio Ry, v, = E [yuz,[ns}vf[nsﬂ = —C[ns|Huo-
(SNR) per symbol andZ; = PT, denotes the energy per symbol. Ns
Furthermore, leB = log, M be the number of bits per RRNS symbol, Ot ; ;
Then, we have; = B%2With ~p representing the SNR per bit. Upon substituting (12) into (11), we obtain
As shown in Fig. 3, after the processing in Sub-block I, the observa- _ H ~T 2 -1
tions are sent to the sub-block Il, where multiuser detection (MUD) iZw““ [ns] = (C[”S]H“”HWC [ns] + Nso INe) ClnsHuo.
carried out to suppress the multiuser interference (MUI). Finally, after

the inverse RNS transform (IRNST) by sub-block 111, the mformatlonB‘annel dependent and time-variant. Hence, they may result in high-

transmitted by a CRU is recovered. Let us consider the Oper{j‘l[ionstzzomplexity since they need to be updated once the channels change
sub-blocks I and Il of Fig. 3 in the following sections. Therefore,’in our SMMSE-IC, we use the long-term average to find

In (12), we can see that the autocorrelation matri are

IV. DETECTION INRRNS-AsSSISTEDMC/DS-CDMA DMA time-invariant autocorrelation matricéy, ., , which can be expressed
SYSTEMS as 0
A SVIMSE-IC Ry,, = 5 ClnelC ] + o°In, (13)
1, MMSE-processin MRC Ic whereQ = E[|h¥)|?]. Consequently, we can have
sl T 1 1 Ter] . o —— 1 /1
yu ‘ Wihin | : HI L P iv1[n] - ) -1
- : R T e{PicH Waolns = U (QC’[nS]C’ [ns] + NoUo INE> Clns]How,
i ' A S P — 14
Yl N R[] U -
Yuz[ns] - P - Pl ] where the matrix to be inverted is time-invariant. Finally, when we use
T Waoln] 1 Hpa> ¥ > PICI+— the matrix inverse lemma [7] in (14) and submit the result into (10),
! : P ; P | we can express the decision variable vector as
e AT S A I A press e
P : 1} : )71 i 1V, [ns) - _Q H T 2 -1
Yoolna]! ; A d Dy [ns] = H:;,,(QC" [ns]C[ns] + NsUo"I k)
: Wilng k = Hy, {7 L v=1
77777777777777777777777777777 T x CT [nslyus[ns). (15)

Fig. 4. Schematic block diagram illustrating the SMMSE-IC.



As Fig. 4 shows, following the MMSE-MUD, a stage of PIC isthats < C' < C, implying that the CR system was always active. By
carried out in order to enhance the error performance of the RRN&®ntrast, for simulation of the throughput of the RRNS-based MC/DS-
based MC/DS-CDMA system. The operational principles of PIC cadDMA DMA systems, we assumed that< C' < C'. For the handoff
be found in [7], which are not repeated here. mode, we sef\t = 1 for generating new activate PUs. Furthermore,

Finally, as shown in Fig. 3, the decision variab{és [n]} are input given the total number of subcarriers available for the CR systems,
to sub-block IIl, where they are further processed in order to cowe considered two approaches, namely Beglundancy First and
the information transmitted by the different CRUs, as consider@iversity First, to allocate them. In the context of tRedundancy First

below. approach, the subcarriers are first allocated to make the RRNS-based
. MC/DS-CDMA DMA system have the required redundancy, and then
B. Orthogonal Demodulation and Inverse RNS Transform allocated for achieving the frequency diversity as high as possible. By
contrast, for theDiversity First approach, achieving diversity has the
& Bank of r— = pk) priority over redundancy, when allocating new subcarriers.
AEENY aﬂd 0 (‘fpfrtef grsforreceiving "1 ¢ Note that, in the following figures, the lower-bound represents the
residue digtt ry ® BER of the corresponding RRNS-based MC/DS-CDMA DMA system
,,,,,,,,,,,,,,,,,,, gy g supporting single-user, when all tli& = 56 subcarriers are operated
i @ Z,io) 7 o & by the CR system. The BER corresponding to the ‘single-user’ case
i ’ Q| = © represents the BER of the RRNS-based MC/DS-CDMA DMA system
O¥ + : =R £ supporting single-user.
L k) S - N O N B = T
] V1(10 ] a\‘ Tu (=] s Xk:
| Zzg,l(cv)nu—l) js"_, 3‘ : = 8 L , Dynamic Evironment: 8C<56, A=0.2, \/;i=0.5
i 52 0 2 = T R
i S i Z o o Diversity First low bound
i 2 i o 3 o Redundancy Firsg sigle user
i v® i @ .= - —— 31users
Lwlme=l) o T i O e
: o
Q(k) . — ,;,(k) @
¢ _ |Bank of correctors for receiving "¢ g’ %
residue digit 4 o 5, = —
LE . AanaonStalies
Fig. 5. Schematic block diagram for Sub-block Ill of Fig. 3,iefhimplements @ 2 ) | &y —
orthogonal demodulation and IRNST. 105 —
The coherent demodulation and IRNST for the RRNS-based , D \%m
MC/DS-CDMA system is shown in Fig. 5. It first consistsgbanks 10 NS
of correlators operated in the principles of MOSK demodulation [18]. s

Each bank is for recovering one of theesidues. Specifically, for the P T T P PR
uth residue of thécth CRU, let, after the SMMSE-IC, th¥ estimates SNR per bit (dB)

to the N, fractions of the transmitted orthogonal code be expressedFei% 6. BER versus average SNR per bit performance of the RBA$8d
MC/DS-CDMA DMA systems, when communicating over iid Rayleiglihg

0 2 4 6

A N N T
o) = [V oL, ViR ), VAN =] k=, i chanels
(16) . _
. ) @ Dynamic Evironment: handoff statec&€<56, \/;=0.5
Then, with the aid of the set af, orthogonal codes for thath 151 i o 2201 | ---- low bound
residueyn,, decision variables can be formed as R 0 AZ0.2 | e Diversity First
Neo1 - iy | | o A=0.4 | — Redundancy First
A k) —
ZQ(‘];)I I%{ Z Vk(Tu [ns}‘/“m [ns]} y = 07 17 My — 1. (17) ) ’
ng=0 T 2
%10’2
The maximum of the seﬁszg), zH Zi’ffnwl)} is selected and g
its index is then mapped to an integé’i‘) € [0, m.), which represents 85
the estimate te" of the uth residue transmitted by CRkI s
Finally, let the estimates to the residues transmitted by;th&€RU 2 3
be collected to a vector 10* 5
T 5
PR [f%k)77:ék)7,,,77:gk)] Jk=1,2,... K (18) 0 2 4 6 8 10 12 14 16 18 20
SNR per bit (dB)

(k) . . Fig. 7. BER versus average SNR per bit performance of the RB&¢8d
Based onr'™’, the estimate to the messagg, transmitted by the MC/DS-CDMA DMA systems in handoff mode, when communicating diger

kth CRU can be recovered by the IRNST operation, for exampl@ayleigh fading channels.

with the aid of the CRT [15]. Furthermore, when the RRNS is con- Fig. 6 depicts the BER performance of the RRNS-based MC/DS-
sidered, the ratio statistic test (RST) assisted erasure-only decodiopMA DMA systems communicating over iid Rayleigh fading chan-

error-correction-only decoding or the RST-assisted error-aaskee nels. From the results of Fig. 6, we can observe that the full-load
decoding [16,17] can be employed to decad® and recover the RRNS-based MC/DS-CDMA DMA system is capable of achieving

messageX, transmitted. near single-user BER performance. The BER performance ogerate
V. P R under the ideal mode is much better than that operated under the
- PERFORMANCERESULTS handoff mode. Fig. 7 shows the BER performance of the RRNS-based

In our simulation, we considered a RRNS with= 3 information MC/DS-CDMA DMA systems operated in the handoff mode and sup-
moduli and maximunig — s) = 4 redundant moduli. The information porting X = 31 CRUs, when communicating over iid Rayleigh fading
moduli werem; = 3,m2 = 5,m3 = 7, while the redundant moduli channels. The results of Fig. 7 demonstrate that the BER performance
weremy = 8, ms = 11, me¢ = 13,m7 = 17. Correspondingly, we of the RRNS-based MC/DS-CDMA DMA system becomes worse, as
setM = 64 < II}_,;m; = 105 and hadB = log, M = 6 bits binary the arrival rate of the PUs increases. This is because, as the satival
per symbol. The number of subcarriers for operation of the CR syst@fithe PUs increases, more signals in the RRNS-based MC/DS-CDMA
was assumed to b€ = C'. The parameters for the PR system wer®MA system will be lost due to the handoff mode. Furthermore, from
C =56,Kp = 7,Cp = 8. For simulation of the BER, we assumedFigs. 6 and 7, we observe that, whan= 0.1 and 0.2, the BER



performance of the RRNS-based MC/DS-CDMA DMA system with
Redundancy First is better than that of the system with Diversity First.
However, when\ = 0.4, the BER performance of the Redundancy
First case is slightly worse than that of the Diversity First. Finally,
when operated in the handoff mode, the BER curves appear in error
floors.

, Dynamic Evironment: Normal state<&€<56
10

---- low bound
—— Redundancy Firs{

0.6

ANp=0/1,0.2,0.4,

Bit-Error Rate

0 2 4 6 10 12

8 14
SNR per bit (dB)

16 18 20
Fig. 8.
MC/DS-CDMA DMA systems operated in ideal mode, when communigati

over iid Rayleigh fading channels.

50 Dynamic Evironment: 8C<56,A\=0.2
. [

[ T T TTTT
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N \ﬂ | BER:1C
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g \
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= )
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