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Abstract—Ultra-wideband (UWB) systems having a bandwidth broadband wireless systems [2], [3]. This trend continued with
on th.e order of gigahertz have recently received wide attention the recent emergence of the family of ultra-wideband (UWB)
both in the U.S. and in Europe. The family of UWB systems may gystems [4], which have received considerable attention both
communicate either by generating ultra-wideband signhals or in North America [4]-[9] and in Europe

with the aid of innovatively combining conventional narrowband, . . .

wideband, or broadband signals. At the time of writing, UWB sys- UWB systems studied in the literature [4]8], [10]-{13]
tems have only been implemented using ultra-wideband signals, have bee_n based on U|trajW|debﬁ_md S'Qna_'s using narrow time-
such as those known from impulse radio systems. Hence, in thisdomain impulses transmitted with the aid of time-hopping
paper, UWB systems using narrowband signals are explored as spread-spectrum techniques or position modulation. The UWB
a design alternative, which are based on the well-known family systems having the above characteristics are often referred to
of frequency-hopping (FH) spread-spectrum multiple-access ¢ i, ise radio (IR) systems or time domain radio systems.
techniques. In the proposed UWB system, FH is implemented However, UWB systems can also be implemented with the aid
using multlstage_ frequenc_y-hppmg multiple access (MS/UWB - Yy ; P X
FHMA). We highlight the principles of the synchronous MS/UWB ~ Of Convgntlonal narrowband, _W'debandy or broa}dbar_‘d signals.
FHMA communication system, investigate the associated spec- The typical advantages of using conventional signaling modes
trum assignment, and the residue number system (RNS) based instead of UWB signaling modes when implementing UWB
FH strategy. Detection of the received signal can be achieved with systems include but are not limited to the following features:
the aid of existing fast FH signal detection schemes. Our study 1) iy merous well-understood and spectral-efficient techniques

shows that the RNS assisted FH strategy is capable of efficiently tiginallv devel d for conventional signaling modes mav b
dividing the huge number of users supported by the synchronous originally developed lor conventional signaling modes may be

MS/UWB FHMA system into a number of reduced-size user €mployed by the proposed UWB system for achieving high
groups, where the multiuser interference only affects the users communications efficiency; and 2) following this rationale,
within the same group. Since the number of users in each group is future UWB systems may become capable of using elements
only a small fraction of the total number of users supported by the  of the existing standards.

synchronous MS/UWB FHMA system, advanced multiuser detec- In this paper, an UWB system using narrowband signals

tion algorithms can be employed for achieving near-single-user . . )
performance at an acceptable complexity. Our results show that is proposed. The proposed UWB system is capable of sup

MS/UWB FHMA is capable of supporting an extremely high porting a high number of_users, while also alloyving each
number of users, while employing relatively simple receivers. user to access an ultra-wide bandwidth. The philosophy of

Index Terms— Frequency-hopping (FH), multiuser detection the .UWB multiple access SCheme. advocated ls based on
(MUD), residue number system (RNS), spread-spectrum multiple multistage frequency-hopping (F_H) '”V‘?ked in the context of
access (SSMA), ultra-wide bandwidth radio. noncoherent/-ary frequency shift keying (MFSK). Hence,

we refer to the proposed scheme as multistage ultra-wideband
frequency-hopping multiple-access and use the abbreviation of
I. INTRODUCTION MS/UWB FHMA. In this paper, we highlight the principles

T IS WIDELY recognized that in a data communication§f synchronous MS/UWB FHMA with particular emphasis
I network the callblocking probability[1] decreases, when On the associated spectrum assignment and FH strategy.
the number of channels each user is capable of accesd#gfe specifically, a residue number system (RNS) [14]-[17]
increases. Naturally, providing an increased number of trafésisted fast frequency-hopping (FFH) scheme is proposed
channels requires more bandwidth. The last decade has @f- supporting the operation of the synchronous MS/UWB

nessed a paradigm shift from narrowband wireless systemdfdMA arrangement. The objective of using RNS based FFH
in the proposed synchronous MS/UWB FHMA scheme is to
" treceived N ber 22. 2001, Thi } edi tensure that the high number of users supported can be divided
anuscript receive: ovember y . IS Work was supported in par _ai
the European Union under the Information Society Technologies (IST) Projeﬁto a number of reduced-size user groups. The RNS based
IST 1999-12070 TRUST. This paper was presented in part at the InternatiodtH principle guarantees that each MS/UWB FHMA user
Conference on Communications, New York, NY, April 28-May 2,2002. ~ pecomes capable of accessing an ultra-wide bandwidth, while
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Ih@ecs.soton.ac.uk). on users belonging to the same reduced-size user group. In
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0733-8716/02$17.00 © 2002 IEEE



YANG AND HANZO: RESIDUE NUMBER SYSTEM ASSISTED FAST FH SYNCHRONOUS UWB SSMA 1653

in each group is significantly lower than the total number afchemes is investigated using simulations. Finally, we provide
users supported by the synchronous MS/UWB FHMA systemur conclusions in Section V and indicate potential further
Hence, the receiver can afford invoking advanced multiusexsearch topics.

detection (MUD) algorithms, in order to attain a single-user

like performance. By contrast, without the above mentioned [I. SYSTEM DESCRIPTION

grouping the number of users would become excessiveRfér Transmitter

supporting the employment of MUD. The bit-error rate (BER)"

performance of synchronous MS/UWB FHMA systems is The operation of the transmitter associated with the
investigated, when invoking existing MUD algorithms foMS/UWB FHMA system studied may be understood by
communicating over MUI-contaminated environments. Weferring to Fig. 1. During a signaling interval @f duration,b
assume that the active users’ MS/UWB FHMA signals amessage bits of theth user having a bit rate dt;, are loaded
transmitted synchronously, because this is usually the caseifab ab-bit buffer. We denote this-bit symbol asX,gm), where
the down .Ilnk (base—to-mobllg) of a 'ceIIuIar system. We studx(m) € [0, M = 2b). Hence, theb-bit output symbol rate
the downlink performance, since it is expected to become tgé‘R = Ry/b. Let R, = 1/T, be the FH rate, wheré),

. . . . . . S
bottleneck in the emerging wireless Internet, which is Ilkelyepresents the duration of the FH tones or chips. The ratio

to convey more file down-loading type traffic than uplin f L = T,/T;, determines, whether slow FH (SFH)—where
traffic. Another reason of using the synchronous assumption;is '

: : : < 1—or fast FH (FFH)—wherd, > 1—is invoked. Specifi-
that the transmitted narrowband signals in MS/UWB FHM ally, if L < 1, severalM = 2°-ary symbols are transmitted in
systems usually only experience flat-fading and in this scenanQ-[ .ol offh duration activating one out dff legitimate
accurate synchronization can be readily achieved. We wil h '

| . .

demonstrate that synchronous MS/UWB FHMA constitutes, & Jocctes of an bMFSK scheme. By contrastplfz L and
high-efficiency multiple access scheme capable of supporti eger, anMf = 2 -ary symbol activates a particular MFSK
an extremely high number of users with the aid of relativel e only for the duration CT’% - T./L second_s and then hops
simple receivers, which have been previously proposed in tife@ further(Z — 1) other legitimate frequencies of the MFSK
literature [18][20]. scheme used. ,

In addition to the advantages mentioned above, the multista én our proposed systgm, We assume that= T, /T;, is an
FH technique advocated provides further unique advantagediif9er larger than one, i.e., that FFH is employed [18]. In order
the context of the system proposed, especially where |OW_povpg|dlstl_ngU|sh between different users, each user is assigned a
communication and high transmission robustness are key Y§€r-signature FH pattern also referred to as an address code
quirements. It is widely recognized that the spectrum of [&8]-[20]. Let the address code of tih¢h user,l < k < K,
FH-based system is reminiscent of that of a narrowband systBfexpressed as, = [ax(0), ax(1),..., ax(L — 1)], where
during each hop. Detection has to be performed during eati!) € GF(M),l =0, 1,..., L — 1, andGF(M) denotes a
hop, which is significantly less demanding than demodulatirg@lois field overM = 2. Then, the transmitted symbal{"")
during each chip interval, which would be necessitated bohsignaled by invoking théth user’s address code, which can
in direct-sequence code-division multiple access (DS-CDMA) expressed as
and in time-division multiple access (TDMA). This potentially (m)
results in a low power consumption. Furthermore, since the Y& = [yx(0), yk(1),....un(L —1)] = X}, -1 @ ar (1)
hop-rate of FH systems is typically lower than the chip ratv?{
of DS systems, more time is available for synchronizatio
and, hence, the synchronization requirements of FH systemg elerr;ents _(_)fGF(M)’ and_@ (jenotes mo_dulaM or
are less stringent, than those of DS systems. Additionally, I’fPPdUIOQ addition, as seen in Fig. 1. Obeymg the user
multiple-access (FHMA) systems are in general less suscéffinature, the components af, are passed serially to an
tible to the near—far problem than DS systems [21] and th&FSK EQ;’dUlatoz’k)Wh?,{)e they (i\)re converted to the MFSK
conventional single-user detector (SUD) of FHMA systeni®nesFwn’ = [fi g, fa1.---, f4 -] referred to as chips
exhibits a high near—far resistance in the synchronous c&feuration?},. Following MFSK modulation FH is activated
[21]. Furthermore, in contrast to conventional UWB IR [4], [8]obeying the user-specific FH pattern derived using the multi-
which has a spectrum overlapping with the currently used raditge FH scheme to be detailed in the next subsection during
frequency bands and, hence, inevitably inflicts a certain amountr forthcoming discourse. Finally, the modulated signal is
of intersystem interference, the frequency band occupied by Bidnsmitted using the RF mixing stage. During the time interval
systems does not have to be contiguous. Hence, the frequehey [i7s, (i + 1)T], the kth user’s transmitted signal can be
bands affected by severe fading or those bands that are useéxpressed as
another system can be avoided. 11

The remainder of this paper is organized as follows. In ; .
Section Il, we describe the proposed MS/UWB FHMA system S’(f)(t) - Z \/ﬁpn(, il — ITh)
along with its transmitter and spectrum assignment philosophy. s
Then, in Section 1, we consider the receiver of the MS/UWB - cos (27r [Z f(k) n f(k)
FHMA system and discuss the detection of MS/UWB FHMA syis, 1 1 Jdy1
signals in the context of both conventional single-user and
advanced MUD. In Section IV, the BER performance of thethere P is the transmitted powef, (¢) is the pulse-shaped
proposed MS/UWB FHMA system using different detectiomwaveform associated with a chip defined over the interval

herel is a unit vector of length’, y.(I) for1 < | < L

=0

t+ w§,’?) @

s=1
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Fig. 1. Transmitter block diagram of the MS/UWB FHMA system using MFSK modulation.

13*80.64MHz=1.048GHz
lfs,o‘fa.l ‘fs,z‘ |f3k |fs,12\ Stage-3: m,=13

[0, Th?’ S represents the number of FH stages seen in Fig. 1(b)
andf,”/ , represents the base frequency corresponding to the
ith transm|tted symbol in theth FH stage,s =12,...,8
during thelth chip interval. Flnally,z/J represents the phase
introduced by the MFSK modulation’ and FH procedures.

The concept of multistage FH can be augmented with the
aid of Figs. 1(b) and 2. As an example, we characterize a
three-stage FHMA system associated with 16-ary MFSK mod-
ulation, which will be further detailed during our forthcoming
discourse. In the MS/UWB FHMA system, the total bandwidth
of W is first uniformly divided intom s number of frequency
bands, each having a bandwidthutﬁgH = W,s/ms—which
is referred to as the Stage-subband—and each subband |f lf |f ‘ 1] - |f | o
is correspondingly assigned a frequency from the Stage- 401/d1 ) d2 dm a.15] MFSK stage: M=16
frequency set expressed Bs = [fs. 0, fs,15---+ f5, ms—1]- —’éﬁf—
In the example of Fig. 2 this corresponds to Stage -3 at the top.

Then, the Stagé- subband is further divided, again, uniformlyFig.2. Example of the spectrum allocation of a three-stage:(3) FH SSMA

into ms_; number of frequency bands, where each band h@§tem using 16-ary MFSK modulation, wheeg = 15,m; = 14,mz = 13,

a bandwidth ofWSz! = WS, /ms_,. We refer oW S5 29 = 32 Kbls.

as the Stagés — 1) subband, which is referred to as Stage-2

in the example of Fig. 2. Following the procedure used at Based on the above bandwidth assignment, the total number
Stage$, each of the StagéS — 1) subbands is assigned aof FH bands isM; = H _, ms. As shown in Fig. 2, each FH
frequency from the Stages — 1) frequency set expressedband consists o/ tones associated with MFSK modulation.

as Fs_yy = [fs—0.00 fis—1),15-++5 f(S—l),m<sfl)—1]- We referred to this processing stage as the MFSK stage. Since
According to the above rules, finally, the Stage-2 subbandttse FH rate isk;,, the spacing between two adjacent MFSK
uniformly divided intom, number of frequency bands, eachiones should be no less th&h , which is an often used system
having a bandwidth ofV},, = W2, /m1, which are referred constraint in FFH [18]. Consequently, the total system band-
to as the Stage-1 subbands. At the same time, each of width W,, and the FH rate?; must obey the relationship of
Stage-1 subbands is assigned a frequency from the Stagé-l > ]'[SSZ1 msX M Ry,. Sincewe hav&®, = LR, = LR, /b,
frequency set oF; = [f1,0, f1,1---5 J1,m,—1]- whereR, and R, are the symbol rate and bit rate, respectively,

14%*5.76MHz=80.64MHz

|f2,0 )fZ,l lfz,z‘ |f2,j ‘ |fz,13| Stage-2: m,=14

15%384KHz=5.76MHz

|f1,0’f1,1 |f1,2‘ |fl,i |fl,14‘ Stage-1: m,=15

16*24KHz=384KHz
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the relationship oV, > HSS:1 ms X M LRy, /bholds. We as- synchronous transmissions are assumed, the FH patterns de-

sume that the FH rate at each FH stagéjs = 1/7y, i.e., rived from this FH scheme are capable of satisfying all the

the frequencies at a given FH stages = 1, 2,..., S hop desirable FH pattern design criteria. However, the design of FH

w = T, /Ty times petM = 2°-ary symbol. Forexample; = 1  patterns for employment in asynchronous MS/UWB FHMA

would imply that the FH ratd? g at each FH stage is the samesystems constitutes an open problem, requiring further inves-

as the symbol rat&,, i.e., Ry = Rg. Furthermore, we assumetigations. Let us now describe the FH scheme proposed for

that the relative FH delay between two adjacent FH stagesthe family of synchronous MS/UWB FHMA systems by first

Ty/S, i.e., that the FH at thés + 1)th stage happerigy /S giving a brief introduction to the basic philosophy of RNSs.

seconds earlier or later than that at tie stage. Consequently, A RNS [26] is defined by the choice & positive integers

the actual number of hops (chips) per symHtglthe number of 1, m,, ..., mg referred to as moduli. If all the moduli

hops,w, at each FH stage, as well as the number of FH staggge pairwise relative primes, any integ&r,—which is used

S, obey the relationship of = 7, /(Tx/S) = wS. to describe thekth user's FH address can be uniquely
Based on the above spectrum assignment strategy andzfit unambiguously represented by the residue sequence

sumptions, multistage FH can be implemented as follows. Aftaf, « (A, Ags,..., Ars) inthe range of) < A, < Ms,

the MFSK modulation stage of Flg 1, each MFSK tone is fI'quhereAkS = A, (modms) represents the residue d|g|ts of

quency-hopped using number of possible frequencies froma , upon division bym, and Mg = HSS:1 m is the dynamic

the S frequency sets, one from each set, according to the frhhge of the RNS. By contrast, the notatimnwill be used in

strategy to be outlined in the next subsection. The FH frequeng context of MUD to be introduced in Section 111, which will

to be activated during each of tiiechips is determined by the pe referred to as thieth user'sMUD address According to the

sum of the frequencies activated at theumber of FH stages, Chinese remainder theorem (CRT) [27], for any giv&tuple

. S . . .

i.€.,> =1 fs,i.,1 @s shown in the Fig. 1. (Ag1, Aga, ..., Ags), where0 < Ay, < m, there exists
one and only one integek;, such thatht < A, < Mg and

B. RNS-Based FFH Aps = Ay (mod my), which allows us to uniquely recover the

integer value ofA, from the received residue digits. Again,
It is widely recognized that in FHMA communications theA ; represents the FH address of uker
FH patterns must be assigned such that [22]: 1) there is no amAssuming that the integersA; and A, have RNS
biguity concerning the identity of the user and the informatiorepresentations ofA; < (Ai1, Aia,..., A1s) and
it transmits; 2) the probability of a hit or collision betweerA, < (A, Ago,..., Aag), respectively, therA; o Ao,

the frequencies activated by any two FH patterns is as low wheree denotes addition, subtraction or multiplication, yields
possible, which implies that the derived user must interfeemother unique residue sequercg. The arithmetic operations

as small a fraction of time as possible with the other usemsyer the RNS can be carried out on a residue-by-residue basis,
3) all frequencies in the FH band are activated with the saméich can be expressed as [26]

probability; and 4) it is also desirable for the transmitter to hop

to a frequency far from the previous one, i.e., consecutively, s
activated MFSK tones of the FH patterns must be spaced sufids = A1 ¢ Az(mod Ms) < [(As, @ Azo)(mod m.)l,_y

ciently far apart, so that the channel’'s characteristics associated (3)

W'th consecutive hpps bec_o.me.lndependent_. If this reqmremt\alvr};[ere on the left of (3) the operatienrepresents moduld4,

is met, the transmitter exhibits improved resistance against var; ... . R ;

. : ; . addition, subtraction, or multiplication of two integers and at the
ious sources of interference, such as partial-band interference

multitone interference as well as intersymbol interference. rllpht of (3) e represents the same operations performed on the

the fading characteristics of consecutively activated MFSE~ 2 fthe appropriate residue digits, andA»,, with respect
; " 0 their corresponding modulus,.
tones can be considered uncorrelated, we can mitigate the efz

. X . . ; Single-User FH: The basic principle of the RNS-based
fect of fading by using frequency diversity techniques. In the = . . .
. . . multistage FH scheme is that the frequencies atStmimber
literature various methods of constructing FH patterns hay stages are activated according to @umber of residue
been investigated [22]-[25] in the context of single-stage F g 9

schemes. These methods of constructing FH patterns are b%ggsiﬁ(?;”; l:rfs‘gn?ﬁig rj?'due s:;qu)egc;ethlg r;[ahs? duReNS'
. y k k1) “1k2y -y kS

on generalized maximum-length Ilngar—fegdback shift reglstggquence fepresentation of integsf in terms of a RNS
sequencesn{ sequences) [22], on invoking Reed—SoIomolr}Sin modulim.. m me. where the superscrict rep-
(RS) codes [22], or on the number-theoretic concept of con- 9 D2y TS P pirep

ruence equations [24]. Furthermore, the set of FH se uenr%SentS the time index. Then the FH frequency at instast
9 q : ' d &termined by the sum of, ,; from the Stage-1 frequency

exhibiting a high linear span has been studied in [23]'Wh'|eﬂ%%tF17 f27A;',. from the Stégéiz frequency sBb, an so on

family of the “one-coincidence FH sequences” guaranteeing.. 2 .

that any adjacent MFSK tones in any FH pattern are spacedgI Ts. ay, from the. Stageg frequency SetFS’_ e, by

by a specific minimum amount have been investigated in [25.s=1 s, a; - At the time index(i + 1), Aj is increased
However, these FH sequences are only suitableforconventioﬁ)%gg‘)e and, hence, 't(;ilgepfgi?)nted in (tﬂel)RN_S domain as
single-stage FH systems. In this section, a FH scheme baded = = Aj +1 & (4377, Ay 7., Ajg ). Similarly,

on the RNS suitable for the proposed synchronous multistd§@ FH frequency at instaiit + 1) is determined by the sum of
FHMA system is contrived. Our investigations show that wheh  4¢+» fromthe Stage-1 frequency Sf, f, ¢+ fromthe
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Stage-2 frequency sét,, etc. until f i+ from the Stages activated according t9x(l). The frequency given by the
YRS .

frequency seF's, yielding >°_, f, ,«+1. The above proce- corresponding sum can be expressed as

dure is continued until the end of transmission of useBince S—(1-tS)-1 s w

the dynamic range of the above RNSls M, = [[>_, m),  fri = Z Jiij+t+ Z fivig+t+1+fq.- (5)

the period of the FH patterns igs. j=1 j=S—(1—-tS)

Multiuser FHMA: Let us now discuss the RNS-baseien4) The remaining MFSK symbols are transmitted by re-
MS/UWB FHMA scheme. Letny, mo,..., mg be the pair- peating the above three steps.
wise relative primes representing the number of frequencies inppo philosophy of the above FH procedure may be aug-
the S number of frequency sets, namely i, Fs,..., Fs,  mented with the aid of an example. In Table I, we characterize
with respect to theS FH stages of Fig. 2, respectively. Lety synchronous multistage FHMA scheme assunfing= I
andw = 1, where the first and second user’'s FH addresses
ap = [a(0), ar(1),..., ax(L — 1)] be the FH address 50 17 o (4,3, 2) and89 & (11, 5, 14), respectively,

and MUD address of usef, respectively. Furthermore, ety e the initial value of the RNS-based reference register is
C & (Cy, Cy,..., Cs) represent a reference register in thd%

) i - ) 10, 10, 10), all three quantities given in terms of the moduli
RNS domain, which provides reference to each user, in or L — 13,my = 14,m; = 15. Furthermore, in Table |

to implement synchronous transmissia@. is increased by \ye assumed that the first user entered the system-at 0,

one, whenevef hops happened. According to (3), this can bgile the second user entered the systemi at 37,. As
implemented by increasing each element@f, C; ..., Us) ghown in Table I, when the first user enters the system at
by one with respect to their corresponding modulus. Note that_  ihe residue sequende < (1, 13, 12) is generated
although the maximum integer represent%d by the RNS-basgdording to (4). Then, according to Step 3 the FH frequencies
registers(C'y, Cs, ..., Us) is Ms — 1 = [I__; ms —1,this  qctivated during the chips 0, 1, and 2 of the first-ary

will not prevent us from using it as a synchronous transm|55|g9mb0| arefs o + fo 13 4+ f1 12, 32 4+ fo0 + f1 12, and
reference. Indeed, this property can substantially Simp”_f}/_2+f2_04'-f1_13,'re7specti\'/eiy, w'he7r¢3_i,' f;_j, flk belong

the implementation of synchronous transmissions, as we Wil iho Stage-3, Stage-2, and Stage-1 frequency Betd,
show below. According to the above assumptions, when the respec’tively Leif(l) () “and 7! be the MFSk
! ' d,?2

i . . ! d, 00 Jd, 1
kth Useris gttemptlng t?ma)\ccess the n_etwork and to_transrlrgf.les corresponding to the chips 0, 1, and 2 of the first symbol,
the information symbolX, ™, the operation of the multistage,,hich are activated according ®, = [y1(0), y1(1), y1(2)]

FHMA scheme can be described with the aid of a few foLy e \FSK stage. According to (5) the actually transmitted
mally defined, but heuristically contrived steps, which W"“requency during a given chip is constituted by the sum of

be introduced below and explicitly augmented with the aid ¢fie FH frequencies at thé FH stages plus the frequency of

a numerical example during our further discourse. We noj§e MFSK stage. Hence, the actually transmitted frequencies

that the reader may find it beneficial to consult the numericabring the chips 0, 1, and 2 of the fird-ary symbol are
example following our general algorithm cast in terms of th?3 ot for13+ fr 12'+'f(§12) Faot foo+ fiis+ fﬂ and

following steps. : . '
Step 1) gAccc|>ordin§1 to (1)X;£m) is signaled with the aid of faz ¥ foo+ f1a+ f‘% Following the last chip of the flrSt ,

: i . M-ary symbol, the common RNS-based reference register's
the kth user's MUD address with respect to the chip§y e is increased by one. The remaining symbols of the first
0,1,..., L — 1, whereL = wS. The M-ary symbols ,qe can be transmitted similarly as described above. As shown
ar((em(-)zxpressed i = [yr(0): yr(1),-.., ve(L = DI = in Taple I, when the second user enters the systetm-a8T,

X, - 1D ay, which are signaled using thenumber of - he residue sequende < (11, 4, 12) is generated according
chips each hosting one of tiid possible signaling tones. (4) as the sum of its FH addres8 < (11, 5, 14) and
Step 2) Based on theth user’'s FH addresA ;, and on the ref- e instantaneous valu@ — (0, 13, 13) of the RNS-based

erence register’s instantaneous valudlfwe derive the yeference register at= 37,. As seen in Table I, the elements

residue sequendg as follows: of the residue sequendg <« (11, 4, 12) correspond to the
frequenciess 11, fo.4, f1,12 Of theS = 3 FH stages of Fig. 2.
L & (i1, i, ..., is) = [(Aks ® Cs)(mod m)]5_;  (4) The rest of the transmission procedure is similar to that of the
first user. With the aid of Table I, we can see that each user
according to (3). employs a different composite frequency during each chip and

Step3) For the chipS < I < (t+ 1S, t < w~—1, theM, = [[°_, m. number of FH frequencies of the total
the transmitted frequency is constituted by the SUMWB FH bands are used with the same probability, since the
of the frequenciesfi 4+ from the Stage-1 fre- above FH scheme generates a FH pattern having a period of
quency setFi, f» .4+ from the Stage-2 frequency )/, hops. Finally, we can infer from Table | that user 1 and user
setFy, etc., up t0fs_—ts)-1,is_(_,s_,+¢t TOM the 2 will never collide with each other. This is because the FH
Stage(S — (I — tS) — 1) frequency sefFs_(;_s)-1 addresses of user 1 and user 2 are different, as well as because
and the frequenciess (ts),is__,s+t+1 oM the the composite frequencies of user 1 and user 2 in any chip are
StagetS — (I — tS5)) frequency setFs__;sy Up to derived from their FH address after adding these FH addresses
Is is+t+1 from the Stages frequency seff's, as well to the same instantaneous value of the common RNS-based
as the frequencyﬂg,kl) corresponding to the MFSK tonereference register.
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TABLE |
EXAMPLE OF THE RNS-Baseb MS/UWB FHMA SySTEM, WHERE THE FH ADDRESSES OF THEFIRST AND SECOND USERS
ARE 17 AND 89, RESPECTIVELY, WHILE THE INITIAL VALUE OF THE RNS-BASED REFERENCEREGISTER 1S(10, 10, 10)
WITH RESPECT TO THEMODULI m3 = 13, m> = 14, m; = 15

Trans- User 1 (17 & (4,3,2)) | User 2 (89 & (11,5,14)) Calculator
mitted FH (m3) | (ma) | (m1) | (ma) | (m2) | (m1) (m3) | (mg) | (m1)
Symbols Timing 13 14 15 13 14 15 13 14 15
t=0 fa1 | fouz | fri2 10 10 10
Symbol Th fa2 | f213 | fii2
1 2T} fa2 | feo | fia2
Tn=Ts | fa2 | fo0 | fr13 11 11 11
Symbol 4T}, faz | f20 | Sfr3
2 5T faz | fe1 | fia3
6T, =2T, | fasz | fo1 | fr14 12 12 12
Symbol 7Th faa | for | frua
3 8Th faa | fo2 | fra4
9T, =3Ts | faa | fo2 fio | f311 | foa fi12 0 13 13
Symbol 107}, fas | fa2 | fio | faa2 | foa fii2
4 11T} fas | fo3 fio | fa12 | fos fi12
12T, =4Ts | fa5 | fo3 | fin1 | fanz | fos5 fi13 1 0 14
Symbol 13T% fas | f23 | fin | fao | fos fi13
5 14T, fae | fau | fir1 | fso | fos fi13
18T, = 5T | fae | faa fi,2 fao | fae fi14 2 1 0
Symbol 16T}, fa7 | fou fi,2 fa1 | fae f114
6 17Ty, faz | fos fi,2 fa1 | far fi,14
18T, = 6T | fa7z | fos fi,3 faax | faz fi0 3 2 1

According to the above principles, if the number of usems a MUD group. More explicitly, i < K/M, <U+1 < M,
satisfies K < M, K out of the M, FH addresses, which then a given FH address has to be assigned to more than one,
are expressed in the form of residue sequences derived froamely toU or U + 1 users, which form a MUD group. In
the integers0, 1,..., M, — 1, can be uniquely assigned toorder to resolve the associated ambiguity, an additional set of
the K users. Again, based on this unique assignment afdor (U + 1) MUD addresses are assigned employing a unique
on the RNS based FHMA scheme described above, it carapping to each of th& or the(U + 1) users in the same user
be readily shown that no collisions occur between any twgroup, in order to distinguish them from each other. Note that,
users, since at any moment, the addition of these FH addredbessame MUD address can be assigned to several users belong
to the same instantaneous value of the common RNS-basedlifferent groups, since the groups are differentiated with
reference register will generat€ < M, different integers in the aid of the uniqgue FH addresses. Based on the above user
the range of0, M,). Consequently, the hopping frequenciesignature assignment rule, if nonfading channels or frequency
derived from the resultamit” integers represented &Sresidue nonselective fading channels are encountered by each MFSK
sequences are unique. Therefore, again, if the number of ugeree, then the multiuser detector of the synchronous MS/UWB
obeys K < M,, the probability of hits or collisions is zero. FHMA system only has to differentiated among the users of

However, the MS/UWB FHMA system is capable othe same group, i.e., the users that were assigned the same FH
supporting more thark" users, if efficient MUD techniques address. Consequently, the number of users detected by the
can be employed. More explicitly, thé-stage MS/UWB multiuser receiver is abolt’ = K /M, which is not higher
FHMA system using the RNS modufin, mo, ..., ms) and than M and significantly lower thard representing the total
MFSK modulation can support up thf = M x ]'[SSZ1 m, number of users supported by the MS/UWB FHMA system.
number of users by invoking MUD techniques [19], [20]. IfTherefore, the complexity of the multiuser receiver employed
the number of userdy, is higher than the number of uniquein the MS/UWB FHMA system can be substantially decreased
FH addresses)/s, i.e., K > Mg, then a given FH addressin comparison to that of the conventional MUD concept, where
can be assigned to a group of users and the users in #hlissystem users are detected simultaneously.
group are distinguished by their corresponding MUD address,Furthermore, by referring to (5) and with the aid of Table I,
ai = [ar(0), ar(1),..., ax(L-1)], k=1, 2,..., K'. There- we observe that the MFSK tones are activated at a rafe,of

’ )

fore, the set of users sharing the same FH address are referrdd tather words, during each chip, one bf legitimate MFSK
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Fig. 3. Receiver block diagram of the MS/UWB FH SSMA system using MFSK modulation.

tones is activated. The hopping rate at each oftheH stages signal is frequency dehopped as indicated by the dashed-line
is Ry, /S. Explicitly, the FH rate at a given FH stage is subbox of Fig. 3. In contrast to the FH scheme of the transmitter
stantially lower, than the FH rat&; of the overall scheme. in Fig. 1, where FH commences at Stage-1 and continues to the
The achievable diversity order of the MS/UWB FHMA receivefth stage, at the receiver of Fig. 3 the hopping frequencies are
can reachl, = wS, as argued previously. In our example ofemoved in the order commencing with th¢h stage and fin-
Table I, each MFSK symbol is transmitted with the aid of threishing at the first-stage, according to the specific FH pattern of
chips, which are associated with three different composite fra-given user. Following the frequency de-hopping stage, the re-
guencies. Hence, when encountering frequency-selective fadagived signal is input to a bank aff energy detectors matched
across the FH bands, a diversity order of three can be achietethe M frequency tones of the MFSK stage. The detection in-
by the three-stage FH/UWB FHMA system of Table | usingervalisT; seconds, which is synchronized with the chips or FH
w=1 intervals of the desired user. Thid energy detectors provide
Above, we have discussed the transmitter, the spectrum a4, outputs during a symbol period @f, seconds. As shown
signment, the FH strategy, as well as the achievable diversityFig. 3, the spectrum of eadh, -duration transmission is an-
order of the proposed MS/UWB FHMA system. Let us now coralyzed in order to determine, which frequency tone and, hence,
sider the detection of the MS/UWB FHMA signals. whichb-bit symbol X ™ was transmitted by invoking the MUD
address of the desired user.

ll. DETECTION OFMS/UWB FHMA SIGNALS B. Conventional Single-User Detection

The conventional single user detector of fast FHMA using
MFSK modulation was investigated by Goodmetnal. [18].

The receiver schematic of the MS/UWB FHMA system i#n the context of this detector, as described previously, a MUD
shown in Fig. 3, which essentially follows the inverse stru@address is employed at the MFSK stage as a unique signature
ture of the transmitter. At the receiver, the received signal sgquence in order to signal the MFSK tones conveyihga
first down converted to the intermediate frequency (IF) cosymbol of the user considered, as shown in (1). After frequency
responding to the FH pattern used. Then, the down-convertiehopping and energy detection at the bandpass filter (BPF)

A. Receiver Description
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User k 1O) 2(A) 3(X0 particular time-frequency element is present at the receiver,
X3 ! 3 3 the corresponding time-frequency element output is flagged
ay 1,24 (2:4.3) 6,7.,5) by a logical 1, otherwise by a logical 0. The multiuser signal
Y 23,9 5.7.6) (3:42) received in a particular time-frequency element is the logical
R0} D% D Di» OR function of the corresponding transmitted time-frequency
7 A OIX| [A elements of all users sharing the same FH address.
6 A X As seen in the matrix®R{°} of Fig. 4 representing the
5 ©) A m XXX received time-frequency matrix of the three users, the signals
4 X A O|0 marked ascircles, triangles and crossesare present at the
3 O mAAIA time-frequency elements corresponding to the time-frequency
2 [O] |X| mXIXIA O elements activated by users 1-3, respectively, using 8FSK
1 =000 A modulation. Specifically, the tones (2, 3, 5), (5, 7, 6), and (3, 4,
0 O[X AlO 2) were activated, which convey the 8FSK symbols 1, 3, and
C R D{” 5, respectively, derived below. As an example, we assign the
7 A uniqgue MUD signature addresses (1, 2, 4), (2, 4, 3), and (6,
6 A 7, 5) to users 1, 2, and 3. The three time-frequency matrices
5 ©) obtained by modulo-8 subtraction of the unique addreages
4 X from Y, according to (6) for users = 1, 2, and3 are denoted
3 O by Dio}, Déo} as well asD:{,)O} in Fig. 4. Let us for example
2 X| 1© employ the majority logic decision (MLD) based decoder of
1 w000 [18], which opts for deciding in favor of the particular 8-ary
0 symbol corresponding to the specific row having the highest

Fia 4. Sinal (top) and MUD (botiom) e for MS/UWB FHMA number of nonzero entries, for providing an estimate of the
ig. 4. Single-user (top) an ottom) example for : _

when three users share the same FH address. The eight rows indicateT':cﬁgsmltted symbol of the useks= 1, 2_’ and3. For examplg,
8-ary FSK tones, while the three columns correspond to the three FH intervi¥ usersk = 1, 2, or 3, based on the time-frequency matrices
or chips of a symbol duration. For example, faf, = (2,3,5) and of Dio}' D%O} as well aSD:{}O} in Fig. 4, we find that the

a; = (1,2, 4) using (6), we haveX = (1,1, 1);for Y, = (5,7, 6) .

anda, = (1,2, 4), we haveX = (4,5, 2); for Ya = (3.4, 2) and transmitted symbql of user 2 was symbol 3 and t_hat of user 3
a; = (1, 2, 4), we haveX = (2, 2, —2 = 6), etc. Observe thdb andD? was symbol 5, which can be correctly decoded with the aid of

have a unique complete row, yielding a unanimous symbol decision of thr@ﬁambiguous MLD. However. since there are two complete
and five, respectively, while in case 8% we have a 0.5 error probability, . {0} ! ..
when employing conventional single-user detection, as seen in the top row. TR¥S in D and the receiver does not have the explicit
MUD technigue shown at the bottom eliminates this ambiguity by subtractifgnowledge as to which user activated the individual tones, user
the interference matrixC,—created with the aid of the reliable symboll has to rand0m|y select either symbol 1 or 2. which results in
decisions—fromR,, yielding the unambiguous matrid, . L T

a symbol error probability of 1/2. Hence, even in the absence
of noise, the conventional SUD, which decides concerning
the received symbol of each user by ignoring the knowledge
/ ! g f other users, may make erroneous decisions concerning the
modulo{}M = 2°) subtraction of the unique MUD addres ansmitted symbol, due to the presence of MUL. Therefore, a
of thekth user (desired user) froi, on a chip-by-chip basis, 1,516 potent multiuser detector is required, in order to improve
we arrive at the detection performance of the proposed MS/UWB FHMA

X,Sm) 1=Y.0ay, E=1,2,3,... (6) System, which is the topic of the next section.

outputs of Fig. 3 with respect to the chips, the signaling se-
guenceY, of (1) is recovered by the receiver. By performin

nvgéiz allows us to recover the transmitted symbqj ) of C. MUD

The detection operations associated with the MUD addresdt is well-known that a powerful solution of mitigating the
of the MS/UWB FHMA system can be illustrated by means ddffects of the interference caused by nonorthogonal received
time-frequency matrices having rows andL columns, where signals, while also reducing the near—far problem is the em-
the M rows correspond to th¥ distinct frequency values, while ployment of MUD [28], where the desired user's symbols
the L columns represent the number of chips correspondingare detected by exploiting information concerning the other
to one MFSK symbol duration. We refer to the elements afsers. Recently, a wide range of research results has been
the time-frequency matrices as time-frequency elements. reported on the subject of MUD in the context of DS-CDMA
Fig. 4, R{} represents the received time-frequency matrisystems [28]. Typically, the MUD algorithms developed for
of a MS/UWB FHMA system using 8-ary FSK, where weDS-CDMA systems remove the effects of MUI by exploiting
assume that three users share the same FH address (not unitiuep priori knowledge concerning the cross correlations be-
Provided that neither noise nor fading is present, all elementsireen the desired user’s signal and each of the interfering
the received time-frequency matrix are received correctly. Théggnals. A requirement for the operation of these multiuser
multiuser channel may also be viewed as a logical OR-changeltectors is the employment of coherent demodulation, which
having legitimate outputs of zero or one for each time-frequenisyunfortunately impractical in the context of the fast FHMA
element. Specifically, if at least one chip corresponding tosystem considered.
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Hence, a range of MUD algorithms based on noncoheremére constituted by the “soft” energy outputs. Hence, the time-
demodulation has been proposed for fast FHMA systems. fhrequency matrices in Fiebig’s algorithm [19] contain binary “0”
[29], Timor has presented a MUD algorithm referred to aand“1,” while in the algorithm proposed by Halford and Brandt-
“stage 2 decoding,” which does not require the explicit knowPearce [20] consist of the continuous-valued “soft” quantities.
edge of the particular MUD addresses of the active users. TimorFiebig’s algorithm [19], the matrix entries constituted by “1”
also proposed an algorithm referred to as “stage 3 decodingré set to zero, if their corresponding entries in the interference
which exploits the explicit knowledge of the MUD addressesatrix are one. By contrast, according to the algorithm by
of the active users. By extending the concept of interferentalford and Brandt-Pearce [20], the receiver compares the
cancellation (IC) often employed in DS-CDMA systems [28]nterference matrix to the received matrix and removes a
in [30] Mabuchi et al. have proposed an innovative MUDtime-frequency element only, if its entry in the received matrix
scheme for MFSK modulated fast FHMA systems based on tisethe same as the corresponding entry in the interference
cancellation of the co-channel interference. This MUD schemeatrix. Furthermore, the multiuser IC procedure of Fig. 4 can
can be applied to any set of MUD address codes and it wae carried out in several consecutive stages, if there are further
shown to consistently outperform the conventional single-usime-frequency detection matrices, which contain more than
receiver. However, when the number of active users is high, tltise rows having the maximum number of entries.

MUD algorithm becomes computationally intensive. In [19], In the context of the proposed synchronous MS/UWB
Fiebig has proposed an iterative IC-based MUD algorithm f6iHMA system, the above-mentioned MUD algorithms can
fast FHMA systems. It was argued that this algorithm reduces employed for enhancing the detection performance. Fur-
the complexity of the solution presented in [30]. In the MUDRhermore, in synchronous MS/UWB FHMA systems the
algorithm proposed by Fiebig [19], the receiver requires thumber of users supported is divided indds groups and
knowledge of all users’ MUD addresses, as well as furtheach group hosts only abotf/Ms < M users. Since there
side-information as to which users are active. Finally, in [20is no MUI between users hosted by different groups due to
a multistage MUD algorithm modeled after the multistagesing different frequency bands, the number of users to be
detector designed for DS-CDMA systems has been proposddiected by a multiuser detector is only abditM s < M,
which removes the MUI by exploiting the knowledge of bothvhich is significantly lower than the total number of users,
the users’ MUD addresses and their powers. The multistaffe in the system. Therefore, the proposed MS/UWB FHMA
MUD algorithm proposed in [20] can be used by both syrecommunication scheme is capable of significantly decreasing
chronous and asynchronous fast FHMA systems and it wili® complexity of the multiuser detectors invoked, compared
argued that this multiuser detector has a linearly increasingth conventional fast FHMA schemes [19], [20], as well as
complexity as a function of the number of active users. with respect to DS-CDMA schemes [28] and in comparison to

The operation of the multiuser detector associated with fd& based UWB time-hopping multiple access schemes [8].
FHMA systems may be understood by referring to the bottom
part of Fig. 4. In the previous section, we illustrated that when IV. SIMULATION RESULTS

a ponventlonal SUD is considered, the first user’s symbol of 1 In this section, the BER performance of the MS/UWB FHMA
might be erroneously detected as symbol 2, since both row one

and row two have three entries. However. based on the M Stem is studied by simulation for the above mentioned three
. . ' ' s e etection schemes, namely for the conventional SUD, the

algorlthms devgloped in [19] and [20], the MUl inflicted upory, o proposed by Fiebig [19] (MUD: Fiebig), and the MUD

the first user’s signal by user 2 and 3 can be canceled by join Yoposed by Halford and Brandt-Pearce (MUD’_ Halford). In our

exploiting the information of all three users. Specifically, sinck! : - ’

both the decoded time-frequency matrid?é§°} and DL of simulations, two types of MUD address assignment schemes

Fia. 4 h I th th tries. th 3 d.are considered, namely the random and the optimum MUD
9. % have only one row wi ree entries, the corresponciiigjress assignment. In [19] and [20], MUD performance of fast

symbol 3 of user 2 and symbol 5 of user 3 can be viewed BRIMA systems using random MUD address assignment has

reliable _deC|S|ons_. Following a tentative f|r§t stage detecuonneen investigated. In the context of the random MUD address
concerning all reliably detected users, an interference matg%(signment scheme, each user's MUD addresses are randomly
C, is constructed by reencoding the reliably detected symbg '

3 and 5 using the MUD addresses of users 2 and 3, which gnerated. Hence, the BER performance of the MS/UWB

. . ; : X MA i h MUD i
shown in the matrixC; of Fig. 4. Once the interference matrix system using the random MUD address assignment

N -scheme is actually the BER performance averaged over all
C, was generated, the detector compares it with the recelvec;1 y P g

matrix of R1% and subtracts this interference matrix from thgOSSibIe address assignment schemes. In the context of the
received matrix, yielding the matri(1) of Fig. 4. Finally, ptimum MUD address assignment scheme, the arrangement

. (1} i = proposed by Einarsson [31] was invoked in our simulations.
by decodng using the MU_D a(?(lj}rgssl ) (1, 2, 4) of Based on this scheme, thigh user's MUD address can be
user 1, the time-frequency matrix Bf; "’ is obtained. Accord-

expressed as
ingly, symbol 1 transmitted by the first user can now be reliably P

detected. . ar = (v, B, wh, - wBE) (7)
The difference between the MUD algorithm of [19] and

that of [20] is that in [19] the time-frequency matrices werghere~, is an element o7 F'(M) assigned to usér andg is

constructed based on the hard decision concerning each timéixed primitive element of7 F'(M). In our simulations both

frequency element, while in [20] the time-frequency elemen&F' (16) and GF(32) were considered and the corresponding
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Number of users in the system Number of users in the system

(Wgs=1.048GHz,M=16,R,=32Kbits /s,S=L=3,m,=15,m,=14,mz=13)  (Ws,=1.22GHz,M=32,R,=32Kbits/s,5=3,L=6,m;=11,m,;=10,m3=9)

Fig. 5. BER shown for the conventional SUD, for Fiebig's [19] IC multiuseFig. 7. BER shown for the conventional SUD, for Fiebig’s [19] IC multiuser
detector (MUD: Fiebig), and for the multiuser detector based on multistagétector (MUD: Fiebig) and for the multiuser detector based on multistage
IC [20] (MUD: Halford) in the context of a three-stage UWB FHMA systemlC [20] (MUD: Halford) in the context of a three-stage UWB FHMA system
associated with parameters;, = 15, m, = 14, ms = 13, M = 16, and associated with parameters, = 11, ms = 10, msz = 9, M = 32,5 = 3,

L = S = 3fortransmission over noiseless interference-contaminated chanr@nlL = 6 for transmission over noiseless interference-contaminated channels

(Ey/No = o). (Ey/No = 0).
Number of users in a MUD group that the bit rate of each user was 32 Kb/s and the total system
1003 6 9 12 15 18 21 24 bandwidth was 1.048 GHz in Fig. 5, 1.032 GHz in Fig. 6, and
s fr 1.22 GHz in Fig. 7. The results show that, after the first-stage

= & Zadh e IC, the multiuser detectors using both iterative IC [19] and
multistage IC [20] outperform the conventional SUD by a wide
margin. The optimum MUD address assignment significantly

[0
§ oy 4 ’;"’ outperformed the random MUD address assignment in the
5 : context of all three detection schemes. Taking Fig. 5 as an
E example and considering the target BER of 10which can
- be rendered near error free by channel coding, the number
o SuD of users supported by the MS/UWB FHMA system using
MUD: Fiebig iterative IC based MUD [19] associated with both random and
_ :;Jr?‘;o'::'mg add. optimum MUD addresses is about twice the number supported
--- Optimum MUD add. by the corresponding system using the conventional SUD.
103780 7560 11340 15120 18900 22680 26460 30240 Similarly, the number of users supported by the MS/UWB
Number of users in the system FHMA system using multistage IC based MUD [20] associated

(Wes=1.032GHz,M=32,Ry=32Kbits/s,5=2,L=4,m,=36,m,=35) With both random and optimum MUD addresses is more than
twice the number supported by the corresponding system
Fig. 6. BER shown for the C?nve#tiona:t_SUDr, L%fte':(i;é)rigt;i%] LCn fnmulfi?;:Using the conventional SUD. Furthermore, for the noiseless
?gtécéfr(,\s:\dg?ﬂz;foeg) iﬁ'}ﬂeogoztgxingf :St\?vo_stage B EHMA s;stem%%t interference-contaminated channel considered, the MUD
associated with parametens;, = 36, m» = 35, M = 32,5 = 2,and employing multistage IC [20] outperforms iterative I1C [19].
L =4 for transmission over noiseless interference-contaminated channgfinilar results can also be observed from Figs. 6 and 7.
(Eb/No = 00). In order that the different MS/JUWB FHMA systems using
different symbol dynamic ranges o/ = 2° and different
primitive polynomials werep(z) = 1 + z + 2* andp(z) = number of chips,L, become comparable, in Table I, we
1 + 2% 4 25, respectively. summarized the bandwidth efficiency expressed in terms of
Figs. 5—7 present the BER comparison of the conventiorzts per second per Hertz (b/s/Hz). It can be shown that for a
SUD with that of the multiuser detectors using both iterative 1Given detection scheme, as well as for a given MUD address
[19] and multistage IC [20] following the first-stage IC, wherassignment scheme, the bandwidth efficiency can be optimized
there is no additive channel noi$&;, /Ny = oo). The BER by finding the optimum values of. and M. For example,
performance of the above mentioned detection schemes udimgthe conventional SUD and for the random MUD address
both the random and the optimum MUD address assignmenasignment scheme, the bandwidth efficiency of the scheme
also compared. The parameters used in our simulations wasingL = 4 andM = 32 = 2° is higher, than that of the
listed in the related figures. As shown in Figs. 5-7, we assumschemes using both = 3, M = 16 andL = 6, M = 32.
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TABLE I property must be avoided. Since the MUD addresses based on

COMPARISON OFBANDWIDTH EFFICIENCY IN TERMS OF THENUMBER OF BITS P P 1 i
PERSECOND PERHERTZ AT THE BER OF 10~® FOR THE SYSTEMS CONSIDERED the optimum assignment scheme [31] obey the relationship of

IN FIGS. 5—7 USING THE CONVENTIONAL SINGLE-USERDETECTOR AND THE ai(O) —aj (0) 7é ai(1> _aj(l) 7’é T 7’é ai(L_ 1) —aj (L_ 1) for

MULTIUSER DETECTORSPROPOSED IN[19] AS WELL AS IN [20] any: # j, as shown in the Figs. 5-7, in the absence of channel
impairment, the BER equals zero, when the number of users is
Bandwidth efficiency (bits/s/Hz) not higher than the number of chips, i.e., wher L.
Number of Coaventional | Multiuser | Multiuser
chips per single-user detector | detector V. CONCLUSION AND FUTURE RESEARCH
symbol detector 1[19] 11 [20]
Random | L = 3 (M = 16) 017 017 017 In summary, we have proposed a n'oveI. mult.iple-access
scheme, namely MS/UWB FHMA, which is suitable for
MUD | L=4(M=32) 0.20 0.35 044 ultra-wideband wireless communications using FFH tech-
addresses | L = 6 (M = 32) 0.18 0.40 053 nigues in conjunction with MFSK modulated narrowband
Optimum | L = 3 (M — 16) 033 046 051 signals. The spectrum assignment, the_system de_sign param-
eters, the FH strategy, and the appropriate detection schemes
MUD | L=4(M=32) 0.24 043 0.54 as well as the achievable BER performance have been investi-
addresses | L =6 (M = 32) 0.30 0.46 0.59 gated, when communicating over MUI contaminated channels.

Then, a RNS assisted synchronous FFH scheme has been

proposed, which is capable of efficiently dividing the huge
However, for the multiuser detector employing multistaggeumber of users supported by the synchronous MS/UWB
IC [20] and optimum address assignment, the scheme usiigMA system into a number of groups, where each group
L = 6 andM = 32 achieves the highest bandwidth efficiencycontains only a small fraction of the total number of users
Note that although the total number of users supported by th&pported. Hence, MUl is only experienced by the users within
MS/UWB FHMA system may be as high as tens of thousandsach group. Hence, the receiver of the synchronous MS/UWB
the number of users to be detected by each multiuser dete@biMA system can afford invoking advanced MUD algorithms,
is extremely low, as shown at the top of Figs. 5-7. Thereforig, order to increase its capacity. By contrast, without employing
the employment of powerful multiuser detectors is affordabléser groups the MUD complexity would be excessive. It has
for the proposed MS/UWB FHMA system, in order to attain 8een shown that the MS/UWB FHMA system is capable of
near-single-user performance. supporting a tremendous number of users, while employing

In Fig. 5, it can be observed that when the number of usdeyv-complexity receivers.

in a group is two and when random MUD address assignment!he philosophy of MS/JUWB FHMA can be readily extended
is invoked, the conventional SUD and the multiuser detectdfa range of other multiple-access schemes associated with dif-
using both iterative IC and multistage IC reach the same erf§fent modulation arrangements. Specifically, the first-stage FH
probability. This is not a coincidence, since it can be explainégbbands shown in Fig. 2, which host the MFSK tones can be
as follows. For the conventional SUD employing the randofPnfigured to support dlﬁerent.modulatlon as well as spreading
MUD address assignment scheme for supporting two users S5G€mes. For example, the first-stage FH bands can be used

in the absence of channel impairment, the only event resultiffj PS spreadfing, which results in a multiple-accessh'str:]heme
an erroneous symbol decision is, when there exist two compl tmay be referred to as MS/UWB FH/DS CDMA, which es-

rows in the time-frequency detection mati;, i = 1, 2 of sentially belongs to the family of UWB hybrid DS/FH CDMA

the desired user. Careful consideration of this scenario reve%%‘emes' Similarly, when the MS/UWB FH/DS CDMA scheme

that this ambiguous arises, when the two randomly genera{na]I tee?jl%rlljer?nfoglriselgaisilr?tvér'\:/;, vlghse;e rsee;/((;,irnal zérggggtgéevgi;]n:
MUD addresses, namely; = [a1(0), a1(1),..., a1(L — 1)] g ! P 9

’ wide range of modulation schemes, such as binary phase-shift
of user 1 andhy = [a2(0), az(1),. .., az(L—1)] of user 2 obey keying (BPSK), quarternay phase-shift keying (QPSK)ary
the relationship ofi1 (0) — a2(0) = a1(1) — ax(1) = -~ = g4h550nal modulation, etc., can be employed. However, when
al(L N 1) —ax(L —1) = _C # 0. D_ue to the above relatlt_)n- the MS/UWB FH/DS CDMA scheme is designed for using fast
ship, it can be shown that if there exist two complete rows '”tlﬁ—|—as in this paper—in order to exploit the advantages of
time-frequency detection matr, for user 1, there exist tWo 55t FH DS spreading associated with noncoherent modulation
complete rows also in the time-frequency detection malrix schemes has to be employed due to the associated complexity
of user 2. Hence, no symbols can be reliably detected using g}ephase tracking imposed by fast FHMA systems. In MS/UWB
conventional SUD. Since no reliable symbols can be providegiyma, the first-stage FH bands, as shown in Fig. 2, can also
for supporting IC, multiuser IC cannot be carried out. Thergye occupied by various multicarrier CDMA signals [32]. These
fore, the conventional SUD and the iterative IC, and mU'tiStaQﬁ)eS of UWB mu|tip|e_access schemes can be referred to as
IC based MUD achieve the same error probability. Furthermongs/uwB FH/MC CDMA. Similarly to the MS/UWB FH/DS
when the number of users is higher than two, the MUD adtDMA scheme, appropriate data modulation schemes and mul-
dresses obeying the relationshipaf0) — a;(0) = a;(1) — ticarrier modulation schemes have to be selected, in order to
a;j(1) =---=a;(L—1)—a;(L—1) =C # 0 also degrade meet various system design requirements in the context of slow
the BER performance of the IC based MUDs. Hence, in a préeH or fast FH. The design and performance characterization of
tical fast FHMA system the MUD addresses having the abotleese systems constitutes the subject of our future work.
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