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Abstract—Pseudochaotic time hopping (PCTH) is a recently ward other services such as GPS (global positioning system) [8].
proposed encoding/modulation scheme for ultra-wideband (UWB) |n [9], the use of aperiodic sequences of pulses in the context
impulse radio. PCTH exploits concepts from symbolic dynamics f 5 chaos-based communication system was first proposed. A

to generate aperiodic spreading sequences, resulting in a noise-like . . . . .
spectrum. In this paper, we present a multiple-access technique few schemes with chaotic modulation of the interpulse intervals

suitable for the PCTH scheme. In particular, we provide an ana- Were then studied in [10], [11]. In [12], a similar scheme was
Iytical expression of the bit-error rate performance as a function designed for the transmission of binary information and named

of the number of users and validate it by simulation. chaotic pulse-position modulation (CPPM). Also, a scheme in-
Index Terms—Bit-error rate performances, chaos, indoor radio  troducing a frequency modulation on top of the chaotic time
communication, multiaccess, time hopping, ultra-wideband. hopping has been reported in [13].

In this paper, we consider a recently proposed modulation
scheme for UWB IR, called psuedo chaotic time hopping
(PCTH) [14], [15]. PCTH exploits concepts from symbolic

VER THE last decade, there has been a great interéghamics [16] to generate aperiodic spreading sequences

in UWB impulse radio (IR) communication systemsthat, in contrast to fixed (periodic) PN sequences, depend on
These systems make use of ultra-short duratiohifs) pulses the input data. The PCTH scheme combines pseudochaotic
which yield ultra-wide bandwidth signals characterized by exncoding with a multilevel pulse-position modulation. The
tremely low power spectral densities [1], [2]. UWB systempseudochaotic encoder operates on the input data in a way that
are particularly promising for short-range wireless communiesembles a convolutional code [17]. Its output is then used
cations as they potentially combine reduced complexity with generate the time-hopping sequence resulting in a random
low power consumption, low probability of intercept (LPl)distribution of the interpulse intervals, and thus a noise-like
and immunity to multipath fading. The successful deploymespectrum. Significant spreading demands for a large number of
of the UWB technology depends strongly on the develofevels in the transmitter. This, in general, would require at the
ment of efficient multiple-access techniques. Existing UWieceiver side a convolutional decoder with a large number of
communication systems employ pseudorandom noise (P&ates. In[15], it is shown that the PCTH signal can be decoded
time hopping for multiple-access purposes, combined witkith a Viterbi detector [17] of reduced complexity, i.e., with a
pulse-position modulation (PPM) for encoding the digital inimited number of states.
formation. An analysis of the multiuser capabilities of such We present a multiple-access extension to PCTH, that we
systems has been presented by Schettal. in [3]-[7]. call MA-PCTH. The basic idea consists of replacing each pulse

Recently, it has been suggested to use aperiodic (chaotighsmitted by the original PCTH scheme with a pulse train,
codes in order to enhance the spread-spectrum characterisiifferent for each user. The pulse train is a unique user “signa-
of UWB systems by removing the spectral features of the trangre” very much like in code-division multiple-access (CDMA)
mitted signal, thus resulting in a LPI. In addition, the absengghemes [18], but in the time domain. Each user is then demod-
of spectral lines may translate into a reduced interference tflated with a filter matched to its signature.

This paper is organized as follows. In Section II, we briefly
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Fig. 2. Sketch of the periodic frame. The frame time and the timeslot
associated with each PPM level are denotedbyandT’, respectively.

Inthe PCTH scheme, the output of the pseudochaotic encoder
is used to drive a pulse-position modulator. Namely, each pulse
is allocated, according to the pseudochaotic modulation, within
a periodic frame of perio@r, as shown schematically in Fig. 2.

In other words, only one pulse is transmitted within each symbol
Fig. 1. The Bernoulli shift map with the definition of the symbolic dynamicsperiodTF_ If the pulse occurs in the first half of the frame a “0”
used in the PCTH scheme. The invariant intedvat [0, 1] is partitioned with is being transmitted, otherwise a “1.” Each pulse can occur at
respect to the critical point = 0.5. The subintervald, andI, are assigned Mo ! . ) ’ p,
the binary symbols “0” and “1,” respectively. any of N = 2" discrete time instants, wherd is the number
of bits in the shift register?. In Fig. 2, the timeslot duration

i , corresponding to each possible level of the pulse-position mod-
Consequently, a trajectory of the dynamical system can be Astion has been denoted iy.

alyzed as a symbolic sequence. A simple example of a chaolierne pcTH receiver comprises a pulse correlator, matched
map is theBernoulli shift[19], defined as to the pulse-shape, followed by a pulse-position demodulator
(PPD) and a detector. In the simplest case, the binary informa-
tion may be retrieved by means of a threshold discriminator at
. - the output of the PPD. For the sake of simplicity, in this work we
wht_)se graphis s_hown in Fig. 1. The statean be expressed aSwill not consider maximum-likelihood (ML) sequence estima-
a binary expansion tion using the Viterbi algorithm, as in [15]. Instead, the detection
will rely on a simple ML criterion based on the observation of

2 =0.bibobg... =Y 277, (2) asingle frame.
j=1

Tk4+1 = 2z, mod 1 (1)

. . IIl. M ULTIPLE ACCESS FORPCTH
with b; equal to either “0” or “1,” andr € I = [0,1]. For

this map, a Markov partition [16] can be selected by splitting Fig. 3 shows a simplified block diagram for the proposed mul-
the intervall = [0, 1] into two subintervalsiy, = [0,0.5) and tiple-access scheme based on pseudochaotic time hopping, that
I, = [0.5,1]. Then, in order to obtain a symbolic descriptiowe denote by MA-PCTH. The transmitter/receiver architecture
of the dynamics, the binary symbols “0” and “1” are associatediown in Fig. 3 refers to the generith user. The input to the
with the subintervald, andI;, respectively. systemis an independent identically distributed (i.i.d.) source of

In PCTH, the Bernoulli shift (1) is approximated by meanbinary datap!’’, where the lower index denotes thié bit. The
of a finite-length (M-bit) shift registerz. Multiplication by two  input sequence feeds the pseudochaotic encoder, whose opera-
in (1) corresponds to a left shift{ goes tob;, etc.), while the tion has been described in Section Il. As in PCTH, the output
modulo one operation is realized by discarding the most sigf the pseudochaotic encodebfj), drives the N-PPM modu-
nificant bit (MSB). At each clock impulse the most recent bifator, thus producing the time hopping. In MA-PCTH, though,
of information is assigned the least significant bit (LSB) posthe output of the modulator is used to trigger a pulse train gen-
tion in the shift register, while the old MSB is discarded. Frorarator corresponding to the specific signatufé), associated
the viewpoint of information theory, the shift register implewith the jth user. In this paper, for simplicity, we consider a
menting the Bernoulli shift may be seen as a form of convsilotted system where the periodic frames (of pefigd corre-
lutional coding [16]. The memory of the structure is given bgponding to the different users are synchronized with each other.
the shift register which stores the Ideft input bits. Each input Each frame is subdivided int¥ slots of duratioifs(= Tr/N).
bit causes an output @ff bits; thus, the overall rate i’ M. In  In turn, each slot containd, chips; correspondingly, the chip
general, the shift register may be followed by a transformatid¢ime is given byT. = T,/N.. In our analysis, we assume that
unit for generating more complex chaotic maps. For exampfer each user the pulse trains are confined within the slot time
the simple transformation operated by a Gray/binary convertgy, i.e., the user signatures do not invade adjacent slots. This
on the Bernoulli shift leads to thent map described by also implies that, within a given framEr, two generic users

(j) and(k) will either transmit in different slots or collide. The
Tgp41 = 1 — 2|z, — 0.5]. (3) situation, for a single frame period, is illustrated in Fig. 4.
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Fig. 4. Sketch of the periodic frame for the MA-PCTH scheme with threlg. 5 T | hed il
users. The frame periodl, is divided into N slots, each of duration "'9-°- Transversal matched filter.
T,(=Tr/N). Note the different “signatures” associated with the different

users. Userg;) and(k) exhibit a collision in the third slogs, ). wheren(t) is additive white Gaussian noise (AWGN). In gen-
eral, with NV,, users transmitting simultaneously, the input to the
The transmitted signak(?) () for the jth user can be ex- jth receiver will be

pressed for each frame as r(t) = s9 () + n () + n(t)

, N1 ) W) where the terrm(uj)(t) takes into account the multiple-access
sty =>" ¢"w, (t — T, — dy Ts) ; interference (MAI) caused by the remainirigy, — 1) users
1=0 sharing the channel.
xt€[0,Tp), k=0,1,2,... (4) Referring to Fig. 3, thgth receiver comprises a pulse corre-

lator for the pulse waveform, (t). The output of the correlator
Wherecl(]) € {0,1} (I = 0,...,N. — 1) is the binary se- is given by
guence representing th¢h user signature. On the other hand, (i+1)T, +5T.
wy(t) is the pulse waveform that in this work is assumed to be ,_; = / wy(T)r(T)dr, i=0,...,N,—1
rectangular iT.+sT,

which is sampled according to the chip tirig. The samples
1, o<t<ty psi are then fed into a (digital) transversal matched filter imple-
wp(t) { 0, otherwise mented by a tapped delay line [20], whose architecture is illus-
trated in Fig. 5. In the case under consideration, the weights
wheret,, is the pulse duration angl < 7. So, for each infor- should coincide with the user signature, that is
mation bit,bgj), a pseudochaotic itera&?) €{0,...,N -1}
is generated and the pulse train for jttle user is transmitted in

the corresponding slot, within the frame time. Thus, the output of the matched filter for slois
In the case of a single user, the signal received is simply

a=cP, i=0,... N.—1.

N.—1

() — Z @, =0 N-1 5
Ys C;" Psis S sty ( )
T(t) S(t) n(t) 1=0
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where the subscript runs over the number of slots per frameB. Three-User Case
The pulse-position demodulation is carried out by applying a ¢ three users are present, all three can transmit in different

ML criterion (that_ is selecting the largest §ample at the outpyf,s (event denoted byt), all three can transmit in the same
of the matched filter) for each frame peridgh. Namely, the gjo¢ (eventB), or each of the three possible pairs of users can
most likely slot,3¥), is transmit in the same slot (events, Cas, C13). Specifically,

C,; corresponds to usegsandj transmitting in the same slot
and the remaining user in a different slot. The average error
» probability, P., of detecting user 1 in the wrong slot is given
Finally, the estimatég) of the transmitted bit (for thgth user) by

can be obtained by means of a threshold detector.

500 — argmax{ygj)./ s=0,...,N — 1}

P. = P(error| A)P(A) + P(error | B)P(B)
IV. BER PERFORMANCE THEORETICAL ANALYSIS + P(error | C12)P(Ci2) 4+ P(error | Ca3)P(Cas)
)E(

In this section, we analyze the BER performance of + P(error | C13)P(C13).

the MA-PCTH scheme in the presence of AWGN. The ) o )

signal-to-noise ratio (SNR) is defined /Ny, where £, is  ~ssuming all users transmit |.2|.d. binary daf&(A) = (N —
the energy per user bit and, is the single-sided spectral noisel) (V. = 2)/N 7P(B)2 = 1/N and_ P(Cl%) = P(023? =
power density(c2 = No/2) of the AWGN. We assume that £ (C13) = (N —1)/N*. P(error | A) is obtained by modifying

the receiver tries to demodulate the data transmitted by udf Symbol error probability aW-ary orthogonal signaling [17],
1 in the presence of MAI introduced by th&/{ — 1) other by considering that users 1, 2, and 3, each transmit in different

users. The cross correlation value with each user is normalizQts

to the autocorrelation value of user 1. We present a detailed 1 e

analysis for the two- and three-user case, and provide a genéDrgﬁrror |4) = Vo / [1 = ®(y = V25172)

BER expression for an arbitrary number of users. The baseline o (v— /3572

behavior being represented by the (uncoded) single-user Xx®(y — \/28173)®(y)N Ble” 2 dy (8)

PCTH scheme. We emphasize that for a single user the BER )

performance of PCTH coincides with orthogomélary PPM.  Wherey; = S ctVei?) denotes the periodic cross correla-

tion between user 1 and j. Note that increasjfnglecreases the

A. Two-User Case value of® in the integrand, thus, increases the error probability.
For each frame, the two users transmit either in a different s %F '_chte ofther har:jd?((irror | BZ) IS ((;btalne3d by con5|_d(i[]|ng that lot

or in the same slot. By denoting these mutually exclusive events 'Nierlerence due fo user < and user.s appears in the same sio

with A and B, respectively, then the probability of detectingOCCUpIed by user 1

user 1 in the wrong slot?., is given b 1 o .
J g Y P(error | B) = \/T/ [1—&(y)N Y
T J 0o

_ =251 (1472 +93))°

P, = P(error | A)P(A) 4+ P(error | B)P(B)
Xe dy. (9)

where P(A) = (N — 1)/N and P(B) = 1/N denote the
probability of A and B, respectively, andP(error | A) and The effect of users 2 and 3 transmitting in the same slot as user
P(error | B) are the probabilities of error given eversand 1 can be readily seen from (9) as effectively improving the SNR
B), respectively.P(error | A) is obtained by modifying the and decreasing the error probability.
symbol error probability ofV-ary orthogonal signaling [17] by =~ The probability of error for the remaining evens,, Cs3,
considering that user 1 and user 2 do not transmit in the sasrelC, 5 can be calculated using

slot
1 oo
1 oo P(error |Cy;) = —/ [1—®(y—/25174)
P(error | A) = — / [1—®(y —/25172) ! V2 J—oo
V21 J s N_2 (=251 (147s)?
—(y—/257)> X(D(’l/) ]6 2 d’l/ (10)

x®(y)V e = dy (6)

) wherey, denotes the total cross correlation of users transmitting
where®(z) = (1/v2r) [*_e=("/2)dt, S; = E1/Nyis the in the same slot, but different from the slot occupied by user 1,
SNR of user 1, withE; the transmitted energy of user 1, anénd~, indicates the total cross correlation of users occupying
1o = SNt etVe® s the periodic cross correlation betweenthe same slot as user 1. Thét(error | 1) is found by setting
user 2 and user 1, the user of interest. Similagrror | B) is  {y; = v3,v, = 72}, P(error | Cy3) is found by setting~, =
obtained by considering that user 1 and user 2 transmit in the v, = ~3}, while P(error | Cy3) can be obtained by setting
same slot {Ya = 72 + 73,75 = 0}.

P(error | B) = \/%_ﬂ/ [1—®(y)N Y C. General Case

For N,, users we generalize the previous considerations to the

_ (y=/251(1+42))2 S
— =2 dy. (7) following interference event denoted loy. There aren slots

xXe
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indexed by: = 1,..., n, different from the slot used by userP(C") can be calculated as the weighted average of the prob-
1, and slot containsw; interfering users. The slot occupied byability of error of all events i, as shown in (16), at the bottom
user 1 receives contributions fraW, —1—)"""_| «; interferers of the page, wheregy = min(N, — 1, N, — Z?;g a;). B2

and all the others slots are not used. The probability that useithe number of slots in which two users transmitted, gnd

1 is detected in the wrong slot is given by (11), as shown &tthe number of slots in which three users transmitted, etc. In
the bottom of the page [21], wherg?*) represents the cross(16), Auax = |[(N./2)] is the maximum number of different
correlation between user 1 and the interferer indexed iy possible interference events within a single frame. This occurs
the slot indexed by, while v(*) is the cross correlation betweerwhen(N,, /2) pairs of users interfere. The number of users who
the interfering user indexed byand user 1. transmitin slots with no interfering usersig = NU—Z?:l a;.

In order to calculate the average probability of error in thie the above expression, the evests . . ., A, correspond ta;
general case, we need an expression for the probability of eacters transmitting in the same slot, users transmitting in the
the possible interference events. The average probability of ersarme slot, but different than thi users, etc. The superscript 1
is indicates that user 1, the user of interest is included in that set.

For all cases, in order to calculate the BER, we need to convert
P. = P(error| A)P(A) + P(error | B)P(B) + P(C"). (12) symbol errors to bit errors. Namely, we convert the probability
fdetectln user 1inawrong sldt,, to the bit error probabilit
A denotes the event where all users transmit in the same s The errgors which c0n3|s? of confusing the slofused by):Jser

B is the event where all users transmit in different slots, @hd 1 W|th any of the othelV — 1 slots are equiprobable and occur
denotes the collection of all other interference events. It foIIothh probability

that: P(A) = (N — 1)(N = 2)...(N — (N, — 1))/NNu—1,
andP(B) = 1/N™=~1, Moreover P. P
N-1 2M_1

N-N, . . . .
P(error | A) \/— / () Let us assume without loss of generality that the binary infor-
mation digit transmittedd by user 1 is zero; then the probability
N _ (w=/251 that the receiver makes a bit error is the probability of confusing
X H Oy - v 25173')] ¢ = dy (13)  the siot where user 1 is transmitting with any of the 1A%t
slots in the frame. Thus
P(error | B) / )N Y oM—1 P
V2 PbP=——P~—=  M>1. a7
s NE 2M — 1 2
_ (y ‘bl(HEj:z 73))
X e 2 dy (14)

. - . D. Example: Four-User Case
where againy; denotes the periodic cross correlation between P

user 1 and j. In addition The probability of detecting user 1 in the wrong slot can be
) subdivided into the following cases.
) = Z P(error | C)P(C) (15) 1) The four users transmit in the same slot, with probability
ceC 1/N3_

whereC indicates the set of all interference events, excépt 2) All users transmitin different slots, with probabilityV —
and B. In practice, if the user signatures are equicorrelated, 1)(N — 2)(N — 3)/N3.

P(error | C)
, Noo1-YL o ’
= \/—/ [ (y V251 Zv“ “) )N_l_"] - exp [—5(:1/ V28 [1+ >0 4 dy
2 k=1

- (M—Z%) - (*‘”> (ﬁ) "

[a1Pre (A1, As, ... ) +asPro (A1, A3, ... Bo) + -+ +agPre(Ar, As, ... af)] (16)

A=1 a)=2

S(N=1)(N-2)...

P(C)= N;—lfg z:: i:(Nu) (N"a;al),_,(Nu—al—azk—--._m_l)
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3) Two users transmitin the same slot and the two remainin 1001 L I N S
users transmit in independently different slots, with prob- ;;\.,@%\P o— PCTH (THR) / 256 -PPM
ability (N — 1)(N — 2)/N3. N o 5 PCTH (SIM)

4) Three users transmit in the same slot and the remainir
user transmits in a different slot, with probabilityy —
1)/N3.

5) Two users transmit in the same slot and the two remainin
users transmit in the same slot different from the previou:
two, with probability(N — 1)/N3. o

If the cross correlation between user 1 and all other users ®

not equal, then, each of the above events must be subdivid
further. For instance, the probability that two users transmit ir
the same slot and the two remaining users transmit in the sar
slot, different from the previous two (case 5), is the sum of the
probabilities that:

5a  User1and 2 transmit in the same slot and user 3 and
transmit in the same slot different from the other users
with probability (1/3)(N — 1)/N®. 10°
5b  User 1 and 3 transmit in the same slot and user 2 and
transmit in the same slot different from the other users,
with prObablllty(l/:}),(]_V - 1)/N3' Fig.6. Simulated versus analytical BER performance of the single-user PCTH
5c  User 1 and 4 transmit in the same slot and user 2 angcdeme in the presence of AWGN. Note that in this case the error probability
transmit in the same slot different from the other usersgincides with orthogonal 256-PPM.
with probability (1/3)(N — 1)/N3.

The probability of error for each of these events canbe evalt 10 £~
ated by applying (11). For example, the probability of case (5a E
is obtained by setting = 1, a; = 2, andy(") being the cross
correlation between users 1 and 3, an#?) being the cross
correlation between users 1 andy4!) denotes the cross corre-
lation between users 1 and 2.

A R e b L
4 6 8 10 12 14 16
E /N (dB)
b 0

107 L

10% &

V. SIMULATION RESULTS o

L
This section reports the simulation results for the MA-PCTH®
scheme and compares them with the theoretical predictions. Tl
results of our analysis are presented in terms of BER probabilit
versus the SNR at the receiver, expressed in decibels.
Fig. 6 shows the simulated and analytical BER for single-use
PCTH. The analytical calculation uses the method outlined i

107

105 L| o PCTH(THR) i \
i : . E']--8--MA-PCTH, 2 users (Y,=0.3750) [\
Section IV. We used// = 8 bits corresponding t&v = 256 - | --2--MAPCTH, 2 users EY;: 0_43752 s \ ]

PPM levels, withN., = 32 chips/slot. As mentioned in [ | ¢~ MA-PCTH, 2 users (¥,= 0.5625) | \\

Section 1V, the BER performance coincides with orthogona  qoe L. . © . . . . . 1 10 L

256-PPM. This is the baseline from which to compare the 4 6 8 10 12 14 16

multiuser cases since it represents the best performance tt E/N, (dB)

could be possibly achieved if, for example, the various users

had orthogonal signature sequences (zero cross correlation);ig. 7 Simulated BER performance of the MA-PCTH scheme with two users,
In each of the multiuser cases, a unique 32-bits signatdfk'aous values of cross correlation.

sequence was assigned to each user. The binary sequences that

we chose to use were randomly selected. The only constradfitthe second user’'s sequence increases, the probability of

imposed on the sequence selection process was that egubosing the slot in which user 2 transmitted increases, and so

sequence should contain an equal number of ones (specificalbes the intended user’s probability of error. This is consistent

16 ones and 16 zeros). This maintains a constant energy acwil the fact that orthogonal signaling results in the best

all users. The randomly selected sequences have periodic cpsssible BER performance. In Fig. 8, we show a comparison of

correlation values to user 1, the user of interest, of 0.378Be simulated performance versus the theoretical predictions,

0.4375, and 0.5625. The family of curves in Fig. 7 shows tHer each cross-correlation value.

two-user simulated performance with each of these cross-corFig. 9 shows the analytical BER performance, using (11), and

relation values. Note how the BER performance improves wiimulated performance of four users. The three interfering users

decreasing cross correlation [see (6)]. As the cross correlatitad cross-correlation values to the first user of 0.3750, 0.4375,
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Fig. 8. Simulated versus analytical BER performance of the MA-PCTH
scheme with two users, for various values of cross correlation. performance is dominated by the user with the highest cross
correlation.

Finally, Fig. 11 shows the BER performance of the simulated
and 0.5625. Note that, as pointed out in [22], depending on tegstem as a function of the number of uséfg, In the simulated
value of the cross correlation and/or with enough users an ertep-user data, the sequence with cross correlation of 0.5625 was
floor in the BER can develop. Fig. 10 shows the simulated parsed. For the four-user case the cross-correlation values were
formance of the same four-user case compared with eachsef to 0.3750, 0.4375, and 0.5625, with respect to user 1. In the
the two-user cases previously discussed. The four-user systght-user case, we assigned a cross-correlation value of 0.3750
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Fig. 11. Simulated BER dependence on the numier of users. In the  [5]

two-user case, the cross correlation equals 0.5625. In the four-user case, the
cross-correlation values are 0.3750, 0.4375, and 0.5625, with respect to usdf]
1. In the eight-user case, two users have cross correlation 0.3750, three other
users 0.4375, and the remaining two interfering users 0.5625. -

7

to two users, a value of 0.4375 to three other users, and 0.5625t
the remaining two interfering users. As the number of users in-
creases, the BER performance is degraded. This is true provided
that the cross correlation increases with an increasing number o[f9]
users, as in our case.

[10]

VI. CONCLUSION
[11]

The success of MA-PCTH as a communication system de-
pends on how many users can be supported at a sufficiently |OW2]
error rate and a sufficiently high data rate. In this paper, we have
shown that the BER performance of single-user PCTH is the
same asV-ary orthogonal signaling (e.g., N-PPM). For mul- [13
tiuser communications, there are many parameters that need to
be optimized in order to produce the best overall system per-

. : 14]
formance. These include the length of the signature sequencés,
the cross correlation between sequences, the dimensionality of
the pulse-position modulator and the system data rate capaciﬁsl
In this work, we have investigated the influence of the periodi
cross correlation between the generic user and each of the other
users on the BER, in a synchronous system. Our analysis indit®]
cates that the highest cross correlation amongst interferers teng$]
to dominate the BER performance. For future work, in order to
improve the BER performance, one needs to find sets of sig?8l
nature sequences exhibiting constant cross correlation betweﬁtg]
any two sequences in the set, or that are bounded by an accept-
able level. An interesting variation of the proposed scheme &9l
the nonslotted MA-PCTH case, whefécT'c > Ts. In this 5y
case, the length of each user’s sequence extends through one slot
into an adjacent slot causing intrasymbol interference. When

. . s . T122]
users interfere with each other, they no longer do itin a unlqué
way because there is more than one way that the sequences can
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overlap. Aperiodic cross correlations must now be considered.
The possible benefits are a potentially improved data rate, sim-
pler implementation, and the potential to support more users,
albeit with a possibly higher BER.

ACKNOWLEDGMENT

The authors would like to thank Dr. L. Reggiani, Dr.
L. Tsimring, and Prof. K. Yao for stimulating discussions.

REFERENCES

M. Z. Win and R. A. Scholtz, “Impulse radio: How it works,|[EEE
Commun. Lett.vol. 2, pp. 36—38, Feb. 1998.

S. S. Kolenchery, J. K. Townsend, and J. A. Freebersyer, “A novel im-
pulse radio network for tactical military wireless communications,” in
Proc. MILCOM Boston, MA, Oct., 18-21 1998, pp. 59-65.

R. A. Scholtz, “Multiple access with time hopping impulse modulation,”
in Proc. MILCOM, Bedford, MA, Oct. 11-13, 1993.

F. Ramirez-Mireles and R. A. Scholtz, “N-orthogonal time-shift-modu-
lated signals for ultra-wide bandwidth impulse radio modulatiémgc.
IEEE Commun. Theory Mini ConfNov. 1997.

M. Z. Win and R. Scholtz, “Impulse radio: How it worksfEEE
Commun. Letf.vol. 2, pp. 36—38, Feb. 1998.

F. Ramirez-Mireles and R. A. Scholtz, “Multiple-access performance
limits with time hopping and pulse-position modulation,” Rroc.
MILCOM'98, vol. 2, Oct. 1998, pp. 529-533.

M. Z. Win and R. A. Scholtz, “Ultra-wide bandwidth time-hopping
spread-spectrum impulse radio for wireless multiple access communi-
cations,”|EEE Trans. Communvol. 48, pp. 679-689, Apr. 2000.

R. G. Aiello, G. D. Rogerson, and P. Enge, “Preliminary assessment of
interference between ultra-wideband transmitters and the global posi-
tioning system: A cooperative study,” presented at the National Tech-
nical Meeting of the Institute of Navigation, Jan. 2000.

P. A. Bernhardt, “Chaotic frequency modulation,” froc. SPIE—Int.
Society Optical Engineeringol. 2038, 1993, pp. 162-181.

N. F. Rulkov and A. R. Volkovskii, “Threshold synchronization of
chaotic relaxation oscillations,Phy. Lett. A vol. 179, no. 4-5, pp.
332-336, 1993.

H. Torikai, T. Saito, and W. Schwarz, “Synchronization via multiplex
pulse trains,” |IEEE Trans. Circuits and Systems—fol. 46, pp.
1072-1085, Sept. 1999.

M. Sushchick, N. Rulkov, L. Larson, L. Tsimring, H. Abarbanel, K.
Yao, and A. Volkovskii, “Chaotic pulse position modulation: A robust
method of communicating with chao$EEE Commun. Lettvol. 4, pp.
128-130, Apr. 2000.

] T.Yangand L. O. Chua, “Chaotic impulse radio: A novel chaotic secure

communication system|ht. J. Bifurcation Chaosvol. 10, pp. 345-357,
Feb. 2000.

G. M. Maggio, N. Rulkov, M. Sushchik, L. Tsimring, A. Volkovskii, H.
Abarbanel, L. Larson, and K. Yao, “Chaotic pulse-position modulation
for ultrawide-band communication system,” itAVB’99, Washington,
D.C., Sept. 28-30, 1999.

G. M. Maggio, N. Rulkov, and L. Reggiani, “Pseudo-chaotic time hop-
ping for UWB impulse radio,lEEE Trans. Circuits Syst.—ol. 48,

pp. 1424-1435, Dec. 2001.

D. Lind and B. MarcusAn Introduction to Symbolic Dynamics and
Coding Cambridge, U.K.: Cambridge Univ. Press, 1995.

J. G. ProakisPigital Communications3rd ed. New York: McGraw-
Hill, 1995.

A. J. Viterbi, CDMA Principles of Spread Spectrum Communica-
tion. Reading, MA: Addison-Wesley, 1995.

E. Ott, Chaos in Dynamical SystemsCambridge, U.K.: Cambridge
Univ. Press, 1993.

L.  W. Couch, Digital and Analog Communication
Systems Englewood Cliffs, NJ: Prentice-Hall, 1997.

G. M. Maggio, D. Laney, F. Lehmann, and L. Larson, “A multi-access
scheme for UWB radio using pseudochaotic time hopping,Piac.
UWBST 2002Baltimore, MD, May. 20-23, 2002, pp. 225-229.

G. M. Maggio, D. Laney, and L. Larson, “BER for synchronous
multi-access UWB radio using pseudochaotic time hoppingProc.
GLOBECOM 2002Taipei, Taiwan, Nov. 17-21, 2002, to be published.



1700

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 20, NO. 9, DECEMBER 2002

David C. Laney (S'95) received the B.S. degree
in electrical engineering from Cornell University,
Ithaca, NY, in 1987, and the M.S.E.E. degree fromr
the University of California, San Diego, in 2000.
He is currently working toward the Ph.D. degree
in electrical engineering. He is the recipient of a
Doctoral Fellowship from HRL Laboratories in

Frederic Lehmann received the E.E. degree and
M.S.E.E. degree from ENSERG, France, in 1998.
He is currently working toward the Ph.D. degree,
Institut National Polytechnique de Grenoble (INPG).

His main research interests are in the areas of com-
munication theory, information theory, and channel
coding.

Malibu, CA.

Mr. Laney holds one U.S. patent and has ont
pending. His research interests include ultra-wid
band communications, communication theory, an

microwave circuits.

Lawrence E. Larson(F’'00) received the B.S. degree
in electrical engineering in 1979 and the M.Eng. de-
gree in 1980, both from Cornell University, Ithaca,
NY, and the Ph.D. degree in electrical engineering
from the University of California, Los Angeles, in
1986.

He joined Hughes Research Laboratories, Malibu,
CA, in 1980, where he directed work on high-fre-
quency InP, GaAs, and silicon-integrated circuit de-
Gian Mario Maggio (S'95-M'99) received the velopment for a variety of radar and communications
five-year honors degree in electrical engineering applications. While at Hughes, he led the team that
from the Politecnico di Torino, Italy, in March 1995. developed some of the first MEMs-based circuits for RF and microwave appli-
He was the recipient of a Marie Curie Fellowshipcations, the first InP HEMT MMIC foundry and developed some of the first
and in February 1999 he received the Ph.D. degrddMICs in Si/SiGe HBT technology with IBM. He was also Assistant Program
in electrical engineering from University College, Manager of the Hughes/DARPA MIMIC Program from 1992 to 1994. From
Dublin, Ireland. 1994 to 1996, he was at Hughes Network Systems, Germantown, MD, where

In 1995, he worked as an Electronic Designer ahe directed the development of radio frequency integrated circuits for wireless
Philips Labs, Milan, Italy. In March 1999, he joined communications applications. He joined the faculty at the University of Cali-
the University of California, San Diego (UCSD) asfornia, San Diego, La Jolla, in 1996, where he is the inaugural holder of the
a Post-Doctoral Researcher. Since 2000, he has be€ommunications Industry Chair and Director of the UCSBnter for Wire-
with the Advanced System Technology (AST) group of STMicroelectronictess Communicatiorat the Jacobs School of Engineering. While on academic
Inc., San Diego, as a Research Engineer. Also, he is currently affiliated widave in 2000-2001, he was Director of the IBMest Coast Design Center of
the Center for Wireless Communications (CWC) at UCSD. His main researElcellencevhere he led the development of RFICs for 3G applications. He has
interests are in the area of wireless communications, including ultra-widebgmeblished over 150 papers and has received 24 U.S. patents.
communications, iterative-decoding, and RF oscillator design. Dr. Larson was co-recipient of the 1996 Lawrence A. Hyland Patent Award

Dr. Maggio received the Best Paper Award at 1989 European Conference of Hughes Electronics, for his work on low-noise millimeterwave HEMTs, the
on Circuit Theory and DesigrHe served as the Track Chair for Nonlinear Cir-HRL Sector Patent Award, and the IBM Microelectronics Excellence Award for
cuits and Systems at ISCAS 2001, Sydney, and is currently the Chair-Elechas work on Si/SiGe HBT technology. He is a member of Eta Kappa Nu and
the IEEE Technical Committee on Nonlinear Circuits and Systems (TC-NCASjigma Xi.

% i
R 7



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


