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Abstract— The use of time-hopped block wave-
form encoding PPM signals sets for multiple access
communications is studied. The multiple access
performance is analyzed in terms of the number of
users supported by the system for a given bit error
rate and bit transmission rate. The analysis shows
that this techmique is potentially able to provide
multiple-access communications with a combined
transmission capacity of over 500 Megabits per sec-
ond at bit error rates in the range 10=* to 1078 using
receivers of moderate complexity.

I[. INTRODUCTION

Multiple-access (MA) communication using a time-
hopping modulation employing impulse signal tech-
nology was proposed in [1]. This communication
technique is called impulse radio (IR) {2]. Impulse
radio modulation uses subnanosecond impulse tech-
nology to build ultra-wideband (UWB) communica-
tion waveforms that consist of trains of time-shifted
subnanosecond pulses using time hopping (TH) for
spread-spectrum sequence modulation, and pulse po-
sition modulation (PPM) for the data modulation.
Impulse radio promises to be a viable technique
to build relatively simple and low-cost, low-power
transceivers that can be used for short range, high
speed MA communications over the multipath indoor
wireless channel.

In [1] the single-user MA performance of IR assum-
ing free space propagation conditions and additive
white Gaussian noise (AWGN) was studied. The anal-
ysis assumed that binary PPM signals based on binary
time-shift-keyed modulation are detected using a cor-
relation receiver. The analysis in [1] is quite similar
to that for code-division MA made in [3] and is based
on the fact that both designs use single-channel cor-
relation receivers for phase-coherent detection of the
bit waveform. In this paper we generalize the ideas
in [1] to investigate the use of block-waveform encod-
ing PPM signals to increase the number of users sup-
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ported by the system for a given MA performance and
bit transmission rate, without increasing each user’s
transmitted power. We also illustrate some of the
tradeoffs between MA performance and receiver com-
plexity.

II. CHANNEL, SIGNALS AND MULTIPLE-ACCESS
INTERFERENCE MODELS

A. Channel and impulse signal models

The model assumed is a channel with ideal propa-
gation condition. The transmitted pulse is wsg(t) =
It w(€)d¢ and the received pulse is Aw(t—T1)+n(t).!
The constants A and 7 represent the attenuation and
propagation delay, respectively, that the signal expe-
riences over the link path between the transmitter
and receiver. The noise n(t) is AWGN with two-sided
power density 1\72—‘2 The signal w(t) is the basic sub-
nanosecond impulse used to convey information. It
has duration T, two-sided bandwidth W, and energy
Ey = [ [w(t)]? dt. The normalized signal correla-
tion function of w(t) is

Yu(T) € -El—/oo w(t)w(t - 1)dt > —1Vr.

The minimum value of 7,,(7) will be denoted Ypi,, and
Tmin Will denote the smallest value of 7 in [0, Ty,] such
that Ymin = Yuw(Tmin). The correlation value between
w(t — 7;) and w(t — 7;),8 # 7, is given by v, (7 — 7).
Note that the signals w(t—7;) and w(t—7;) are linearly
independent, hence they can never be antipodal.

B. TH PPM signals

The TH PPM signal conveying information exclu-
sively in the time shifts is

2 =S w(t - kT — T~ 6%, ). (1)
k=0

L%/Ns ]

The superscript (v), (1 < v < N,) indicates user-
dependent quantities. The index & is the number of
time hops that the signal 2(*) () has experienced, and

! The effect of the antenna system in the UWB transmitted
pulse is modeled as a derivation operation.



also the number of impulses that has been transmit-
ted. The impulse duration satisfies T, << Ty, where
T is the frame (impulse repetition) time and equals
the average time between pulse transmissions. The
{cg')} is the pseudo-random time-hopping sequence
assigned to user v. It is periodic with period NV, (i.e.,

cg;)lN = cgg ),Vk,l integers) and each sequence ele-

ment is an integer in the range 0 < cg') < Np. The
time hopping code provides an additional time shift
to each impulse, each time shift being a discrete time

value between 0 < clgc'/)TC < N, T, seconds.
The time shift corresponding to the data modula-
tion is 6’“(,,) e{n=0<m<...< 7N}, wWith 7,

k/Ns

small rel';ti/vejto Ty. To simplify the analysis, we fur-
ther assume that N, T.+2(7n,+Tw) < T¢/2. The data
sequence {dg,’{)} of user v is an M-ary (1 < dg,'f) < M)
symbol stream that conveys information in some form.
Impulse radio is a fast hopping system, which means
that there are N, impulses transmitted per symbol.
The data symbol changes only every N, hops, and
assuming that a new data symbol begins with pulse
index k£ = 0, the index of the data modulating pulse &
is |k/N,| (Here the notation |g| denotes the integer
part of ¢). If we define

(m+1)N,-1
cOmE 3 Tt -kTy), (2
k=mN;

1, f0<t<Ty

p(t) = { 0.

otherwise
and
Ns—1
SOE S wlt - KTy — o) 3)
k=0
for:=1,2,..., M, then (1) can be rewritten

2(t) = - mN,Ty - C (1))

Z Sy (t

def Z X(”d(,,) (t),

m=0

where m indexes the transmitted symbols. Hence the
user’s signal 2(*)(t) is composed of a sequence of sig-

nals X" )(V)( t), where each frame-shifted xv )( (1) is

a fast- hopped version of one of the M pos&ble PPM
symbol waveforms {S;(t)}. A single symbol waveform
has duration 75 e N,T¢. For a fixed Ty, the M-ary
symbol rate R, = Ts‘1 determines the number N, of
impulses that are modulated by a given symbol. Note
that when the hopping pattern in (2) is known, the

signals {S;(t)} and {X,, (")( t)} have the same correla-

tion properties

R; xWhey xWe) de

since for k # [ the pulses are non overlapping. The
energy in the i** signal is Fs = R;; = N E,, and the
normalized correlation value is

N.—-1
aud—ef&‘ 3 (85— 65) 2 A .
ES S k=0

C. PPM signals

The PPM signal S;(t) in (3) represents the i** signal
in an ensemble of M information signals,? each signal
completely identified by the sequence of time shifts
{6kk=0,1,2,..., N, — 1}.

One way to construct equally correlated (EC) sig-
nals {S;(t)} for M < N, consists of using the (0,1)
pattern of an m-sequence [4] of length N,. Let af,
k=0,1,2,...,N; — 1 the ¢** cyclic shift of the m-
sequence, for ¢+ = 1,2,..., M. This pattern of 1’s
and 0’s can be used to define the time shift pattern
{6F = afry;k = 0,1,2,..., N, — 1} representing the
*" signal. Hence, the EC PPM signals can be written

Ns—1
Si(t) = Z w(t—kTf - afrz) (4)
k=0
fort=1,2,..., M. It can be shown that the signals

in (4) have normalized correlation values a;; = 1 and
o;; = A, 1 # j. By using 75 = T,y the minimum value
of A is
Ng— N
_‘2—17’!1)(0) + _'Q:Llp)/min

N, ’

> 0for Ny >> 1.

Amin

1 + 7min
2

D. Multiple-access interference model

The following assumptions are made to facilitate
our analytical treatment.
(a) To estimate performance without choosing a

hopping code, we assume that the elements {c}c")}
for v = 1,2,..., N, and for all k, are independent,

2The signal Si(t) is the received signal when f:w Si(&)d¢
is transmitted over the channel in the absence of noise and
interference.
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identically distributed random variables. Each c,(vy)
is uniformly distributed on the interval [0, N4], and
performance computation is based on signal-to-noise
ratios averaged over the TH sequence variables.

(b) To insure that no hopping code random vari-
ables occur more than once in a symbol time, we as-
sume that N, < N,,.

(c) Asynchronous transmission dictates that the
transmission time differences 7, — 7, k = 2,..., N,
are independent, identically distributed random vari-
ables, with 7, —7; mod T being uniformly distributed
on [0, T%].

(d) We assume that the received monocycle wave-
form satisfies the relation [*_w(t)dt = 0.

ITI. SYSTEM PERFORMANCE
A. Receiver signal processing

When N, links are active in this MA system, then
the received signal r(t) can be modeled as

(=3 A= N 1 n) (5)

where A} is the attenuation of user v’ signal over
the IR channel, 7(*} represents time asynchronisms
between the clocks of user transmitter v and the re-
ceiver, and the signal n(t) represents non MA inter-
ference modeled as AWGN.

Let’s assume that the receiver wants to demodulate
the signal of user » = 1 corresponding to the m-th

data symbol dg) = j. If only that user is present,
then
r(t) = A(”XSLW (t— W) 4 n(t)

When the receiver is perfectly synchronized to the first
user signal, e.g., having learned the value of 7(1) or
at least 7(1) mod N,T¥), the receiver can determine
the sequence {7} of time intervals, with interval
T, containing the waveform representing data symbol
4y (or dgl)node). In this case the detection problem
consists of deciding between M equal energy signals
in AWGN. Therefore, the optimum receiver consists

of M filters matched to the signals {XT(:?J- (t — (D)},
t € T & [mNTs + 7(1), (m + 1)Ns — 1)T; + 7(1)),
7 =1,2,..., M, followed by samplers and a decision
circuit that selects the signal corresponding to the
largest output.

When more than one link is active in the MA sys-
tem, the optimal receiver is a complicated structure
that takes advantage of all of the receiver’s knowledge
regarding the characteristics of the MA interference
[5] [6]. For simplicity, we will use the M-ary correla-
tion receiver even when there are many transmitters

0-7803-4788-9/98/$10.C0 © 1998 |IEEE.

active, and the detection problem will be the coher-
ent detection of M equal energy signals in the pres-

ence of mean-zero Gaussian interference in addition
to AWGN.

B. Multiple-access system performance

When N, transmitters are active and the receiver
wishes to determine the data modulating transmitter
v = 1, the received signal r(t) in (5) can be viewed as

rt) = AOXW G- DY Ln @), teT, (6)

m,dyn
where

Nu
Tt () & > Az (1) + n(t) (7)

includes both multiple-access interference and ther-
mal noise, and is assumed to be a mean-zero Gaus-
sian random process. Standard techniques [7] can
then be used to calculate the union bound on the
bit error probability UBP}, for coherent detection of

the EC TH PPM signals Xh(t — r@), t € T,
Jj=1,2,..., M. This bound is given by

M [ exp(—£%/2)

UBPy (NV,) = — T e,
(V) =5 ANRb— s v
(8)
where
1 m?
R N T AL B
and
m = / AOX D ¢ _ 2Oy (g
tETm m?] m7.7$l
= AW[E, - R;j]= ADE[1- )] Vi+j,
(10)
where
v v)y def ry-(v) v (v) v
Yt =) E X0 - ) - xThe - 70)
and

2
Tion (V) = E{ L, mer e = et }
t€Tm =

where E{-} is the expected value operator. If only the
desired transmitter is active, then

E { [ /t RGN TU))dt] 2}

= N,E,J1 -2\ Vi#j=o?,

2. (1) =
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and

1 (AWZET - AL

S 1) =
NRbon(1) log, (M) N,

Thus, SNRb,,.(1) is equivalent to the output bit
signal-to-noise-ratio (SNR) that one might observe in
single-link communications. To complete the calcu-
lation of SNRb,,.(V,), we must quantify the total
noise variance o2,(V,) and confirm that the mean of
the total noise n.,(t) is zero. This is done making use
of the assumptions made in subsection II-D.

When the waveform w(t) is averaged over uniformly
distributed random time shifts as in (c), then (d) in
most situations gives that the mean value of the av-
erage is zero. Hence this condition is sufficient for
E{n..(t)} =0.

Assumptions (a) and (b) insure that the interfer-
ence created by different monocycle transmitters is
independent, and therefore

Ny
o2 (Vo) = 0%+ Y (A E{(x)?} (1)

v=2

where
) — / st — Oy ¢ —rDyde  (12)
teTm e

For the particular waveforms and parameters that
we have investigated we have found that

E{(n)?} ~ %fag Vi (13)

where
o2 = -zf—f /_O:o [/_0; w(t = 8)[w(t) — w(t - Tg)]dt]Q ds
(14)

Substituting (10) and (11) into (9), and using (13)
and (14), we get

SNRb,,(Ny) = [[SNRb.(1)]™"+
—~14 1
__1__ (E’w[]‘ s 7min])2
R w (AW )?
b 2To2 fo\;z (%ﬁT)
(15)

for use in the bit error probability bound in (8). In
(15) we used the fact that the bit transmission rate

R _ lOgg!M!
b= TN.T;

IV. RECEIVER IMPLEMENTATION

To detect the M signals we will need to correlate the
input signal with M reference signals. For large M
these can result in a receiver of great complexity. We
can take advantage of the structure of the EC PPM
signals to simplify the construction of the receiver. We
illustrate this idea using the representation in (4). Let
the received signal be r(t) in (6). In the receiver, each
of the M channel correlation outputs can be written

g = / r)X W — rWygt
t€Tm '
Ns—1 2
= Z Z 5(m——1),afz’m (k)
k=0 m=1

where

(k4+1)T 47D
2m (k) & / T (- kT = =W dt
]CTf+-r(1)

for m = 1,2. From the expression for y;, ¢ =
1,2,..., M, it is clear that the receiver needs only
2 correlators and M store and sum circuits. The y;
can be calculated while r(¢) is received and no symbol
delay occur. This is illustrated in figure 1.

STORE
AND SUM i)
x(2)
FT v 46, T, + T,
z (K STORE |
X 1:5' m ) aNp suM™™ V2

FT 41N 40, 0T, v,

k=012 ..N -1
¥ 1
i
! L]
wit—kT e e DT vy '
m=01

STORE
AND SUM—® Y

TEMPLATE
GENERATOR|

1 1
8T 4~ e, Py

1
CODE P CODE k mod N
DELAY L GENERATOR »
(SYNC CONTROL)
TS(t~kaA1:(l)) T(l)
1:(‘) mod T
S ’
CL K
r-_(SYNC CONTROL) SH%cror

Fig. 1. This diagram shows one of the 2 correlators and
the M store and sum circuits that are needed in the
simplified receiver.
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V. NUMERICAL EXAMPLE

In this section we illustrate the potential MA per-
formance of this system for a specific design. In IR
modulation, the UWB received impulse w(t) can be
modeled by

w(t) =[1-ax[£]"] exe (2 [£]°)

where the value t, = 0.4472 ns was used to fit the
model w(t) to a measured waveform from a particular
experimental IR link. The normalized signal correla-
tion function corresponding to this pulse is

Bul®) = [1-n ]+ 452 1] ] nm (<[]

In this case 7., = 0.2419 ns and 7,;, = —0.6183.

Given the pulse w(t), the proper signal design
depends on the good choice of 7 in (4). If
(SNRb,,,(1))"! dominates in the denominator in
(15) (e.g., when N, = 1 or the AWGN dominates),
then the value 7 == T (. A = Ann) can be
shown to minimize the probability bound in (8).
On the other hand, when MA noise dominates in
SNRb,,.(N,), then 02/[1 — A\]? is the quantity that
should be minimized by the proper choice of 75.

Figure (2) shows the MA performance curves. The
curves represent the bit error probability for the case
in which the one-user bit SNR value SNRb,,, (1) =
10.5 dB, so that without MA noise UBPy (1) =~ 4 X
10™* with M=2. The curves were calculated using
T2 = Tmw = 0.2419 ns and Ty = 100 ns. Perfect
power control (i.e. AW = AD for v = 1,2,...,N,)
was assumed. Similar curves can be calculated using
high data transmission rates, in which the system is
able to support hundreds of users transmitting over a
Megabit per second with bit error probability in the
range 1075 to 1073.

V1. CONCLUSIONS

Using EC PPM sets with large values of M, it is
possible to increase the number of users supported by
the system for a given multiple-access performance
and bit transmission rate, making efficient use of the
signal-to-noise-ratio available. Furthermore, we can
take advantage of the structure of the EC PPM sig-
nals to reduce the complexity of the receiver to 2 cor-
relators and M store and sum circuits without in-
troducing a symbol delay. This analysis shows that
impulse radio is potentially able to provide multiple-
access communicaticns with a combined transmission
capacity of over 500 Megabits per second at bit error
rates in the range 10 to 1078 using receivers of mod-
erate complexity. For communications in the presence
of multipath, the greatest potential for impulse radio

EC PPM for Rb=9.6 Kbs and SNRbout{1)=10.48 dB

log10 of Prob(SNRout(Nu))

1 1 1 1 1 1
5 10 15 20 25 30 35 40 45
Number of users Nu (thousands)

Fig. 2. The base 10 logarithm of the probakility of
bit error, as a function of number of simultaneous
users N, for different values of M under perfect power
control conditions. The one-user bit SNR is set to
SNRb,,.(1) = 10.5 dB, corresponding to a one-user
bit error probability of about 4 x 10~* with M=2.
The curves are calculated for a transmission bit rate
R, = 9.6 Kbps for each user.

comes from the fine time resolution produced by the
subnanosecond pulses [8]. Propagation paths with dif-
ferential delays in the order of this impulse width or
more can be resolved and coherently combined using a
Rake receiver, hence combating the normally degrad-
ing effects of multipath.
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