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ABSTRACT—In this paper we describe different block
waveform pulse-position-modulated (PPM) signal sets
constructed using impulse technology. In each case the
design method is given, the normalized correlation prop-
erties are discussed, the performance in additive white
Gaussian noise (AWGN) is analyzed, and receiver sim-
plification for large signal sets is illustrated.

I. Introduction

OMMUNICATION signals based on impulse tech-

nology can be used for multiple-access communi-
cation in indoor environments [1] [2] [3] [4]. Due to the
ultra-wideband! (UWB) nature of these signals, the
dense multipath (produced by signals arriving at the
receiver with different time delays that can be as small
as fractions of nanoseconds [5]) can be resolved, allow-
ing the use of a Rake receiver [6] for signal detection
literally at the antenna terminals, making a relatively
simple and low-cost, low-power transceiver viable [1].

The use of block-waveform PPM signals is attrac-
tive. In one-user environments, it allows to increase
the data transmission rate, making efficient use of the
signal-to-noise-ratio (SNR) available without increas-
ing the transmission bandwidth. In a multiple-access
environment, the use of block waveform signals allows
to increase the data transmission rate supported by
the system without degrading the multiple access per-
formance for a given number of users.

In this paper we describe different block waveform
PPM signal sets constructed using impulse technology.
In each case the design method is given, the normalized
correlation properties are discussed, the performance in
AWGN is analyzed, and receiver simplification for large
signal sets is illustrated.
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II. Signal description

The signal w(¢) is the basic subnanosecond impulse
used to convey information. It has duration 7, and

energy E, = ffooo [w(t)]*dt. The normalized signal
correlation function of w(t) is

Yo (T) 2 Eip /00 wt)w(t —7)dt > —1Vr.

The minimum value of v, () is denoted Ymin, and 7,
denotes the smallest value of 7 € (0,7,] such that
Ymin = Y (Tmm). The block waveform PPM signals
studied in this paper consists of Ns time-shifted im-

pulses
N;—1

Si(ty = wlt—kTy —=35), j=12....M (1)
k=0

Given the impulse shape w(t), the j* signal, 1 < j <
M, 1s completely identified by the sequence of time
shifts {(5?;]{7 =0,1,2,...,N, — 1}. Each signal S;(t)
has duration N, Ty and energy Es = [°_[S; (t)]* dt. In
impulse radio, the impulse duration satisfies 1, << T%,
where T} is the time shift value corresponding to the
frame period; and the time shift corresponding to the
data modulation is (55»“ €{rn <m < ...< 7y}, for some
N, with ry + T < 1. The normalized correlation val-
ues are

1 (o)
oy 2 _/ Si () (t)dt
Es J_o
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and the matrix of normalized correlation values 1s
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We are interested in block waveform PPM signal sets in
which the basic structure of , does not depend on the
shape of the impulse waveform.? In the next section we
describe four signal sets that satisfy this requirement.

?The impulse shape of w(t) is not standardized and depends
on the device used to generate the signal.



ITI. Block waveform PPM signal sets
A. Signal set 1
The first signal set is defined by the time shift pattern

87 =[(k+j— 1) mod M]T1, (4)

where Th > T,,, and MTi < Ty (to avoid impulses
overlapping between frames). The signals in (1) with
{5?} in (4) have correlation matrix

10 ... 0
0 1 0
y 1= . :
00 ... 1

for any pulse shape w(t).

B. Swgnal set 2

The second signal set is defined by the time shift
pattern {(55“ = a?rz}, where a? € {0, 1} is the j* cyclic
shift, 7 = 1,2,..., M, of an m-sequence [7] of length
Ns > M. Based on this definition, it is clear that

(Sf = a?Tz S {0,7’2}, (5)

where 0 < 7 < Ty. It can be shown [8] that for the
signals in (1) with {§f} given in (5) the correlation
matrix is

1 A A

Al A
L R T

for any pulse shape w(?), whit the value of A is given

by

1 ; 14 Y

0 < A= 0 ) S L3I
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for Ny >> 1. The actual value of ymin depends on

the particular impulse w(t) used in the communications

link.

C. Signal set 3

The third signal set is defined by the time shift
pattern3

1
=15 + (k—i—LJTJ Nymod L| T5,  (7)
where J 2 j— [N, 1<j <M, 1<J<N,

L = %, T3 2 T~ + 11 and LT3 < T%. It can be shown
[9] that for the signals in (1) with {65} given in (7) the
correlation matrix is

0 AnMTsK 0
y 3 — )
0 0 AmTsK

8The notation |¢] indicates the integer part of €.

where
1 ’Yw(7'21) ’Yw(TNl)
’Yw(7'21) 1 ’Yw(TN2)
Avirex = : : - : ’
Yuw(Tn1)  Yw(Tn2) . 1
with 7; = 77 — 77.  The time-shift values {7 =

0,Tme1 < Tm < (m = 1Ty, m = 2,3,...,N}, are
chosen to minimize the maximum correlation value be-
tween signals?, i.e., they are the solution to the problem

minimize

max(
T=(7T1,72,. - TN)EP

’Yw(712)7’Yw(713)7~~~7’Yw(7'1N),

’Yw(723)7’Yw(724)7~~~7’Yw(7'2N),

Y (T(N—2) (W =1) )V (TN —2)N )5

Y (T(N=1)N)
D. Signal set 4

The fourth signal set is defined by the time shift pat-
tern

) — 1
O = afrat |k P M mod 2| 7oy (9

where 0 < o < Ty, L = %, Ty = T+ 11, and LTy <
Ty. It can be shown that for the signals in (1) with
{5?} given in (8) the correlation matrix is

) 2 0 0]
0o 0
y 4 — . . )
0 0 ’A2 MxM
where
1 A A
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A A 1
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for any impulse shape w(t). The value of A is given in
(6).
IV. Performance in AWGN

Signal sets 1 and 2 correspond to orthogonal and
equally correlated sets, respectively. Signal sets 3 and
4 both correspond to N-orthogonal® sets. Using the
union bound, we can calculate the symbol error proba-
bility in AWGN for these signals. For signal set 1, the

symbol error probability
Es
N, |’

4This is equivalent to maximize the distance between the sig-
nals of the set that are closest together in the signal space.

5N-Orthogonal signals are the generalization of bi-orthogonal
signals [10] and have the following two properties: (1) The signal
set may be divided into L disjoint subsets, each subset containing
N signals, and (2) Signals from different subsets are orthogonal.

uBp(V £ (M—l)Q(



where (&) is the Gaussian tail integral. This symbol
error probability can be converted to bit error proba-
bility as follows [11]

uspl) 2 %Q( %)

For signal set 2, the symbol error probability is
A Es(1-2)

UBP(?)
€ No

(M -1)Q

This symbol error probability can be converted to bit
error probability as follows

A M

A Es(1-2)
= 7@ e S
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For signal set 3, the symbol error probability is

N N / Bs(=yw(rij))
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For N = 2 the union bound for the bit error proba-

bility UBPéS) can be calculated assuming that the L
pairs of complementary binary patterns representing
data symbols are encoded in the L pairs of signals be-
longing to disjoint sets. If the decoder decides correctly
the orthogonal dimension but errs in the test between
the two signals in that subset, every bit of the word
is incorrect. If the decoder decides the wrong orthogo-
nal dimension, bit errors are equally distributed. The
probability of a given bit being in error is obtained by
averaging over the probability of each of these types of
error. Hence

UBP®) =

o

ES(l - 'Ymin)
N,

(M —2) Es
ee(fE)

For signal set 4, the symbol error probability is

v-nal /) +

(M-N) Q( ?;—)

uBPY® = @ n
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For N = 2 the union bound for the bit error probability
is

Es(1—\)
N,

(M —2) Es
“ee(fR)

UBPY = @

A. FErample

In this example we calculate the error probability in
AWGN for the four types of signals just discussed. In
IR modulation, the UWB received pulse w(t) can be
modeled by

wlt) =[1-ar[£] ] o (-2e[£). (9

where the value f,, = 0.4472 ns was used to fit the
model w(t) to an impulse wy, () measured in a partic-
ular radio link. The impulse duration is T3, = 1.2 ns.
The signal correlation function corresponding to w(?)
is

Yw (T) = [1—4#[%]2+%[%]4] exp (—77[%]2).
In this case 7,;, = 0.2419 ns and ~,_,;, = —0.6183.
Figure 1 shows UBP{", UBP{”, UBP{® and
UBPl(f)for M =8, N =4 and L = 2, calculated using
the impulse in (9). For signal set 1 we used 71 = Ty, for
signal set 2 we used T = T, for signal set 3 we used
N=2L=471 =0, = T and T3 = Tjn + Tw,
for signal set 4 we used N =2, L =4, 7 = 7,;, and
T4 = Twmin T Tw~

+ Signal set 2
Signal set 4| |
o Signal set 1
Signal set 3

Bit Error Probability

10” | | | | | | |
2 3 4 5 6 7 8 9 10

(Eb/No) in dB

Fig. 1. The UBP{Y, UBP!?, UBP!” and UBP{Yfor M = 8,
N =2and L =4.

V. Receiver simplification

To detect the received signal we need to correlate
this signal with M reference signals. For large M this
can result in a receiver of considerable complexity. We
can take advantage of the structure of the PPM signals
to simplify the construction of the receiver.

Let () = S;(t)+n(t), where S;(¢) is one of the PPM
signals in (1) and n(t) is AWGN. In the receiver, each
of the M channel correlation output can be written

/ R S;(t) dt

Yi =



e(t) wt — KTy — 6F) dt

For signal set 1, y; in (10) can be written

No—1M-1
Yi = Z Z [(k+j—1) mod LM (k’,q),
k=0 g=0
where
A fFTrH )T
z(k,q) = / e(t)w(t — kT — 1) dt,
ET;+4T:

and &, 4 1s the Kronecker delta. From the expression

for y;, j = 1,2,..., M, it is clear that the receiver

needs only 1 correlator and M store and sum circuits.
For signal set 2, y; in (10) can be written

No—1 2
¥i = Z 6(m—1),ak Zm (k)’
k=0 m=1
where
A [FTiHTutrs
zm (k) = / z(t) w(t — kT — 7y dt,
ET;
for m = 1,2. From the expression for y;, j =

1,2,..., M, it is clear that the receiver needs only 2
correlators and M store and sum circuits.
For signal set 3, y; in (10) can be written

N.—1L-1
Yi = Z Zéq,[(kﬂj‘vﬂ N)mod L] zy(k,q),
k=0 ¢g=0
where

L kT (a4D)T
zi(k,q) = fkaf+qT3 sz (t)
for 1 < J < N. From the expression for y;, it is clear
that the receiver needs only N correlators and M store
and sum circuits.
For signal set 4, y; in (10) can be written

N;—1L-1 2
> 2D Fm-nyar 2k, q),
k=0 g=0

m=1

yi =

where

k) & [T )

o e w(t — kTy — 7 — ¢T3) dt,
for m = 1,2. From the expression for y;, it is clear that
the receiver needs only 2 correlators and M store and
sum circuits.

In the four cases the decision variables {y;} can be
calculated while z(t) is received and no symbol delay
occur.

w(t —kTy — 15 — ¢Ts) dt

V1. Conclusion

This paper described the construction of four differ-
ent sets of ultra-wideband block waveform PPM sig-
nals using impulse technology. This signal sets can
be used in ultra-wideband spread spectrum multiple-
access communications [2]. From figure 1, performance
of signal sets 3 and 2 are the best and the worse, re-
spectively. The performance of sets 1 and 4 (in that
order of performance) falls within sets 3 and 2. From
the construction methods (with fixed N, and T%), the
number of signals in sets 2 and 1 are the largest and
the shortest, respectively. The number of signals in sets
4 and 3 (in that order of size) falls within sets 2 and
1. Also, in order of degree of dependence on impulse
shape, signal sest 1 and 3 are the less and the more
dependent, respectively, with signal sets 2 and 3 with
about same degree of dependence. With respect to re-
ceiver complexity, signal sets 3 and 1 have the highest
and the lowest complexity | respectively. Signal sets 2
and 4 have the same complexity.
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