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The Distribution of Sums of Path Gains in the
IEEE 802.15.3a UWB Channel Model

Kei Hao and John A. Gubner, Member, IEEE

Abstract— When multipath arrival times and gains are spec-
ified by the IEEE 802.15.3a ultra-wideband (UWB) channel
model, formulas are derived for the characteristic function
of the sum of gains arriving in a given time window. These
formulas are first used to determine structural properties of
the corresponding distributions and densities. The formulas are
then used to compute the distribution and density functions by
numerically inverting the characteristic function. For small time
windows, the densities of the path-gain sums are bimodal and
therefore highly non-Gaussian.

Index Terms— Cluster process, Saleh—Valenzuela model, point
process, shot noise, ultra-wideband.

I. INTRODUCTION

ONSIDER a fading multipath channel in which the kth

multipath component arrives at time 7}, with correspond-
ing gain Gy. The sum of path gains that arrive in a given time
window, say a < t < b, can be expressed mathematically by
the formula

® = Grliay) (Th), M
k

where the indicator function Ij,)(t) := 1 if ¢ € [a,b] and is
zero otherwise. Such sums of path gains are important because
they approximate the channel coefficients of the tapped-delay-
line and virtual-channel models [8], [13] used in the study of
direct-sequence systems [11].

Our interest is in the cumulative distribution function (cdf)
and probability density function (pdf) of the sum of path gains
® when the arrival times 7}, and gains G}, are specified by
the IEEE 802.15.3a ultra-wideband (UWB) multipath model
(1], (3], [10].

Under the IEEE UWB multipath model, for very small
window sizes; e.g., 5.22 ps implicitly used in the code in [3],
the average number of paths for most windows is between
0.01 and 0.1. Hence, there can be no hope of a central-limit-
theorem effect making the sum of gains ® approximately
normal. Without this approximation, the required analysis is
difficult [14].

Under the IEEE UWB multipath model, we derive formulas
for the characteristic function of ®. These formulas are first
used to determine structural properties of the corresponding
cdf and pdf. The formulas are then used to compute the cdf and
pdf by numerically inverting the characteristic function. Our
numerical results show, for time windows of length less than
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or equal to 1 ns, the densities are bimodal and therefore highly
non-Gaussian. For time windows of length 5 ns or more, the
densities for windows near the origin are nearly Gaussian.

II. STATEMENT OF THEORETICAL RESULTS

The key parameters of the IEEE UWB multipath model are
the cluster arrival rate C, the ray arrival rate R, and the
power-delay time constants 7y and sg. The scale factor (2
is the second moment of a gain that arrives at time zero.

A. Prior Results

For any time window [a, b] with a@ > 0, it is shown in [7]
that E[®] = 0 and that

var(®) = Qg (I[(Lb] (0) + R¢(a, b, sp) + C(a,b, 1)

+ CR [C(CL b, 80)((0, a, 807'0/(80 — To))
+ SOC(a7b7 TO)

— s0¢(a, b, soTo/(s0 — To))e_b/so]), (2)
where for any 6 > 0,
C(a,b,0) :=0[e=/ — =0/,

To consider a time window of width A starting at time a, let
b = a+ A, and observe that ((a,a + A, p) = pe~*/H[1 —
e~A/H]. Thus, as a function of a, var(®) decays exponentially
fast in a as the window moves away from the origin.

To gain further insight into the sum of path gains in a
time window, we concentrate first on the computation of the
characteristic function of ®, and then we compute the cdf and
pdf by inverting the characteristic function numerically.

B. New Results

Let U(v) := E[e/?] denote the characteristic function of
®, and let F(x) denote the corresponding cdf. Proofs of the
following results are given in the Appendix.

Theorem 1: The characteristic function ¥(v) of ® for time
window [a, b] has the product form

U(v) = {

where the functions L. s(v), ¥, (7), and J(v) are given in
the Appendix by the integral formulas (13), (14), and (18),
respectively.

Theorem 2: For a = 0, limj,|_ ¥(v) = 0, and the
characteristic function ¥(v) is absolutely integrable. Thus the
cdf F(x) has a continuous pdf f(z).

e~ RUu(0)~CIW), a0, \
Loo(W)e—Rvn©e=CIw) 4o  ©
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Theorem 3: For a > 0, the characteristic function ¥(v)
has the decomposition ¥ (v) = Ky + ¥1(v), where the limit
Ko :=lim,_, ¥ (v) exists and is given by

Ko = 67R(b’a)efc[b7aeimbia)]7 6]

and where ¥ (v) := ¥(v) — K| is absolutely integrable. Thus
the cdf F'(x) has the corresponding decomposition

F(x) = Kou(z) + Fi(x), )

where u(-) is the unit step function, and Fi(z) is continuous
and has a continuous density, i.e., F'(x) has the impulsive pdf
f(z) = Kod(x) + f1(x), where

filz) = i/ Uy (v)e I dy

27 J_ o
is continuous and lim,| o f1(z) = 0.

Since (3) is not available in closed-form and each factor is
only available as an integral representation, it was necessary to
derive several important properties of ¥(v) in order to prove
Theorems 2 and 3. This is done in the Appendix.

The term Kou(z) in (5) has some important implications.
First of all, it shows that the cdf of the sum of path gains in a
time window [a,b] with @ > 0 has a jump at = 0. Second,
we have the following result:

Theorem 4: The probability that no path gains fall inside a
time window [a,b] with @ > 0 is the quantity K.

Theorem 5: The sums of path gains in nonoverlapping
windows are uncorrelated but statistically dependent.

Although the characteristic function must be computed nu-
merically, and the cdf is obtained by numerically inverting the
characteristic function, this is all quite practical as indicated
in Section III

C. Line-of-Sight and Non-Line-of-Sight Models

According to the IEEE 802.15.3a UWB multipath model,
the first path arrives at time zero in line-of-sight (LOS) channel
models. Hence, initial windows of the form [0, b] are different
from noninitial windows of the form [a,b] with @ > 0. In
the non-line-of-sight (NLOS) channel models, there is no
distinction between the case a = 0 and a > 0.

Our results above are stated for LOS channel models, but
they hold for NLOS channels with the following modifica-
tions. In NLOS channel models there is no cluster at time
zero and there are no subsidiary rays either. Hence, in NLOS
models, the first two terms inside the large parentheses in
(2) are omitted. Similarly, in (3) and (4) only the right-
most factor in each formula is present; i.e., ¥(r) = e~/ )
and Ko = exp{—C[b — ae~ =]}, In particular, while
Theorem 2 no longer holds, initial windows are accounted for
because for NLOS channels, Theorem 3 extends to the case
a = 0. Similarly, for NLOS channels, Theorem 4 extends
to the case a = 0. Theorem 5 holds unchanged for NLOS
channels.

III. NUMERICAL RESULTS

‘We now present numerical examples to illustrate the preced-
ing theorems. For the examples we used the parameters of the

0.03
[0,A] [1,1+A]
1
0 0
-1 0 1 0.5 0 0.5
0.1
[10,10+A] 1 [30,30+A]
0 0
-0.3 0 03 -0.05 0 0.05
Fig. 1. Density functions of ® for time windows (in ns) [0, A], [1,1 4+ A],

[10,10 + AJ, and [30, 30 + A], where A = 0.00522. The upper-left plot
also includes a corresponding histogram obtained via channel simulation. The
last three densities contain impulses (not shown) of strengths Ko = 0.987,
0.984, and 0.978, respectively.

channel model CM1 in [3, Table 1] and also in [1, Table II],
namely

Qo = 1/[(1 + Rso)(1 + Cmo)],
TO = 7.1,

C =0.0233, R=25,

so=4.3, 0?2=0?+03 o1 =o0,=233%1,

where C' and R are the cluster and ray arrival rates (in ns~ ),
Tp and sg are power-delay time constants (in ns), o is the
standard deviation (in dB) of the path gains, and () is a scale
factor.

A. Computation of the Cdf and Pdf of ®

In the case of an initial time window (¢ = 0) in LOS
channel models, the cdf F'(z) is continuous. Hence, we can
use the approximation [4]

D—-1
Fpp(x) = bo¥(0) + 2Re »_ cpe /"7, (6)

q=

where ¢ = 0, ¢, = b, ¥(nmw/P) for n # 0 and

1/2, n =0,
by =1 j/nm, n odd,
0, otherwise.

Here, D is the number of terms in the series for the approxi-
mation, and P is the approximate support of the corresponding
density. For graphical purposes, we approximate the density
f(z) by computing divided differences of Fp p(x).

In the case of a noninitial time window (a > 0) in LOS
channel models or any time window in NLOS channel models,
the cdf is not continuous, and the above method does not
apply to F(x). However, it does apply to Fi(z) in (5). We
can thus write F'(z) =~ Kou(z)+ Fi,p,p(x), where Fi p p(x)
is approximated as in (6) but with W(-) replaced by ¥4 (-) =
V() — Ko.
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Fig. 2. Density functions of ® for time windows (in ns) [0, 1], [1, 2], [10, 11],
and [30, 31]. The last three densities contain impulses (not shown) of strengths
Ko = 0.079, 0.065, and 0.042, respectively.
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Fig. 3. Density functions of ® (solid lines) for time windows (in ns) [0, 5],
[1,6], [10,15], and [30, 35]. The last three densities contain impulses (not
shown) of strengths Ko = 3.42 x 109, 2.62 x 1076, and 1.65 x 106,
respectively. The dashed lines are Gaussian densities with mean zero and
variance computed using (2).

B. Properties of the Pdf of ®

Figs. 1-3 show the densities of the sums of gains arriving
in various time windows.

As a check on our methods, we compared our numerically
computed densities with corresponding histograms obtained
from channel simulations. We found excellent agreement, as
shown in the upper-left plot of Fig. 1. The other histograms fit
equally well, but are omitted to make the figures less cluttered.

We now make a few observations about the figures. First,
the densities become more narrow as the window moves
away from the origin. This is consistent with the observations
about var(®) made following the formula in (2). Second,
for noninitial windows (a¢ > 0), the impulse strength K
decreases as the window location moves away from the origin.
Taking b = a + A in (4) shows that the decay is exponential
in a. Third, small window sizes lead to bimodal densities,
as shown in Figs. 1 and 2. Fourth, for windows at a fixed

starting time, as the width increases, the bimodality decreases,
and the densities become more bell shaped. Fifth, windows
with unimodal densities become less Gaussian as the window
locations move away from the origin.

The foregoing results are for the CM1 channel model, which
is a LOS model. We obtained similar results for NLOS channel
models.

IV. CONCLUSIONS

We have used the accepted IEEE 802.15.3a UWB multipath
model to derive formulas to compute the characteristic func-
tion of a sum of path gains in LOS and NLOS channel models.
We have also derived several structural properties of the
corresponding cdf and pdf. We have illustrated these properties
in our numerical examples. For initial time windows (a = 0) of
LOS channel models, the cdf and pdf are continuous functions.
For noninitial time windows (a > 0) of LOS channel models
and any time windows of NLOS channel models, the cdf has
a jump discontinuity of height Ky at x = 0. We have shown
that K is equal to the probability that no paths fall inside the
window. Furthermore, numerical results show that the density
functions are very sensitive to the window locations and sizes
and can be bimodal and thus highly non-Gaussian.

APPENDIX

A. Definitions and Notation

If we pair the arrival times 7y and gains Gy in (1) as
points (T, Gy ) in the plane, then we can regard the multipath
components as a two-dimensional point process. Furthermore,
(1) is then seen to be a special case of the counting integral

| [ eants <dg) = Y emcn. @)
- k

where N () is the counting measure on [0, 00) X (—o0, o)
that puts a unit mass at each point (T%,Gy), where the
arrival times T} and the path gains G}, are specified by the
IEEE 802.15.3a model, and where ¢(s,g) = gl[q(5).

As described in [1], [3], paths arrive in clusters. The initial
cluster arrives at time zero (LOS only), and the remaining
clusters arrive at the times of a homogeneous Poisson process
whose intensity is the cluster arrival rate C. The noninitial
paths of each cluster arrive according to a homogeneous
Poisson process starting at the arrival time of the initial path
of the cluster and whose intensity is the ray arrival rate R. A
path that arrives at time s as a part of a cluster that started
at time 7 has a gain drawn independently from the density
fr.s(+) described below.

As pointed out in [7], the foregoing description implies that
the counting measure N has the decomposition

N(B) = I{(0,60)}(B) + N;o(B) + Ng(B), B CTR?, (8)

where all three terms are independent. In particular, N, is a
two-dimensional Poisson process with intensity

Ar(s,9) = Rfos(9), s>0,9€R. )
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As a consequence of the independent decomposition in (8),
(7) has a corresponding decomposition into three independent
terms, which we write as

¢(0,Go) + Pro + P (10)

Note that since N,q is a Poisson process, ®, is a Poisson-
driven shot-noise random variable. (The foregoing is for LOS
models; for NLOS models only the third term in (8) and (10)
is present.)

Let f s(-) denote the density of a path gain arriving at time
s that is part of a cluster that started at time 7. Following Saleh
and Valenzuela [12, eq. (26)] and Batra et al. [1, p. 2126], we
assume f s(-) has second moment!

Qoef‘r/‘roef(sfr)/so’

(1)

where 7y and s¢ are power-delay time constants and ()¢ is a
scale factor. For the IEEE 802.15.3a model in [1], a {£1}-
valued-Bernoulli(1/2) mixture of lognormal densities is used.
This implies that if G has density fr s(-), then 201og;, |G| is
normal with mean

10
for,s 1= 10 [ano—T/To—(S—T)/So— (—10 >

and variance o2. The lognormal mixture density and the
lognormal density are related by

frs(@) = 51fic1rs(@) + fig)rs(—2)],

where f|q| 7 s(-) is the lognormal density,

2
20 exp [% (21(311;101 - ,Uf‘r,s) :|
V271 oz 1n 10 ’

and f|q| - s() = 0 otherwise. Because f; ¢(-) is even, its
characteristic function is real and even, and it is easily seen
to be

lnl())?o?]

12)

z >0,

f|G|,‘r,s(x) =

o0

Lo y(v) = E, L [7C] = / G f (g) dg,

— 00

13)

which is just the real part of the characteristic function
of a lognormal random variable. By the Riemann-Lebesgue
Lemma [2], lim, .+ £ s(v) = 0. The characteristic func-
tion (13) can be evaluated numerically, e.g., using Hermite—
Gauss quadrature [5].

For future reference, we put

7/}11(7—) = /OO /fo (1 - ejugI[a’b](S))fT,S(g) dg ds

_ {fiax(a - 1—-L;s(v)ds, 7 <D,

14
0, 7> D. (14)

Since the range of integration is finite, the integral can be
computed using Legendre—Gauss quadrature. Furthermore,

0, T > b,
lim ¢, (1) =< b—a, 7<a,
v b—7, a<7<h.

IThis is in contrast to [1] and [12]. Their ray processes were defined by
taking Poisson processes starting at time zero and then translating them by
the arrival time of the initial path in the cluster. The two constructions are
equivalent provided we adjust the definition of fr s(-). This is done in (11)
where we use s — 7; [1] and [12] would use only s.

B. Preliminary Results

The following results are used to prove the theorems stated
in Section II-B.
Lemma 6: Let f € L'[0, ), and put

cwyi= [ e gt e

0
If f' € L'[0,00) and if f(0) = f(cc0) = 0, then
VlirroleVC(V) =0.

Proof: Use integration by parts to write

1 [ .
()=, [ e fie)da.
Jv Jo
Then multiply through by jv and apply the Riemann-—
Lebesgue Lemma. O

Corollary 7: If the hypotheses of the Lemma 6 hold not
only for f(x), but for f*)(z) for k =1,...,m — 1, then

()" ¢(v) = /000 M) () de — 0, as v — oo.

Furthermore, since f (m) ¢ L1, the above integral is bounded,
say by B, and we can write |((v)| < B/|v|™.

Theorem 8: The characteristic function of a lognormal ran-
dom variable is absolutely integrable.

Proof: Apply Corollary 7 to the lognormal density
fia|,r,s(x) with m = 2. This shows that the lognormal char-
acteristic function is bounded by B/|v|?, which is integrable.

|
Lemma 9: The characteristic function of the lognormal
mixture random variable is absolutely integrable.

Proof: By (12), L, s(v) = [((v)+(*(v)]/2 is absolutely
integrable by Theorem 8. O

C. Proofs of Theorems Stated in Section II-B.

Proof of Theorem 1. On account of the independent
decomposition in (10), the characteristic function of ® in (1)
factors into

U(v) = E[e?V?] = E[e/V¥ (OG0 |E[e/VPo]E[e/V®®].  (15)
For the problem we are considering, ©(0, Go) = I145(0)Go,
where G has the lognormal mixture density foo(-). Since
Iap)(0) = 1 & a = 0, windows that include the ori-
gin are different from all other windows. If @ = 0, then
E[e/v#(9:Go)] = L o(v) which is given by (13) with 7 =
s =0.

Since ®,¢ is a shot-noise random variable driven by a two-
dimensional Poisson process with intensity function (9), the
second factor in (15) is [9]

exp {/ / [ej”*a(s’g) —1]Rfo,s(g9) dg ds|,
0 —0o0

where ¢(s,g) := gljqp)(s). It is easy to see that

E[e?v®r0] = e~ Rvw(0), (16)
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The third factor in (15) can be computed using the smooth-
ing properties of conditional expectation in a similar manner
to that carried out in [6, Appendix]. The result is that

E[e/"®e] = ¢=C/ (), (17)

where

J(v) = / ) / B [1— e CNf (y)dydr,  (18)
0 —00

and
kl/ (T> ’7) = jV’yI[a,b] (T) - R’(/}V(T)

We can thus write

J(v) = / 1— ET,T[ej”FI[“](7)]67&””(7) dr
0

a b
= / 1—e B0 gr 4 / 1— L, (e B dr,
0 a
where I' is a generic lognormal mixture random variable with
the density function f - (-). O
Proof of Theorem 2. From (15), (16), and (17),

U(v) = Loo(v)e Bwe=CI0)

Since the second and the third factors are bounded by 1,
|¥(v)| < Lo,0(r), which is absolutely integrable by Lemma 9.
|

Proof of Theorem 3. The formula for Ky in (4) is
established later in Theorem 10. The rest of the proof is as
follows. Let a(v) = R, (0) + CJ(v). Then ¥y(v) can be

written as
oo
/ le=®) — Ky|dv.
— 00

Since the integrand is an even function, it is sufficient to prove
that the integral from zero to infinity is finite. We divide the
integral into two parts,

1Z0) o0
/ le™®) —K0|d1/—|—/ le= W) — Kyldv.
0 Vo
The first integral is finite because the integrand is bounded.
We need to prove that the second integral is also finite. We
compare that integrand with 1/(v?) for p > 1, i.e., we study

oW _ K,
1/(v?)

If the quotient converges to zero, it implies the second integral

is finite. We cannot compute the limit directly because the

numerator and the denominator both converge to zero. Thus,
we apply ’Hbpital’s rule and consider

—a(v) ,/
lim ')
v—00 p/(yp+1)

lim
V—00

Since a(v) is bounded, it is sufficient to prove that the first
derivative of a(v) over 1/vP*! converges. From the definition
of a(v),

o (v) = Ry, (0) + CJ'(v).

From (14) and (13),

b %)
w(0) = - / /_ 9 g+ (g) dg ds.

19)

(20)

Now observe that

lim ¥/ (0)vP+!

b oo
= _/ VILII;O(VP+1/ ejygjgf‘r7s(g)dg>d87

where we have appealed to the dominated convergence
theorem [2]. Letting p = 2, we can apply Corollary 7
with m = 3 to the function gf-s(g) and conclude that
lim, o ¥, (0)PT = 0.

A similar analysis of the second term of (19), ignoring the
constant factor, leads to

lim P (v)

V— 00

b %)
- / lim. <eR’”"(*)u”“ / ej”jvff,f(v)dv)dT

— 00

+/ lim <6_Rw”(7)1/p+1R1/){,(7))d7
0 V—00

b
+/ lim (eR%(T)VpHRz/}L(T)

: /OO ejwyf‘r;f'(’y)d’Y) dr.

— 00

Since e~ (") is bounded, and the inner integral of the
third term is just the characteristic function of the lognormal
mixture random variable and its limit is zero, it can be proved
that all three terms converge to zero using the same steps. []

Proof of Theorem 4. If we put ¢(s, g) = I[4,4(s), then the
counting integral in (7) counts the number paths in the interval
[a,b] with a > 0. Let N“* denote the number of paths in the
interval [a, b]. It follows from the independent decomposition
in (8) with B = [a,b] x IR that N = N% + N& where
Nab and Néb are independent. Then the probability generating

;
function is given by

G (z) = E[zN""] = E[zNWE[zVE ).
Since N2 is a Poisson random variable, its probability
generating function is given by [9]

E[ Neb —R(b—a)(1-z)

z'0] =e

The second factor can be computed using the smoothing
properties of conditional expectation in a similar manner to
that carried out in [6, Appendix]. The result is that

E[zNg] = ¢ Ca(®)

)

where
q(z) = / / [1— 2l el £ (y) dry dr,
0 —o0

and
oo

ﬂz(Tv ’Y) = _R(l - Z)/ I[a7b] (S)ds

T

Since this does not depend on v, we can write
4(z) = all — e RO-001-2)]

b
+/ 1— ZefR(lfz) f_f_’o Ija ) (s)ds dr.
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Then the probability that no path gains fall in the interval can
be computed as

P(Nab _ 0) _ Gab(o) — e—R(b—a)e—C[b—aefR(bfa)].

Proof of Theorem 5. The fact that sums of path gains
in nonoverlapping windows are uncorrelated was proved in
[7]. To prove they are statistically dependent, we proceed as
follows. Let 0 < a < b < ¢ < d and put By := [a,b] and
By := [¢,d]. Let ¥(v) be the characteristic function of ®
with ¢(s,g) = gIp(s), where B = By U Ba. Then it is easy
to verify that Up(v) # Vg, (v)Up,(v), where U, (v) and
Up,(v) are the characteristic functions of ® with ¢(s,g) =
9Ip,(s) and (s, g) = glp,(s) respectively. O

Theorem 10: The characteristic function ¥(v) is a real and
even function of v, and

. ’ “= 07
lim ¥(v) = e—Clo—ae™ M= —R(b—a) ;< ().

V—00

Proof: We have that the characteristic function is given
by (3). Since L, s(v) is a real and even function of v, it can be
shown that v, (7) is also a real and even function. Thus, the
factor e~ B%»(7) is a real and even function. Similarly, since
the integrands of J(v) are real and even, J(v) is also real
and even. Thus, e=¢7(*) is real and even. By the dominated
convergence theorem, the integrals and the limits of (14), (16),
and (17) can be interchanged. Then it is easy to verify that

lim e~ B¥v (1) — o—R(b—a)
V— 00
and
lim e_CJ(V) — E—C[b_aefﬁ’,(bfa)]'
V—00

If a = 0, then Lo(v) converges to zero by the Riemann—
Lebesgue Lemma. O
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