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On the Correlation and Scattering Functions of the
WSSUS Channel for Mobile Communications

John S. Sadowsky, Member, IEEE, and Venceslav Kafedziski, Sudent Member, IEEE

Abstract— The wide-sense stationary-uncorrelated scattering
(WSSUS) channel model is a commonly employed model for
the multipath channel experienced in mobile communications.
The second-order statistics of these channels are described by
the delay cross-power density ¢, (7; At) or by its At-Fourier
transform, the scattering function Sy, (7;\). This paper presents
an analysis of the delay cross-power density and scattering
functions for mobile communications channels. We assume an ar-
bitrary spatially uncorrelated scattering (US) field with arbitrary
propagation-loss factors. Our first result is a general integral
expression for ¢ (7; At) that holds with both transmitter and
receiver being mobile. We then derive more detailed results for
the case of a stationary base station. We derive an infinite Bessel
series for ¢ (7; At) and a closed-form expression for Si(7; ).
These results generalize the well-known classical approximation
for the time-correlation function ¢y (At) = Jon(ri At)dr =
Jo (27 A At), which corresponds to the zeroth term of our Bessel
series.

I. INTRODUCTION

ET A(r;t) denote the time-varying complex baseband

impulse response of a multipath channel. When a narrow-
band signal z(t) = Re{#(t)e/?"/<} having complex envelope
Z(t) and center frequency f. is transmitted, the received
narrowband signal Y (t) = Re{Y (t)e’27/<t} has complex
envelope

V() = / h(rs )it — 7 dr.

We consider multipath channels that are randomly varying
in time. The channel is said to exhibit delay uncorrelated
scattering (US) if

1 .
§E[h(7_a§tl) h(myit2)] = n(Tasty,te) 6(m — 70) (1)
and it is wide-sense stationary (WSS) if ¢p(7;t1,t2) =
én(7T;t2 — t1). The second-order statistics of the wide-sense
stationary-uncorrelated scattering (WSSUS) channel are rep-
resented by its delay cross-power density ¢ (7; At) or by the
scattering function

Si(rsn) = / o (T; At)e /T AL, )

where S, (7; \) is just the A¢-Fourier transform of ¢y, (7; At)
and ) is the Doppler frequency variable. Other related
functions of interest include the multipath intensity profile
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on(r) ¥ pu(r;0) = [ Sn(T; A)dA, the time-correlation
function @y, (At) < J ¢n(T; At) dr, and the Doppler power
spectrum Si(A) = [ Sp(m;A)dr. [¢n(7) is dso known as
the delay power spectrum]. See [3] or [15, ch. 14] for genera
expositions on these WSSUS channel statistics.

There has been a good deal of research into the particular
WSSUS channels that arise in mobile communications[1], [2],
[4]10], [12], [13], [16], [18]. The classical result was derived
by Clarke [5], and later by Jakes [13], for the case of a mobile
communicating with a stationary basein atwo-dimensional (2-
D) propagation geometry. [Aulin [1] derives three-dimensional
(3-D) generdizations.] These well-known results state that

1

for [A| < A, where A,, = 2f. is the maxima Doppler
frequency for amobile speed v, carrier frequency f., and speed
of propagation ¢. The Clarke/Jakes derivations are based on
the assumption that the physical scattering environment is so
chaotic that at the mobile, the angle of arrival of a received
plane wave isauniformly distributed random variable. Thisas-
sumption seems plausible for urban environments, but perhaps
not in the suburban or rural environments. Suburban or rural
scettering fields are much less dense, and potentially strong
scatterers located far from the mobile result in much larger
multipath delay spreads than would be typical for the urban
case.

A consequence of the Clarke/Jakes assumption is that the
results do not depend on the mobile's direction of travel. In
addition, the time-correlation function is strictly real valued,
and the Doppler power spectrum is symmetric. Conversely,
a nonuniform distribution of the angle of arrival will skew
the Doppler power spectrum, which corresponds to a honzero
imaginary component of the correlation function. For example,
if the angle of arrival is biased in the direction of the base
station, then the Doppler power spectrum will be skewed
toward +A,,, when the mobile is moving toward the base and
skewed toward —A,,, when moving away the base.

Another consequence of the Clarke/Jakes assumption
is delay/temporal separability, that is, ¢p(m;At)
on(T)Ppn(At), or equivalently, Sn(r;A) o< Pn(T)Sh(A).
Often the Clarke/Jakes Doppler power spectrum is used with
an ad hoc or perhaps measured multipath intensity profile
¢n(r). For example, an exponential intensity profile is a
popular model for urban environments [12]. Separability is
also commonly assumed in RAKE receiver anaysis [15].

Pr(AL) o Jo(2mAmAL) and Sy () o
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In this paper, we present a new analysis that does not rely
on the Clarke/Jakes uniform angle of arrival assumption. Con-
sequently, our results do indicate dependency on the direction
of travel angle 6, (relative to the base-mobile baseline), and
én(m; At) and Sp(7; \) are generally not separable. A main
result derived here is the Bessel function series

P (T; At) x 2po(7)Jo(21 Ay AL)

+2) " (7) cos(nbo) Jn (2m A At).
n=1

The series coefficient functions +,,(7) are determined by
the physical model that includes the spatial scattering field
distribution and the mean-square propagation losses (including
shadowing). We will also derive a genera closed-form expres-
sion for the scattering function Sy, (7; A). Observe that Clarke's
result is just the zeroth term in the above series. Moreover,
since J,,(0) = 0 for n # 0, we see that the multipath intensity
profile ¢, (7) = ¢p(7;0) IS o< Po(7).

Our main results are not delay/temporal separable. However,
since ffﬂ cos(nby) dfo = 0 for al n > 0, clearly

U

Pn (T3 At) dg o o (1) Jo (2T A AL).

-7

Thus, while mobile moving in a fixed (and known) direction
results in a nonseparable WSSUS channel model, we do obtain
separability when direction of travel is averaged out.

We present three numerical examples. In all three cases
we consider a uniformly distributed scattering field. In the
first case, the mean-square propagation losses are oc1/72.
This might be a reasonable model for rural or suburban
channels. Urban channels, on the other hand, must include
strong shadowing, which in turn concentrates strong multipath
scattering near the mobile. We present two examples with a
mean-squared propagation-loss ¢~/ factor that represents the
shadowing effect. For example, ¥ = 500 m results in delay
Spreads in the 1-2 us range, which is the typical for urban
environments. The two urban model examples are ¥ = ry
and 7 = 0.2ry, where 7y is the distance between the mobile
and base. In the former case, the mobile is near the base
station, while the latter might be a typical situation near a
cell boundary.

We believe that our spatial analysis removing the
Clarke/Jakes uniform angle of arrival assumption is an
informative and perhaps significant contribution. However,
we must point out that we still do make two important
assumptions. First, we assume a gspatially uncorrelated
scattering field, which in turn yields a WSSUS channel.
In reality, scattering elements are buildings and other large
structures such as trees, hills, etc. As pointed out by Braun
and Dersch [4], a receiver of bandwidth B has a spatial
resolution of roughly ¢/B. If dimensions of physical scatterers
are smaller than this spatial resolution, then the scatterers are
indistinguishable from “point scatterers,” and the spatially US
approximation is plausible. For example, B = 200 kHz (=
the bandwidth of a GSM channel) and the spatial resolution
isc¢/B = 1.5 km. For B = 1.23 MHz (= the bandwidth of

a 1595 CDMA channel), ¢/B = 250 m. See Lauritzen et al.
[14] for channel models that do not assume US.

Our second assumption is that we consider only single
scatterer propagation paths. This assumption may be question-
able in indoor propagation environments and perhaps in very
cluttered urban environments, but it is a reasonable assumption
for suburban and rural multipath models [4], [8].

II. THE SPATIAL SCATTERING FIELD

In this section, we derive spatial response formulas for the
received complex envelope Y (¢) resulting from the transmis-
sion of a signa #(¢). Both transmitter and receiver may be
in motion, and the geometry may be 2-D or 3-D. Section
A describes the propagation model. Section B derives an
exact spatial response expression. Section C examines the
appropriate narrowband and constant velocity approximations.
The compound Poisson scattering field, which encompasses
the model building framework of [4] and [8], is examined
in Section D. Section E characterizes Y (t) as a “proper
complex process’ and derives a spatial integral expression for
its complex autocorrelation function.

A. The Scattering and Propagation Models

Let r denote the spatial coordinate vector. Let rr(¢) and
rr(t) denote, respectively, the transmitter and receiver po-
sitions, with respective velocity vectors vy (¢) = rp(¢) and
vr(t) = rgr(t). The transmitted narrowband signal is of
the form x(t) = Re{d(t)e’?™/-t}, where f. is the carrier

frequency and i(t) is the complex envelope having bandwidth

W « f.. The carrier wavelength is £. def ¢/ fe.

Z(r;t) will denote the spatial scattering field. We assume
a spatially uncorrelated and WSS scattering field. That is, the
complex autocovariance is

%COV[Z(r; 1) 205 t0)] = ds(rits — 1) 1) ()
and the “pseudo-autocovariance’ is

%COV[Z(r;tl), Z(r';t2)] = ds(rsty —t1)8(r — 1) (4)

and the mean field ps(r) < E[Z(r;1)]. Ultimately, ¢ (r; At)
and ps(r) play no role in the final results, but condition (4)
is still an important part of the US condition. The function
¢s(r; At) isthe spatial scattering intensity function. Examples
of stochastic fields of this type include Gaussian white noise
fields, compound Poisson white noise fields (see Section D),
and mixtures of these two.

Li(r;t) and Ly(r;t) will denote, respectively, the loss
factors for propagation paths rr(¢) — r (transmitter-to-
scatterer) and r — rg(t) (scatterer-to-receiver). These loss
factors account for amplitude attenuation due to both propa-
gation loss and directional antenna gain patterns. They may be
complex quantities due, perhaps, to directional phase response
of the antennas, but usually these are nonnegative rea-valued
guantities. Free-space propagation loss with an omnidirectional
antenna is characterized as |L;(r;t)|?> o ||r;(¢)]| =2, where
ri(t) = r — rp(t) and ra(¢) = r — rg(t). It has been
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suggested [4], [8] that |L;(r;t)|? o ||ri(2)||™Y with v > 2 is
a more appropriate model for urban radio propagation. These
loss factors may be random variables. Shadowing, for example,
can be modeled as alognormal random loss, with mean-square
loss E[|L;(r;1)|?] o< e="/T for some 7 > 0.

B. An Exact Spatial Response Formula

Consider a narrowband signa z(t) = Re{#(t)e/?"/t}
transmitted over the propagation path r — r — rg. The
signal received at position r () at time ¢ was transmitted from
position ro-(t—7(r;t)) a time ¢ —7(r; t), and the propagation
delay 7(r;t) satisfies the nonlinear equation

cr(r;t) = [[er(f) —xll + |lr —rr(t = m(r;£)[. ()
The time-delayed bandpass signal is

(t — 1) = Re{&#(t — 7)e/ 0=}
= Re{ [E(t — T)e 2 feT] e 2rfet}

which has complex envelope i(t — 7)e=727/". The tota
complex gain for a propagation path rr — r — rg is
Li(r;t — 7(r;t))La(r; £) Z(r; t) dr. Thus, integrating over the
entire spatial scattering field, we find that the total channel
response is

Y(t):/.f?(t—T(I‘;t))L(I‘;t)Z(r;t)e—jQﬂ'fc‘r(r;t) ir (6

where we have lumped the loss factors together as L(r; t) =

Li(r;t — 7(r;t)) La(r; t).

C. Approximations

The spatia response formula (6) is simplified by applying
approximations resulting from mobile speeds ||v|| and ||vg]|
that are very small in comparison to the speed of propagation
¢ and by utilizing the narrowband condition W <« f.. The
maximal Doppler frequency shift of the channel is A,, =
(lvrll + |Ivel) fe/c. Note that ||v]| < ¢ implies A, < fe.
Another important parameter is the coherence time (At),;
¢n(T; At) = 0 for |At| > (At).. By the Fourier transform
relationship between ¢, (7; At) and S(7; \), we deduce that
(At). = 1/A,,, a least to the order of magnitude. Clearly,
we need to characterize the correlation function only for
|At] < (At)..

For radio communications, it is also appropriate to assume
that the mobile velocity is constant on the time scale of (At)...
For example, f. = 900 MHz with a maxima mobile speed
of 200 km/h yields a maximal Doppler (for two mobiles)
Am = 333 Hz, and, hence, (At). is on the order of 3
ms. This time scale is extremely fast relative to vehicular
dynamics. Thus, we hereafter usery(t) = rr+vr(t—1t;) and
rr(t) = rr+vr(t—t1), whererr < rr(t1), rr < rr(ty),
and ¢; is some arbitrarily fixed reference time.

In order to simplify the notation a bit, we hereafter orient
the coordinate system so that r = 0. The baseline distance

between transmitter and receiver will be denoted 7o < ||rg||.
For a scatterer located at position r, r1(r) & lr]| is the

Scattering
Differential

Receiver

Transmitter

Constant 7 Ellipse

Fig. 1. Transmitter-scatterer-receiver geometry.

transmitter-to-scatterer distance and ro(r) = ||r —rg| isthe
scetterer-to-receiver distance at time ¢t = ¢;. This geometry is
illustrated in Fig. 1.

The first step is to derive a good linear approximation for
7(r; t) from (5) that accounts for time variations on the order
(At).. The linearization about a fixed time ¢; is

T(r;t) = 7(r;t1) QT(r;t)

+8t (t—t1).

t=t1
Since ||vr| <« ¢ the term ||r — v (¢, — 7(r;t))|| = |Ir —
rT(tl)H = 7’1(1‘). Thus

def 71 (r)+ 7‘2(1‘)'

7(r;t1) =~ 7(r) .

()

Next, differentiation of (5) leads to

) %
a'f’(f,t) — = —

(eT-VT + eR-VR)
1—%eT-VT

where er & (v — rp())/r1(r) and e = (r — rr(1)) /ra(r)

are the transmitter and receiver line-of-sight unit vectors to
the scatterer. Since ||vy|| < ¢, the term ep - vy /c may be
neglected in the denominator of the last display. Define the
Doppler frequency variable

Ar) < %{GT "Vr +eR - VR}. (8)

Then 2 7(r;t)|t=¢, & —A(r)/f., and the linear approximation
of 7(r;t) becomes

Ar

T(r;t) = 7(r) — J(c)(t —t1). 9

Now, consider application of the approximation (9) to the

channel response formula (6). By (9), putting t2 = 1 + (At),,

we obtain the following bound for the maximal delay change:

)\(I‘) )\rn _ )\rngc
: 7. (Ale ==

(At). <

(AD)..
(10)

r(rsta) = 7(x)] < \

Since (At), = 1/Ay,, for this time scale |7(r;t) — 7(r)]| is
on the order of 1/f.. Since &(t) is a low-pass signal with
bandwidth W <« f., we have the narrowband approximation
Z(t — 7(r;t)) = &(t — 7(r)) for |A¢| < (At).. The other
place that 7(r;t) occurs in (6) is in the complex exponential.
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Here, we do have to retain the Doppler term in (9) because we
must account for the resulting temporal phase change. Thus,
applying the above approximations to (6) yields

Y(t) = / #(t —7(r))L(r;t) Z(r; t)

w e—d2Elfer(®)=Ar)(t=t)] g1 (11)

D. The Compound Poisson Scattering Field

At this point it is worthwhile to relate the above formulation
to some practical model building issues. We do this in the
context of the compound Poisson scattering field.

A compound Poisson scattering field is determined by
scetterer positionsry, ro, - - -, and for each position we have a
complex valued scatterer response process Z(t). The points
r; are samples from a spatial Poisson point process with
intensity function v(r). (For aregion of space R, N(R) = the
number of risin R is a Poisson random variable with param-
eter v(R) = [, v(r)dr, and for digoint regions Ry, - - -, Ry,
the random variables N(R;),---,N(R,,) are independent.)
Given the scatterer positionsry, r», - - -, for each position r;, we
have an associated response Z(¢). The Z,.(t)s are statistically
independent and WSS. Each Z.(¢) depends on the point
process only through the position rj. The resulting scattering
field is

Z(r;t) = Zi(t)8(r — z.). (12)
k

Thefield (12) applied to (11) results in the impul se response

formula

h(r;t) = Z L(ry; t)Zk(t)e—jQW[ch(rk)—A(rk)(t—tl)l
k

x 6(1 — 7(ry)). (13)

This last expression is useful for Monte Carlo channel simu-
lation [8].

The second-order statistics of the Z;,(¢)s are determined by
a mean function pz(r) = E[Z(¢)] (which does not depend
on ¢ by the WSS assumption), the autocorrelation function

Pz(r; At) = %E[Zk(t)*Zk(t + At)]

and the pseudo-autocorrelation

~

Bales A1) = SEIZ(0)Zalt + A1)

Following the derivation in [11, p. 401], it is a straightforward
task to show that the scattering field second-order statistics

are ps(r) = v(r)uz(r)

¢s(r; At) = v(r)¢z(r; At)
and

$s(r; At) = v(r)dz (r; At).

Note that while ¢s(r; At) and ¢s(r; At) are covariance
functions, as defined in (3) and (4), they are determined by
the autocorrelation (not covariance) functions ¢ z(r; At) and

~

¢Pz(r; At).

In the urban environment, discrete scatterers are buildings
and other structures, not delta functions. However, asindicated
in the introduction, if the scatterer dimensions are small in
comparison to the spatial resolution ¢/2W, then position
variations ry, + 6 over the scatterer’'s surface produce delay
variations that are smaller than the receiver’s delay resolution
1/W. Such scatterers are thus indistinguishable from spatial &
functions, and hence, the field model (12) is appropriate.

Following Braun and Dersch [4], a physical scatterer, say,
a building, may be modeled as a collection of component
scatterers. In this case, r;, would be interpreted as the centroid
of acluster of component scatterers. Let r,+ 6 ; denote the ith
component scatterer’s position, and let A7y, ; def T(rp+6k:)—
7(ry) and Ady def A(rg+6,;) — A(ry) denote the scatterer’s
differential delay and Doppler relative to the centroid delay
7(r;) and Doppler A(ry). If the component displacements are
small in comparison to the spatial resolution (||6y ;|| < ¢/2W),
then we may make use of the narrowband approximation (¢t —
(T(rr)+A7k,;)) ~ &(t—7(ry)). That is, acompound scatterer
is dtill indistinguishable from a point scatterer. However, the
small variations in Doppler will result in a fading of the
compound scatterer’s response. Let A, ; denote the amplitude
of the sth component response. The phase of A;, ; will include
the factor ¢—727/f-27.:  Component scatterer dimensions and
displacements may be small relative to the spatial resolution,
but generally will be large in comparison to the wavelength
£.. Thus, the differential delay induced phase factor can result
in a nearly uniform phase distribution for some of the A; ;s.
Combining the responses of all components and utilizing the
narrowband approximation yields the total response

3" Apye 2o = e + Al
= Zk(t)e_jQTF[ch(rk) — )‘(rk)(t—tlﬂ

where the total scatterer response process is

Zk(t) = Ak70 + ZAk,iCjQﬂ—A)\k*i(t_tl)_
>0

The ¢ = 0 term is reserved for the large smooth reflecting
surface component called the specular component [8]. For this
component, §x0 = 0, Ao = 0, and Al = 0, which
implies that the phase distribution of Ay o should alow little
or no phase variation. Notice that this in turn implies that
pz(r) # 0 and $z(r;t) # 0. Other components, i > O,
form the diffuse component, which is often modeled as a slow
Rayleigh fading process [8].

We have considered a spatially distributed compound scat-
terer having small physical dimensions in comparison to the
spatial resolution of the receiver. Due to the effect of dight
differences in Doppler shifts relative to the centroid Doppler
A(ry), such ascatterer may be approximated as atime-varying
(fading) point scatterer. For the specific case that Zy(t) = Z;
does not vary with time, we will say that the scattering field
is timeinvariant. (Of course, a time-invariant scattering field
does not imply that h(7;%) is time invariant as we still have
vehicular motion to account for.)
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E. The Complex Process Y (t)

The received signal process Y (t) has proper complex symr
metry if the mean and pseudo-autocorrelation functions vanish,
that is, E[Y'(¢)] = 0 and E[Y (¢1)Y (t2)] = 0. In this case, the

second-order moments of the process are completely deter-

mined by the complex autocorrelation function Ry (t1,%2) def

SE[Y () Y (£2)].

In Appendix B, we give arguments to show that Y (¢) does
generaly have proper complex symmetry. In addition to the
W <« f. and v < ¢ approximations, our arguments are based
on the following statistical conditions.

1) For any propagation path rr — r — rg, Li(r;t),
Ly(r;t), and Z(r; t) are statistically independent.

2) For fixed 6, the moments of L(r,0;t) =
Li(r;t)Lo(r;t) are essentialy constant functions
of ¢ over time frames on the order of (At). and are
slowly varying functions of .

3) The scattering field  statistics  ¢s(7, 8; At),
bs(,0;At), and pus(r,0) are slowly varying
functions of 7.

The result obtained in Appendix B is that Y () does have
proper complex symmetry if we neglect the direct path and
scatterers very near the direct path. Specificaly, h(7;t) # 0
only when 7 — 1o > 1/2f., where i, = 7o/c is the
minimal delay. This should not be surprising since the direct
path clearly will not have the random phase required for
proper complex symmetry. But then, the direct path component
should not be included in the multipath statistics as represented
here by ¢ (7; At) and Sp,(T; A).

The proper complex symmetry result is important. Without
it, ¢n(7;At) is not a complete descriptor of the channel’s
second-order moments. Braun and Dersch [4] previously gave
an argument resulting in proper complex symmetry for the
Poisson scattering field discussed in the previous section.
However, they assume that the scatterer response processes
Zy(t) have a uniformly distributed random phase. In effect,
their result obtains the proper complex symmetry for the
channel h(r;t) as a consequence of assumed proper complex
symmetry of the scattering field Z(r;¢). Here, we have shown
that Y(t) has proper complex symmetry even when Z(r;t)
does not! Our extension is of some interest because the
uniform phase assumption may not be physicaly justifiable
for scattering fields with strong specular components.

Given proper complex symmetry, the second-order moments
of Y(t) are completely determined by the complex autocorre-
lation function Ry (¢1,t2). In Appendix B, we determine that
this autocorrelation function is

Ry (t1,t2) I/

7o

Oo.%(tl - T)*.f?(tg - 7')

« | " La(r, )L (r, 0)ps(r, 6 A)

x J(r,0)e/2 DA dg dr (14)
where £;(r) = E[|L;(r; t)|?] is the mean square propagation-
loss factor for the propagation path r — r when ¢ = 1 and
for the propagation path r — rg when ¢ = 2.

I1l. THE TwWO-DIMENSIONAL MOBILE MULTIPATH CHANNEL

In this section, we obtain expressions for ¢y, (7; At) and
Si(m;A) for 2-D propagation geometry. The first section
derives a general integral expression for ¢y (7; At). This first
integral formula alows both transmitter and receiver to be
mobiles. The rest of the section considers communications
with a stationary base. Section B derives our Bessel function
series for the correlation function, and Section C derives
the corresponding scattering function series. Section C also
derives a closed-form expression for time-invariant scattering
fields. Section D gives the separability results discussed in the
introduction.

The analysis of this section is carried out for the case of
a transmitter at position r = 0 and a receiver at position
rg = [ro O], asillustrated in Fig. 1.

A. A General Integral Expression for the
Delay Cross-Power Density

Consider two fictitious channels each having the same
impulse response h(r;t). Signas ,(t) and &,(t) are trans-
mitted over the two channels, and the respective responses are
Yo(t) = [h(1;t)3.(t — 7)dr and Yy(t) = [h(r;t)iy(t —
7)dr. Then, from (1) we find that the cross correlation
between Y,(t) and Y;(t) is

et 1o e
Ry 5, (1, 12) € ZE[Va(h) Vi (r2)]

= /a?a(tl — T) &y (te — T)Pn(Tit1,t2) dT
(15)
and this holds for al low-pass #,(t) and Z;(¢).
Likewise, the arguments used to derive the autocorrelation
function spatial integral expression (14) in Appendix B are eas-

ily modified to consider two fictitious channels with identical
scattering fields, but different input signals. The result is

Ry v, (t1,t2) = /

70

x { /_ 7; L1(7,0)La (7, 6)ps (7, 6 AL)

To(ts — ) 8y (t2 — 7)

x J(7,0)e 2Ot —t) de} dr.(16)

The expression in brackets {-} depends on ¢, and #; only
through the time difference At = ¢, — #;, which indicates
a WSS channel. Thus, relating (16) to (15), we immediately
identify

(7, 0; At)ed TmAMTOA g

-7

on(7; At) = (17)

where
W7, 6; At)  L1(1,0)La(r,0)bs(T,6; AY)I(7,6).  (18)

Note that the only At dependency in definition (18) is
due to the scattering field intensity ¢s(r, 6; At). In practice,
this time variation is due to slow apparent fading of discrete
scatterers as discussed in Section Il. The factors in (18) are
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real valued, except for ¢s(r,8;At), which is a conjugate
symmetric function of At.

B. The Stationary Base Station—py, (7; At)

We now consider the case of a mobile transmitter and a
stationary receiver. The transmitter’ s velocity vector is written
vy = w(cos(bp),sin(bp)), where v > 0 is the mobile's
speed and 4, is the mobile's direction angle relative to the
transmitter-receiver baseline. By reciprocity, the results hold
equally for amobile receiver and a stationary transmitter. (Just
reorient the coordinate system about the receiver.)

First, consider the Doppler frequency variable. Since ey =
(cos(f),sin(f)), we have ey - vo = vcos(f — 6,). Together
with vg = 0, this reduces the Doppler expression (8) to

def

A(T,0) = A(6) % A, cos(6 — ) (19)

where A, = 2 f. is the maxima Doppler shift. The delay
cross-power density integral (17) then becomes

™

(s Aty = [ (7, 6; Ap)e/2mAm col0=0)A gp,

(T, 0; At) is periodic in 6, and hence, the domain of integra-
tion may be taken to be any interval of length 2. Applying
the change of variables § — 6 + 6, and then centering the
domain of integration yields

(7, 6 + Oo; At)e/ 2 (A g (20)

-7

¢h (7_; At) =

Next, expand (7,0;At) into the Fourier series
> o Pa(T; At)ei™. The series coefficients are

1 ™

T/Jn(T;At):% (T, 0; At)e=m df. (21)

-7

Applying the Fourier series to (20) yields
¢h (7_; At)

= i wm;m)ef'"%/

n=—00 -7

U

6j[27r)\m cos(8)At4nb) de.

Using the Bessel functions identity [7_eilzcos(®)+n6l 4o =
27" J,(#), the last series is reduced to

on(T; At) =27 Z (13 A0 I, (27N, AL). (22)

The series (22) can be further reduced to a single-sided
series for the case that ¢s(7,0; At) is a strictly real-valued
function, and hence, so is ¢ (7, 6; At). In this case, v, (7; At)
has conjugate symmetry in n. Since J_,(z) = (=1)"J,(z),
we get

on(T; At)= 2 {T/JO(T; At)Jo(2m A At)

+ 2 Zj" Re{tn(T; At)ej"GO}Jn(%r)\mAt)}.
n=1

(23)
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C. The Sationary Base Sation—S),(7; A)
A series for the scattering function is obtained from the
Fourier transform relationship
2L E, (A An)
J2RAAL _fn m
/ Jn (27 A At)e dAt = T3,

where
def cos(ncos™(z))
F(z) df 9080008 \2))
(2) 0

for |z2|] < 1, and F,,(z) = 0 for |z| > 1. Also, define the
coefficient transforms

(24)

U, (r: 0) & / Po(7: ALY 2N gAL(25)

Then, Fourier transform of (22) is

I = e . A
. Z e \I/n('r,)\)*Fn<)\—m>.

where the convolution is with respect to the Doppler variable
A. Combining (25) and (21), we find that ¥, (7; A) can aso
be expressed as

Skt A) =

V. (1;0) = 2i/ T(T,0; \e ™ dp

i
where W(r,0;0) % [4(r,0; At) e=i2™A gAE Since
P(T,0; At) is a conjugate symmetric nonnegative definite
function of At, it follows that (7, 6;\) is real valued and
nonnegative, which inturnimpliesthat ¥, (7; A) has conjugate
symmetry in n. This conjugate symmetry is used to reduce
the last scattering function series to

Sh(7_§)\): 1 {\Ifo(T,)\)*Fo()\)

+2) Re{U,(r; N s B[ 2 3.
3= mefu ety o ()
(26)

The resulting series is clearly real vaued, as it must be.
For very slow fading scattering fields, we very nearly have
Vo (73 A) = n(7)6(A). This leads to obvious reduction of
(26).

We can aso derive a direct expression for S;,(7; \) for the
case of a time-invariant scattering field (that is, ¢s(r; At) =
¢s(r)). The first step is to apply the transformation
6 — A = A,cos(6) to (20). This transformation is not
one-to-one; we must split the # integral into two parts.
For § € [-7,0), we have § = —cos71(A\/A;,) and
sin(6) = /1 —cos(#)? = /1—(A\/A,)% This implies
dX = A, sin(8) df = /A2, — A2df or df = dA/\/ A2, — A2,
For § € [0,7), we have § = cos™*(\/),,) and df =
—dA/\/ A2, — A2, but the negative sign in the dX differential
will be used to flip the limits of integration. Combining the
two resulting dX integrals, (20) becomes the equation given at
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Fig. 2. Rura/suburban model scattering function for (a) 6o = 0°, (b) 6o

the bottom of the page. This last integral is an inverse Fourier
transform. Thus, we deduce
Sr(T; A)
_ (7,60 — cos” (A Am)) + (7, 6o + cos™H(A/An))

(27)

D. Delay/Temporal Separability
Jo(0) =1 and J,(0) = 0 for n # 0, and, hence, from (22),

we find that multipath intensity profile is
u(r) = $n(730) = 2miho(r;0).

This function depends only on the spatial statistics of the
scattering field and loss model and not on the mobile velocity
v. Moreover, observe that the zeroth term of (22) clearly

(28)

0 0.5

-0.5
ppler frequency Mo

rel. DO
(©
= 45°, and (c) 8y = 90°.

corresponds to the classical result. This term depends on v
only through the speed v (via A,,, = ¥ f..) and not the mobile’s
direction 6. In fact, since ["_ 1, (7)ei™ dfy = 0 for n # 0,
averaging with respect to mobile direction 6, reduces the series
(22) to the satisfying result

1

5 P (T; AL) dbg = 2mipo (75 At) Jo (27 A AL)
T

-7

= op(7T)Jo(2m Ay, A) (29)

where the approximation holds for very slow fading or time-
invariant scattering fields. Of course, this last result is the
delay/temporal separability discussed in the introduction.

IV. EXAMPLES

In this section, we present some numerical examples. We
consider only time-invariant and uniformly distributed spatial

A (760 = o5 O An)) + (b0 + 05 O Am)) zeaae gy

p(r; AF) = /

—An
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scattering fields, that is, ¢s(r; At) = ¢s = constant. In
the first example, the loss factors are £;(r) = Cr/r?. As
discussed in the introduction, this type of model would be
appropriate for a sparse scattering field, as in the rura or
suburban case. Strong shadowing effects must be accounted
for in the urban environment. We thus present two examples
with £1(r) = Cre™"/T/r?. The factor ¢="/7 represents the
mean-square value of the rr — r shadowing (which could be
alognormal random variable). The two examples of this type
are 7 = ro and 7 = 0.2rq, which represent, respectively, the
situation when the mobile is near the base station and on the
cell boundary.

A. The Rural/Suburban Model

For the case £;(r) = Cr/r?, we can determine some ex-
plicit closed from expressions for the Bessel series coefficients.
First, plug the Jacobian expression (36) from Appendix A into
(18) (and use (35) to eliminate r3). This yields

1 p(T) — cos(6)
p(1)? =1 p(7)* = 2cos(0)p(T) +1
where C' = 4¢C2 ps /18 and p(r) < 7 /7. By partial fractions
expansion we obtain

W(r,6)=C (30)

p — cos(f) 1 1 1
p2—2cos(Ap+1 §{p i p—ei? }
Applying the above identity to the previous display and then

expanding the geometric series, we obtain

P(7,6)
_ C/2 1 1
—p(m)(p(1)? = 1) { T—p(ryte 1= p(T)‘le‘”}

c/2 N \njnb L NS v —in
ZM@@JV—D{E:”” S e 9}

oo,

n=—oo

____°or )y,
p(T)(p(1)? = 1)
From this, we deduce that

1/)0 (7') = (31)

p(m)(p(T)? = 1)
and

Yu(r) = gt(r)olr) (32)
for n # 0.

As the delay is reduced to the minima delay 4, equiv-
dently, as p(r) | 1, the coefficients ,(7) T oo. This
singularity is a result of the oc 1/72? loss model. Of course,
L(r) < 1/r? is not physicaly justifiable within the antenna's
near field. Thus, (32) is valid only when the distance ¢ — ¢
is larger than the near field radius.

Finally, applying (30) and (31) to (27) yields the closed-
form expression

Sp(r;A) = 7¢0(T)

{ p(r)p(r) = cos(Bo + cos™ (A/Am))]
p(1)2 = 2p(T) cos(fg + cos™L(A/A\n)) + 1

X

+

p(7)[p(7) = cos(flo — cos™ (A/Am))] }
p(7)? = 2p(7) cos(8p — cos™H(A/Ap)) + 1
(33)

Fig. 2illustrates several scattering functions computed using
(33). The cases are 6§, = 0°, 6y = 45°, and 6y = 90°. For
directions of travel 8, > 90°, simply flip the A\ axis for the
90° — 6, scattering function. The impact of the direction of
travel is clearly apparent. As 6, ranges from 0° when the
mobile is traveling directly toward the base to 180° when the
mobile is traveling directly away from the base, the dominant
Doppler shifts from +A,, to —X,,.

B. The Urban Model

As an example of an urban model, we modify the above
mode! to have scatterer-to-mobile mean-square loss £4(r) =
CLe—”l/"‘/r% It is presumed that the base station is in a
prominent position so that shadowing is not a significant factor
on the base-to-scatterer path. Thus, we retain Lo(r) = Cr/73.

It is not possible to obtain closed-form expressions for
Bessel series coefficients for the urban model. Likewise, the
closed-form expression for the scattering function (27) cannot
be reduced to a compact expression, as we have done for
the rural/suburban model in (33). Nonetheless, the loss model
and Jacobian formulas (from Appendix A) can be used to
evauate (7,6p £ cos~1(\/\,,)) point-by-point. Thus, (27)
is easily evaluated numerically. Figs. 3 and 4 illustrate these
numerically computed scattering functions again for 8, = 0°,
By = 45°, and 6y = 90°. Fig. 3 shows the case 7 = 7, which
would be typical of the case when the mobile is near the base.
Fig. 4 shows the case ¥ = 0.2ro, which might be typical of
the case when the mobile is far from the base, hence, near
the cell boundary.

C. Ensamble Averaging

It should be understood that the statistical expectations used
to define the delay cross-power density and the scattering
function are ensemble averages. An empirically measured
scattering function, or one generated by simulation, may
differ significantly from the ensemble average result. This is
particularly true for scattering fields characterized by a sparse
distribution of discrete scatterers.

Fig. 5 illustrates this point. Fig. 5(@) and (b) shows two
“snap-shot” simulations of the rural/suburban model with
8o = 45°. Roughly 20 discrete scatterers are distributed on
the plane according to a spatial Poisson distribution. Each
scatterer results in a single line in the scattering function.
These simulations do not include the apparent slow fading due
to compound scatterers, as discussed in Section |1-D. Fig. 5(c)
shows the result of averaging 10000 snap-shot simulations of
the type illustrated in 5(a) and (b). Fig. 5(c) is very similar to
the ensemble average result plotted in Fig. 2(b).

V. CONCLUSION

We have presented a new analysis of the mobile WSSUS
channel model without imposing the assumption of uniformly
distributed angles of arrival. Our results are determined by the
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spatial scattering intensity function and the propagation-loss
model. We have worked through to give precise expressions
for the Bessel series coefficients only for the case of a uniform
scattering field.

We obtain our best results for the case of a time-invariant
scattering field, that is, Z(r;t) = Z(r). For this case, we
obtained the closed-form expression for the scattering function
(27), and in Section IV, we presented several numerical
examples that utilize this expression. As discussed in Section
I, a physical scatterer (having dimensions smaller that the
gpatial resolution ¢/2W) can be modeled as a dow fading
point scatterer. In this case, the delay cross-power density
and scattering function can be numerically evaluated using
the Bessel series results of Section I11-B and C. For fixed 7
and At, evauate (7, 2rm/M;At) form =0,---, M -1
and then apply the FFT to get the series coefficients.

APPENDIX A
THE TRANSFORMATION r — (T, 6)

In this Appendix, we consider the transformation r — ( 6)
with rr = 0 and rg = (r9,0). We write r = (z,¥), 11 =

,and (c) 6o = 90°.

lIr|l = V22 +y? and vy = ||r — rg|| = /(z — 70)2 + ¥2.
First, we derive expressions of r; and 7, as functions of

(7,0). The law of cosines gives 73 + 72 — 2rgry cos(f) = r3.

Since er = r; + 72, We may equate the law of cosines to

73 = (et —r1)?. Define p = p(7) & et /ro. Solving for r;
yields
2
pe =1
- 9 = 34
m(7;6) 2(p — cos(8)) 0 (349
and from 7o = ¢ — 11
2 _
nro)= 22O @)

2(p — cos(8))
Next, we derive the Jacobian formula. Since 7 = (r1+r2) /¢,
we have

or _1fx w-rol g 9T_1fy vl
dr c¢cl|n T dy clr 7o

Using sin(#) = y/ry, cos(8) = x/ry, Or;t/0x = —x/r} and
or; )0y = —y/r}, we have

COS(Q)% s N
or Y 3 T O ¥



SADOWSKY AND KAFEDZISKI: CORRELATION AND SCATTERING FUNCTIONS OF WSSUS CHANNEL

279

1
g,O.B 2,0.8\
2 5
3 s
Qoe a
5 as0.6
5 z
204 Cgs
2 g
Iy Tm W i
202 A 3 iy W
2 iy AN oz N
N \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\ \\\\ T ol
% \“\““&‘&“}&‘“&&}}\§§§§\\§:§§§§3§:§\\3§\ §§ §§§§§§}}§‘§§\§3&§§§“‘“‘“‘“‘¥¥3\‘t“ ffo,‘
N \\ 04 NN \\\\\\\\“\“ N X
1 1
re( . %,
%, ",
SCEEERT: -1 -05 ;3; SCTRY 1 -5 ° i
rel. Doppler frequenc‘/ - - rel. Doppler frequency M n
@ (b)
1
Z‘O'B
Qos
(]
i
044
\ i )
Doz \\\\\ \\\ \ 0
- \\\\ o ® \\\‘\\‘\‘ o
¥¥\\§§§§x&x§§\§§§‘3§§§1\‘fffft‘ff:\fl\o"o,
04
1
re[
S/QJ,
Az, o5 o 0.5
b ' 1. Doppler frequency M
(©
Fig. 4. Urban model scattering function with 7, = 0.2r¢ for (8) 8o = 0°, (b) 6y = 45°, and (c) 6, = 90°.
and APPENDIX B
a0 — 90 —x PROPER COMPLEX SYMMETRY
—Sin(9)—:x—y:>—:—. : ' . . .
Ay T oy This Appendix derives the results stated in Section II-E.
The above results are now used to evaluate ﬁeéall that we assume conditions 1)-3) as stated in Section
9 9 . 2 S . - .
D= det{g g_ﬂ _nre+ri— Tox Utilizing the independence condition 1), the expectation of
dz Oy erira formula (11) is

The law of cosines 13 + 7 — 2rgry cos(f) = r3 yields rox =
rorycos(8) = (r3 +r? — r3)/2, and, hence,
_ 2rmre + 272 — (7‘3 +7? - 7%)

2criry

B (Tl + 7,2)2 _ 7,3

2crdry
using ¢r = r1 + 72 > 79, We have

1 2cr3ry

D] (er)? =15’

Finaly, apply (34) and (35) to eliminate r; and r. The result
is

J(1,0) = (36)

ero (p* = 1)(p* — 2cos(f)p + 1)

i (p = cos(8))°

J(1,9)

(37)

Eﬁﬁﬂz/ﬁﬁ—dﬂEMQMMAﬂ

% e—jQW[fCT(r)—)\(r)(t—tlﬂ dr.

Applying the transformation r — (7, 6) yields

#)] = /j /Oo #(t = T)E[L(7, 0; t)]ps (7, 6;8) (7, 0)

% ej27r)\(‘r,0)(t—t1)e—j27rfc‘r dr do.

Now consider &(t — 7)E[L(7, 8; t)]ps (7, §;t) as afunction of
7. By conditions 2) and 3), the bandwidth of this function
is essentially the bandwidth of #(¢ — 7), that is, W < f..
The Jacobian J(r,8) and the Doppler frequency A(r,8) will
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likewise be very slowly varying functions of 7. [In fact, for the
case of astationary base, A(7, 8) = A(f) does not depend on 7
at all]. Thus, integrand of the dr integral is alow-pass function
of 7 modulated by ¢=927-", The narrowband approximation
thus yields E[Y (#)] ~ 0.

There is a weakness in the above argument. The Jacobian
J(7,8) issingular on the baseline between the transmitter and
receiver, and hence, J(r,8) is not a slowly varying function
of 7 near the minimal delay 79 = 7o /c. The question that we
must address is how close to 7 is the approximation valid? We
address this issue using the condition that the relative change
of J(r,6) over one carrier wave period 1/ f. should be small.
Formally, we consider the condition

0.J(r,6)/07|(1/ f.)
J(1,9)

< 1.

Put 6 = p — 1 and write J(r,6) = (cro/4) %, where after
some algebra a(8) = §(5 + 2)(6% + 4(5 + 1) sin(#/2)?) and
b(§) = & + 2sin(6/2)%. Then, using 96/917 = ¢/ro and

9b/d6 = 1, we get

aJ/or _if da /06 % _c Ja /06 §
J  rpa b3 [ a b[°

Substituting in expressions for a(6), da/dé and b(6) yields

aJ/or £{463 + 662 + 4(36% + 66 + 2) sin(6/2)?

J om0l 6(6+2)(82 +4(6 + 1)sin(6/2)?)

3

6+ 2sin(6/2)? } (38)

Clearly we see that (38) is singular as ¢ | 0 (equivalently,
as p | 1). The approach here is to determine the small 6
behavior of (38). Ultimately, we want to determine the smallest
values of § for which |(8J/ar)/J| <« f.. First, we must
examine the role of the variable 6. As |6| ranges from zero
to m, 2sin(6/2)? is a strictly increasing function of |6|, and
hence, the worst case values of 8 are those near zero. Consider
the spatial integral only on the half plane = < ro/2. This
determines a minimal value |6|, denoted 6,,;,, as illustrated
in Fig. 6. In Fig. 6, 1 = ¢1/2 = Z(1 + §), and, hence,
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Fig. 6. Determination of 6y .

Omin = cos™L(1/(1 + §)). For smal &, which implies small
Omin, We have cos(fmin) = 1/(14+6) ~ 1—6 and cos(Omin) ~
1-62, /2, whichimplies 2sin(fy,n/2)? ~ 62,,,/2 ~ 6. Thus,
when collecting the dominant small § terms, we must take care
not to eliminate the appropriate 2sin(6/2)? terms.

Now, eliminate the small 6 negligible terms in (38), for
example, § +2 ~ 2 and 62 4+ § ~ &. We treat the 2sin(6/2)?
terms as ~¢ to handle values |6| near 6.,;,. The result is

aJfor ¢ 1 3
J ro |6 6+ 2sin(6/2)2 )"

(39)

For 6| > fmin, the second term is negligible, and we have
(8J/07)/J ~ c/(ro6). For |8] near by, using 2sin(8/2)? ~
6, weobtain (90.J/01)/J ~ —c/(2r¢6). We thus conclude that
the condition |(0J/07)/J| <« f. is equivalent to ¢/(2r¢6) <«
fe or equivaently
T 0(5 1
T—T0= c > 27,

which is the condition stated in Section II-E. The above
arguments hold only for spatial integrals over the half plane
x < ro/2. For the other half plane, we simply reorient the
coordinate system about the receiver in Fig. 1 rather than the
transmitter. By the obvious symmetry, the results are the same.

Now, consider the pseudo autocorrelation. Again, starting
with (11), we obtain

BY (t)Y (t2)]

-

x B[Z(r; 1) Z(r' ,tQ)]eﬂﬂMr’W
x 2SI+ g gy

E(ty = 7(r"))E[L(r; t1) L(r'; 12)]

The above display is expanded into two integrals using the spa-
tial US condition (4): E[Z(r; t1)Z(x; t5)] = 25 (r; At)6(r' —
) + us( Jus(x’). After applying the change of variables
7,8), the integral resulting from 2¢s(r; At)S(r’ — ) is

/_W /T E(t1 — 7)a(t2 — T)E[L(T, 0;¢1) L(7, 0;12)]

X ¢s(7,0; At)J(7,0)e/ 2 NTOA =27 g g,

By the same arguments as above, as a function of 7 the
bandwidth of the integrand of the dr integral is essentialy
the bandwidth of (¢, — 7)Z(¢2 — 7), which is 2W. But then
the modulating frequency is 2f.. Thus, the above integral van-
ishes. Next, consider the integral resulting from s (r)pus(r’)

/_W/,O/c{/_ﬂ/m 21 (7T, )E[L(7, ;1) L(7", 0/ £2)]

e~ 927 feT dr dp }72(7_ 9’ )ejQwA(T’,e’)At

x ¢ dr gy

where we write z;(7,6) = &(t; — T)pus(r,8)J(r,8) to min-
imize the notation. For fixed (7/,8'), the integral in brackets
{-} is again seen to be the integral of a modulated low-pass
function, so it too vanishes.

We have now shown that the mean and pseudo-
autocorrelation function of the channel response Y (1)
vanish: E[Y ()] ~ 0 and E[Y ()Y (t2)] ~ 0. Thus, Y (¢) has
proper complex symmetry.

Finally, the complex autocorrelation function is similarly
obtained from (11). We have

E[Y (t1)*Y (t2)]

S ECEE)

x E[Z(r;t,)* Z(x'; 1)]e? 2 AE)A
% 27 Fe(r(0)=7 () o gy

*i(ty — (¢ )E[L(r; t1)* L(x'; 12)]

By (3), wehave E[Z(r;t1)*Z(r;t2)] = 2¢5(r; At)6(r'—r)+
ps(r)*us(r'). With very minor changes, the same argument
as in the previous paragraph is used to deduce that the
ps(r)*us(r') integra vanishes. In condition 2), we assume
that the moments of the losses L;(r; ¢) are essentially constant
functions of ¢. Recalling L(r;t) = Li(r;¢)La(r;¢) by con-
dition 2), we have E[L(r;t1)*L(r'; t2)] = L1(1,0)Lo(7,0),
where we recall £;(r) < E[|L;(r;#)|2]. Now, after applying
the change of variables, the integral resulting from the term

Ps(r)d6(r’ — r) yields

R?(t17t2) = /

y / " L 0) L, 0)bs (. 0 ADI(7, 0)

-7

Tty — 1) &t — 1)

% ejQWA(r)At do dr
which is precisely the desired expression (14).
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