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Spaced Directive Antennas for Mobile
Communications by the Fourier Transform
Method
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Abstract—The Fourier relations between channel transfer directive and the conditions for space diversity are different,
function and scattering distribution can apply to personal and with the larger directionality requiring larger spacing. This
mobile communications where multipath is a prevalent phe- 4ner ai50 connects the spacing requirements and the direc-
nomena. In this paper, the transform relations are reviewed and fi litv th h the Bello ch [ relati 4 lied t
interpreted for the mobile radio channel. The effective scattering lonall y_ roug e be 9 channel relations [4] as ‘?‘Pp I€d 10
distribution is the vector product of the antenna pattern and the the mobile channel. Previous and recent work pertaining to the
incident waves and is a scalar function of angle and delay time. area of Doppler spectra or spatial/diversity relations in mobile
The space base-band frequency correlation function transforms communications include [4]-[21].
with the averaged power of the effective scattering distribution. The remainder of this section reviews the mobile channel and

If the angular power density marginal of the effective scattering . - . . . R
distribution is known, then the transform relations can be used for its statistical relationships. Section Il follows up with finding

configuring antennas for spatial diversity. Similarly, if the delay ~the spacing requirements for directional antennas or directional
time marginal is known, then conditions for frequency diversity angular power distributions and Section Il covers the joint use

are available. The two-dimensional (2-D) transform gives a conve- of frequency diversity and space diversity for general directive
nient route for assessing tradeoffs between combined frequency antennas

and space diversity. Using modeled distributions, solutions are
given for spaced directive antennas and an example is discussed .
for the space-frequency tradeoff. B. Multipath Channels
Index Terms—tand mobile radio, land mobile radio diversity The open circuit voltage at the receiving antenna terminal is a
systems, multipath interference. function of the incident field€2(6, ¢) and the receiving pattern
h(6, ¢). It is defined here, through introducing the base-band

frequencyw and mobile terminal position-dependence as
I. INTRODUCTION: MULTIPATH CHANNELS

27 v
A. Background Vielwi )= [ [ Bw,2:0,0) - ws6.0)sin db do.
HE use of mobile radio channels is expected to continue 0 0 1)
to grow quickly, driven by a combination of consumer

demand for mobile services and advances in the enabling elefz pattern applies a complex weight to the waves coming from
tronic and infrastructural technology. A limiting factor is thagjitferent directions and can be considered as a spatial filter.
the many users must share the finite wireless spectral resourggs open circuit voltage is a scalar and can be described as the
In mobile communications, efficient use of the spectrum COMBRsctromagnetic propagation channel signal transfer function

down to controlling the radiowave launching and reception ifhich is referred to from here on just as the transfer function.
complicated multipath environments. The antenna, together

with the associated adaptive signal processing, become the keychannel Model

elements of the link. Basic antenna configurations must be 3ver a space of tvpically many wavelenaths. the transfer
compact as possible, but also be able to retrieve from the mul- P ypically y gins,

. . . : : nction for a mobile terminal is modeled as a summation
tipath a variety of signals, which have different or uncorrelate . . .

. . . . ._over many discrete, constant, scalar, effective sources, i.e.,
multipath degradation. This paper presents the basic Fourier fe-

. . ) L H(w, z) = Voolw,2) = %5 a;ed%i . e~Ikrmi wherea;e/% is
lations for the multipath of mobile communications and applle[ﬁe complex amplitude of thigh sourcek  is the wavenumber
them to finding the spacing requirement for directive antennas*. pie b . R

gf the radio frequency (i.e., the carrier plus the base-band

The spacing requirement is well known for the situation ?t . . . .
: c . . . : equency) and; is an equivalent distance to the ith source.
a mobile where omnidirectional (in two spatial dimension

t}ﬁ assumptions for this model are that: the direction to,
antennas are often used and where less than a half—wavele%% ) .
d the magnitude and phase of, each scatterer are constant;

spacing provides diversity action [1]-[3]. However, at the ba?ﬁat there is no distance dependence for the magnitude of the

station and also with some mobile terminals, the antennas evraeves from the sources; and that the incident waves from the

scatterers are plane. So only the phase mixing process of the

Manuscript received May 12, 1999; revised March 10, 2000. wave contributions is modeled. As long as there are several
The author is with the Industrial Research Limited, Lower Hutt, 6009 New . .

Zealand. effective sources and none of these are dominant, then the
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signal envelope. If there is a dominant source, then the fadinggs Correlation Functions
Rician, which may alter the correlation results below; however, Major assumptions are now made to allow simplification. Er-

there is a decreasing need for diversity with an increasingly,jicity is assumed so that the statistics remain second order.
dominant source b_eanng the anted signal. If the process is assumed to Wéle sense stationary in the fre-

_ The electrical distance to theh scatterer can be approx-q,ency domaifi.e., the mean and correlation of the frequency
imated [8] bykgrr; =~ wr; — w;z wherer is the delay and .o «fer functions do not depend on the choice of frequency)

u; = kc cosd; is the direction expressed as the spatial DOpplgfen the process imcorrelated in the delay domaifihese con-
frequency in rads/m. (The subscrift indicates the carrier giiong imply each other. Similarlyide sense stationarity in

frequency.) The equivalent base-band transfer function of 4 space domainorresponds tancorrelated scattering in the

channel is, therefore, approximated by the discrete Fouri§f,ier domainThe correlation function of the effective scat-

transformH (w, ) = X; a;el¥ ef(—emituis), tering distributionk, now relates to the space-frequency corre-
lation functionRy by

D. Fourier Relations

In general, the summation for all the delays and ray directiong, (r;, 75;u;, us) = 1 // Ry (Aw, Az)
can be expressed using its integral form [8], i.e., 27 ( :
c(TAwT R AR) Ay, dA
) o ok - 8(ma — 71) 276 (us — uq) (4a)
H(w,z) = o / / a(T,u)e T du dr (2) = P(12,u2)6(12 — 11)276(u2 — u1). (4b)
T Jo k.

wherea(r, u) is the distribution density of signals (open circuitThe averaged power of the effective scattering distribution is

voltages) received by the antenna from the scattering medium at

delayr and direction:. This distribution is scalar, comprising P(r,u) = E{|a(r, w)"} (52)
complex amplitudes, and is referred to here affective scat- — 1 // Ry(Aw Az)e—j(Aw‘r—U,Az) dAw dAz.
terer distribution The2x factor is included in the integral form 2m ’

here to formalize the two-dimensional (2-D) Fourier transform (5b)

with mixed exponents. The exponents can be made the same

sign by defining the positive spatial direction as along the ne¥fith a(7,v) being the vector product of the antenna pattern
ative z-axis. The inverse transform is and the incident waves, it follows th#t(, u) is the averaged

product of the antenna power pattern and the copolarized inci-
e dent power pattern. This means that the antenna power pattern
1 . L . . . . . -
a(r,u) = — / / H(w,2)eTe 3% du dz. (3) and the copolar quent power distribution _have thg same ef
21 o S oo fect on the correlation function. The correlation function is the

i . - _ . . inverse transform of (5)
The importance of the Fourier transform pair is the insight it of-

fers: models of the effective scatterer distribution can be used 1 J(Awr—us)

conveniently to synthesize mobile channel transfer functions orftr(Aw, Az) = a // P(r,u)e’ dr du. (6)
measured transfer functions can produce an effective scatterer

distribution. If the receiving pattern is known, then some insigl8o the above wide sense stationarity conditions lead to the sim-
into the distribution of wave arrivadl (6, ¢) is available, but this plified result that the space-frequency correlation function and
is restricted by the fact that this is a vector (both polarizations, ihe average power density distribution in time delay and spatial
general) and the waves arrive from within three spatial dimeBoppler frequency are Fourier pairs.

sions (two polar angles), whereas the transfer function is scalaBello [4] coined the term wide sense stationary uncorrelated
and the effective scatterers are in two spatial dimensions (@@ttering (WSSUS) to describe such channels. Many other de-

polar angle). tails extending to situations outside of mobile communications
There can be four complex functions carrying the same infamay be found in Bello’s classical paper. However, the above re-
mation for characterization of the channel: lations are the relevant ones for mobile radio. Here, the WSS

a(T,u) scattering function in the time-delay Doppler dorefers to the delta function description in Doppler frequency
main (referred to as the effective scattering distrifWSS in position or time for constant velocity of the mobile

bution); terminal) and the US refers to the delta function in delay time
h(r, z) impulse response in the delay space domain (spat{aburces at different delays are mutually uncorrelated). Bello’s
spectrum); work related to tropospheric channels, which contained scintil-
A(w,u) transfer function in the base-band frequenciating scatterers being illuminated by static terminals. For mo-
Doppler domain (frequency spectrum); bile channels, at least one of the terminals is moving and the
H(w,z) transfer function in the base-band frequency spaseatterers are essentially static and the validity of the WSSUS
domain (space-frequency spectrum) model should always be questioned for a given situation. The

and the single variable transformations follow conventional onehannel can be arranged to be “sufficiently WSSUS” for gaining
dimensional Fourier formulas. useful insight and inferring channel behavior, by arranging the
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ensemble averaging. This averaging is often taken as sev@-) scenario of uniform incident power [1], with pg§(6) =
sampled records over short distances while staying withinl@2x, then the power of the effective scattering distribution is
given physical environment, followed by the averaging. Statisti-

cally, the ensemble averaging implies many “realizations.” This Py(8) o pa(0)g*(0) o g*(6) 0 — 6| <7.  (9)
can be interpreted as several sampled records which should have

different (i.e., independent) spatial paths within the same physonverting to a function of,,

ical environment, or else as several records in different (indepen-

u U
dent) physical environments. The two cases are different. One K cos™! T cos™! k—o
averages within a single physical environment such as a givenP’(u) = \/ﬁ cos?" £ 5 < (10)
room. In fact, this could be argued to imply nonindependent c U

records because the same physical scatterers are supplying the

power or, in simulation terms, the same seed is used for the @ere K is a scaling constant ang), = k. cos f and so the
vironment realization. The second case averages over many gjfatial correlation function is

ferent environments, which offers unambiguous independence.

The issue is that for a single data record calculated over a statigy (AL — K 1
. . . . h( Z) =
scenario, which is typically a few wavelengths, then the (as- —k. VEZ2—u?
sumed constant) instantaneous effective scattering distribution L u L Uo
defines the transfer function of the record. For averaged quanti- ) cos L cos 0
ties, the correlation functions reveal averaged parameters such - cos™" 5 < | e du.
as the decorrelation distance and frequency and these may not
apply accurately to any one of the instantaneous environments. (11)

In this example, there are singularitiesiat= +k. occurring
for n = 0, but these can be handled by their analytic integration
and numeric integration is not required for= 0 or for any

The spatial correlation distance for a given angular distribg-With 6o = 7/2 (see below). Also, the correlation function is
tion of effective sources can be found directly from the singld@urely real when the beam maximuntis= /2 or forn = 0.
dimensional Fourier relation between the correlation functid summary, (11) is the correlation between the voltages from

Ry (Az) of the channeH (=) and the Doppler power profile @ntennas whose patterns are given {#) and are separated by a
written as distanceAz. An interpretation of the situation is given in Fig. 1.

Another way to find the correlation function is to state directly
Ry(Az) & P(w). 7 the correlation between the spaced antenna patterns for a given
angular power distribution [7]. The pattern from an identical

It is emphasised that the Doppler profile is for the effectivBNtenna spaced at a distanke (see Fig. 1) can be written
sources, i.e., the antenna pattern is included, with the phys- A cos
ical incident power distributri)on multiplied by the power ppat)—/ 92(0) = g1 (0)e’* 27" (12)
tern.of the a_ntgnna_t. The relatlonsf_np can, therefore, b? usgd_f.%ren the correlation between the voltages for the two-dimen-
solving omnidirectional antennas in the presence of directional .
. . . S sional (2-D) case can be written
scenarios (e.g., vehicular mobile cases) or for directional an-
tennas in the presence of a constant angular power density or a 27
combination of these. Ryu(Az) = (0:1(0)g2(0)) = / pe(6)g1(6)g3(6) df (13)
For either directional scenarios or directional antennas, 0
it is convenient to use a circular function; tkes™ 6 form, which gives the same result as (11). This is a more general ap-
proposed in the context of mobile communications by Lee [§hroach, allowing diversity antenna derivation, which is not re-
is the simplest. For very narrow beams, the asymptotic forsfricted to space diversity.
for largen can be found from using the smallapproxima-  For measured patterns and most modeled patterns, the inte-
tion In(cos ) ~ In(1 — 6%/2) =~ —62?/2, which results in gral is solved numerically. However, the choice of pattern mod-
cos™ § ~ exp(—n#?/2), i.e., the cosine form becomes similakling function can be arranged to give simplified results. For
to Gaussian. example, in the special case where the patterns are broadside
An amplitude pattern defined as (6p = 7/2) and using a pattern function gfa) = cos™(«),
wherea = 6 — /2 is the angle from broadside, over the
half-space only, gives the standard integral

Il. CORRELATION DISTANCE FORDIRECTIONAL ANTENNAS
OR SCENARIOS

g1(0) = cos™ <9 90) ; |0 — 6| <7 (8) x/2
Rp(Az) = / cos™ ()l h-BFsine o,
is single lobed over the complete angular region with a max- —/2
imum atéf,. Any sidelobe structure of a real-world pattern is R T (0 41/2) Jn(kcAz) (14)

assumed to have a secondary effect. If we take a model with the (kcAz)™
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behaved in the sense that the correlation distafycgiven by
piap(Az = dg) = 0.5 is well defined. This distance is plotted

in Fig. 4 and this graph can be used as a guideline for spatial
correlation distances.

The special case of the omnidirectional scenario is given by

the HPBW= 360° giving d;4 ~ 0.18\ from .JZ(k.dy) = 0.5.
As the directionality increases, the decorrelation distance
increases, with the rate of increase greater for mean angles
approaching zero, i.e., when the mean direction is along the
spacing axis.

For the region where the HPBW is less than twice the mean
angle, the straight line graphs demonstrate that the HPBW is
inversely proportional to the decorrelation distance (cf. the un-
o , ) certainty principle, where the product of the spreads of a Fourier
However, for finding the correlation spacing for antennaﬁairare bounded,ox. > 1/2). From a least mean square so-

as given below, the inverse of the normalized form & o the relationship can be expressed, with the HPBW and
is required and this has to be undertaken numerically. an angle in degrees, approximately as

closed-form solutions for correlation distances are not normally

possible. Az
In general, the correlation coefficient function of the Gaussian HPBW - 1

channel (the real and imaginary parts of the transfer function

have zero mean, normally distributed amplitudes) is complexnere

Fig.1. Anexample of theos™((6 —#,)/2) amplitude pattern with the-axis
the spatial direction, ang, the mean angle measured from theaxis.

denoted by
2200
_ == o < < o'
pr(A2) = Ry(Az) — <|H|>2 L(6y) G0+ 113 + 11, 10° < 65 <90 (19)
Ry (0) — (|H|)?
_ Ry(Az) For scenarios or antennas with more complicated direction-

T Rp(0) p11(Bz) = jprg(Az).  (15) ality, problems can arise with the definition of the decorrela-
tion distance. This is because the function may not be mono-
As noted above, an imaginary part arises when the mean arigleic around the correlation value of interest, here 0.5. From
is nonzero, i.e., when the Doppler spectrum is asymmetric, afadniliar Fourier transform behavior, this occurs, for example,
this phenomenon is clear from basic Fourier transform theowhen the majority of energy of the Doppler spectrum is near

The correlation coefficient of the power signal is the support edges, = +k.. An example is for a double-lobed
directional scenario, obtained, for example, by a horizontally
PlHZ = |pH|2 = p?U + P%Q- (16) oriented dipole-like pattern in a horizontal omnidirectional sce-

nario. The correlation coefficient is given in Fig. 5, which shows

given in Fig. 2 where;;, p1o andpj 2 = |px|? are given for distance. (Mathematically, the correlation functions can always

a directional scenario with theos™ amplitude pattern, which have a properly defined decorrelation distance, but in an engi-

has half-power beamwidth (HPBW) neering sense, the interpretation of results must include a re-
call that there are considerable assumptions in the model and
HPBW (rads)— 4COS—1(2—(1/2n)). (17) that this combined with the oscillatory nature of the function

create practical uncertainty in the decorrelation distance.) In a
eIlipwiting case, we have a single ray, which is a delta function in
rHje Doppler spectrum, and this has a correlation function which
-always of magnitude one and the decorrelation distance does
ot exist.

A snapshot result from simulation of the scenario is giv
in Fig. 3, which includes the estimates of the correlation co
ponents, the power signal correlation coefficient, and the md
nitude squared of the signal correlation coefficiépt;|?. The
figure shows a typical difference between these two correlation
coefficients for finite sample sizes, which is small for large cor!!l- FREQUENCY CORRELATION AND COMBINED FREQUENCY
relations but increases for small correlations at the larger dis- AND SPACE CORRELATION

placements. The power signal correlation estimate can be negmn an analogous way to the distance decorrelation, the power-
ative whereagp7|* must always be positive of course. An endelay profile gives the decorrelation frequency (known as the
semble average of correlations from many simulations sees begherence bandwidth), through the single Fourier relationship
correlation coefficients converge to be the same. P(7) & Rp(Aw). For example, an exponential power delay

As the scenario parameters (the mean direction apgbfile model and its corresponding correlation function are
HPBW) are varied, the real and imaginary components hold

their form, with their relative amplitudes and periodicity 1

_ - —T/s _
varying. For single-beam scenarios, the correlation is welll () = & (r20) s 1+ jAws Ry (Aw) (20)
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Fig. 3. The correlation coefficients as calculated from a computer simulatigns (A=) is different to|p(Az)|? because of the finite sample size.

respectively, where is the delay spread. This gives the 0.5 co- The relationRy(Az, Aw) < P(u, ) can be used to study
herence bandwidth, which is where the power correlation codfie combination of both the frequency diversity and the space
ficient falls to 0.5, i.e., when diversity. The spatial and frequency correlation coefficients can

) be separated [13]

Cr(Aw) —05 (21

Cy(0)

a ‘RH(AW)

@) = o

which is whenAw(©-3) = 1/s. lor (Aw, A2)]> = [p(Aw)|” - |p(Az)|? (22)
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the pattern of the antenna. The lines are approximately straight when the HPBW is less than the mean angle.
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Fig. 5. The correlation coefficient functigp (Az)|? for double-lobed antenna power pattern (or scenario), giverob¥ (6 — 6,) for the example HPBW
= 54°, 6, = 20°.

only if the angle of arrival and delay time of the waves are immobile, however, the assumption seems reasonable. If this as-
dependent. References [11] and [17] discuss models which nsaynption can hold, then for a given scenario, the distance and
not support this assumption. For a time-averaged scenario ditequency spacing for a given decorrelation can be found. As
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Fig. 6. The frequency and distance spacings for a directional antenna with a HPBW @f 27 50) and mean angle @, = 20°. It is assumed that the angle
of arrival and delay times of the scenario are independent.

an example, the exponential delay profile model emd ((§ — wherepy is the correlation coefficient valugpo|? = 0.5 in the
6o)/2) directional scenario, thx|? = 0.5 spacings are from above examples).

The trend of the design curves for different patterns behaves
intuitively. As the mean angle approaches broadside fyes

0.5 = L K / 1 90°, the curve of Fig. 6 moves to intercept the space axis closer
1+ (Aws)? Vk? —u? to the origin. For example, fof, = 70°, the intercept is at
) 0.7 wavelengths, with the angular frequency axis intercept un-
cos—1 (E) —cos ! (@) changed. A larger beamwidth results in a similar change of the
- cos™™ k 5 k e~ IuA2 gyl . curve.
(23) IV. CONCLUSION

A sample solution, witt#, = 20° and HPBW= 27°, is plotted Th_e F°_“”e.r transfor_m metho_d f_or finding the c_onqlltlons
for diversity is convenient and insightful. The derivation of

in Fig. 6. . . o
g Lo . the transform relations are summarized and the quantities
When the frequency spacing is zero, the distance spaci

ng .. ) . X ;
(about two wavelengths) corresponds to purely space diversﬁ'% discussed in order to clarify assumptions and the physical

Similarly, for spatially coincident beams, the required pureln}ferpretatlon for the mobile communications case. The transfer

frequency diversity is an angular frequency spacing equal to t é’lCtIOﬂ of the mobile channel as a function of frequency and

inverse of the delay soreadA tradeoff example for the specific position, is the transform of an effective scattering distribution,
y'sp P P wrﬁich is a function of delay time and spatial Doppler frequency

situation here is to have a distance spacing of one wavelengt . . . . . .
P g ?proportlonal to the directional cosine). The effective scattering

anguacgecﬁsggynz%%cItr;gboeﬂgézvié:fo(r)'iés rs:rsti/cszlljl ar scen agliéstribution is the incident wave distribution at the antenna
y eighted by the pattern of the antenna. It is not possible, in

to get the particular results. The algorithm is: for a range b

spacingsAz;, calculate a set of spatial correlation coefficientcs’eneral’ to relate the complete physical scattering of the envi-

p(Az) and then, from the Fourier transform of the delay prOr_onment to the effective scattering distribution. This is because
~1 ’

' . . larization information of the physical environment is
file, the corresponding frequency spacings can be found. Formg po ;
P gireq ysp 9 duced to a scalar by the action of the antenna. The transform

gxponenﬂgl delay profile model used here, the frequency SIO%I—ations can be used with models of the scenario for diversity
ings are given by . . o
design and examples are given for spaced directive antennas
and space-frequency diversity. The assumptions of the scenario
A — oA (24 Models for the results presented are: wide sense stationarity;
‘ lpol? Rayleigh fading; a smooth-lobed directive antenna pattern; a
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