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Formulation of Spatial Correlation Statistics in
Nakagami—Rice Fading Environments

Yoshio KarasawaMember, IEEEand Hisato IwaiMember, IEEE

Abstract—Propagation environments in line-of-sight (LOS) appearing in mobile radio systems. This analysis allows clari-
communications, such as mobile-satellite communications and fication of the difference in spatial correlation characteristics
indoor radio communications, can be expressed by a Nak- between Rayleigh fading and Nakagami—Rice fading, and of

agami—Rice (or Rician) fading model. Since the Nakagami—Rice . . .
fading model also covers the Rayleigh fading model as an extremethat between wide-band signals and narrow-band signals.

case, it seems a very widely applicable model. This paper gives

a theoretical formulation of spatial correlation characteristics in II. FORMULATION

the Nakagami—Rice fading environment. Based on this theoretical . .
model, spatial correlation characteristics of Nakagami-Rice  Let the frequency of a carrier wave g and the radio fre-
fading are clarified comparing with those of Rayleigh fading. quency centered ofi. be frr. We will assume that the fre-

Moreover, the difference in spatial correlation characteristics quency for an equivalent base-band systerfi {s=frr — f.).
between wide-band signals and narrow-band signals is discussed. Let a transfer function of a propagation channel at an arbitrary
Index Terms—Fading channels, spatial correlation. frequency f and an arbitrary location be 7(f, x). For re-
ception at the base station, the transfer function itself changes
with time due to the motion of user equipment. For reception
by each user terminal, on the other hand, temporal variation of
A Nakagami-Rice fading model (also known as a Riciae transfer function comes from spatial change due to the mo-
model) is a model expressing a fading environment cofjpn of the terminal. In Nakagami—Rice fading, we can distin-
prising a stationary wave component and an incoherently fluciyygish the coherent componeet (lirect wave component) and
ating wave component. The stationary wave often appears in {i@ incoherent component(reflected-wave component), de-
radio wave environment of line-of-sight (LOS) communicatiofgteg asl's(f, x) for the former andl’z(f, z) for the latter.
systems corresponding to the direct wave, and the incoherggt the pandwidth of a transmitted signal BeFig. 1 shows an
component comes from multipath waves. Typical examples @hage of the transfer function and signal bandwidth in positions
LOS mobile radio systems are indoor wireless local area net- andz, (=z1 + Az).
works (LAN'’s) and personal satellite communications. In the ForTp, the amplitude can be assumed constant with respect
Nakagami—Rice fading model, if the strength of the stationagy poth 4 and £ in the limited range of consideration and we

wave component that can be set arbitrarily is zero, the situatigiyy therefore consider a normalized transfer functigs
is the same as that of the Rayleigh fading model, which is used

frequently in terrestrial mobile propagation modeling. Hence, Tro(f, ) = Tr(f, ©)/Tp(f, x). 1)
the Nakagami—Rice model might be extremely universal.

A considerable amount of theoretical work has been carri€@r simplification, we write
out on spatial correlation characteristics in a Rayleigh fading en-

. INTRODUCTION

vironment, and its fundamental nature has now been made clear a1 = Tro(f, ) (2a)
[1]-[4]. On the other hand, concerning spatial correlation char-
acteristics in a Nakagami—Rice fading environment, few theo- az = Tro(f, z + Ax). (2b)

retical analyses have been performed, excluding one where we ) _ )

had derived a basic equation contributing to the analysis of cd€ amplitudes of normalized transfer functidns a;, 1 4 as
relation characteristics in the Nakagami—Rice fading enviro@re then
ment [5], [6].

In this paper, a general formula is derived for spatial cor-
relation characteristics in wideband signal transmission in a
Nakagami—Rice fading environment. Using this theoretical Az(f) =1+ a2l (3b)
model, we calculate the spatial correlation characteristics (mare -
specifically, spatial correlgtion characteristics of in-band pE)W%[rower characteristics1( ), 43(f) of the channel are therefore

fluctuations) for some typical fading environments usuallg'ven by

AF(f) =1+ a(f)+ai(f)+ai(NHa(f) (=1,2) (4)
Manuscript received January 14, 1999; revised September 9, 1999.

Y. Karasawa is with the Department of Electronics Engineering, The Univegheres implies complex Conjugate.

sity of Electro-Communications, Tokyo 182-8585 Japan. . .
H. Iwai is with KDD R&D Laboratories, Inc., Saitama 356-8502 Japan. | € instantaneous values of the powErs P, of wide-band

Publisher Item Identifier S 0018-926X(00)01273-4. signals may be found by in-band power integrationAgf f),

A(f) =1+ a (3a)

0018-926X/00$10.00 © 2000 IEEE



KARASAWA AND IWAI: SPATIAL CORRELATION STATISTICS IN NAKAGAMI-RICE FADING ENVIRONMENTS 13

Spectrum of with considering thata;) = 0, (a;a;) = 0, {(a;a}a;) = 0, and
transmitting signal (B%) = (B3), the terms in (6) are

(P1) =(Py) =1+ () (8a)

fre

[x=x] \f &] [x = x5 (=x, +Ax)] (P P) = <

B/2
v [ {al)ao)

Propagation channel —(B/2)
( A A
Tp(x,) Tp(f, x,) +ai(fau(f)} df]
1 B/2
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Fig. 1. Transfer function for the direct-wave component and multipath-wave + E / al(f)al(f) df
component received at two different points. —(B/2)
L™ st
+ = / as(fla
A3(f) whose integration time range is much shorter than the B\ J (/2 2 ’

fading period

[y

B/2
+§<ﬂmﬂﬁmm#

/B/Q
= — B/2
(B/2)
—1+— 7 e @)+ DaD) 4. ©) / N 'ﬂ#>
wm“ B ' =1+ {ajaz) + {arad) +2(82) + (5283)  (8Db)

Here we will focus our attention on the correlatippp of
the power fluctuation, which is defined as a spatial correlation
by (6) (this corresponds tas 4= in [5] and [7], but we uses p (P2y = (P§) = 1+2(aja1) +2(87) + (B1). (8c)
since A represents an in-band signal at a point frequency). This
is due to the fact that for Nakagami—Rice fading, as in the cad§ing the above relations, (6) can be written as
of Rayleigh fading, the correlation of amplitude fluctuation and (aras) + (atan) + (B282) — (22

power fluctuation is approximately the same and the analysis is psp(Az) = * v 5 (8d)
easier if we consider power fluctuation [5] Hajon) + (B7) — A7)

) By defining a space—frequency correlation coefficiertpénd
pop = (PLPy) — (P1) (Py) _ (PLPy) — (P1) as at the frequencyrr (= correlation coefficient between two

VPR — (P1)2 /(P§) — (P)? (Pf) - <P1>2(6') signals differing in frequency b f and in position byAz) as

Herein,() means the ensemble average, but when it appears as Pa, f2 {Af, Az; fre(= fo+ )}
time-dependent fluctuations as in the case of base-station recep- (To(f, ©)Tro (f + Af, 4+ Ax))
tion, it may be taken as time average in a sufficiently longer time = (Tr(F, 2)Tro(f, )
than the fading period. (a*(f)aQ}Z;Jr’Af» ’
i _\%
writing RO ©)
1 B2 . . .
0= = /(B/ ) ai(f) df (7a) the following relation can be obtained based on [7, eq. (52)])
2
, 1 [P (ai(Hai(Nas(f + Af)ax(f +Af))
ﬁz - E /(3/2) a; (f)az(f) df (7b) — 84 (1 + |pa,fac (Af, A.T, fc + f)|2) (10)
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where s? is average scattered wave power normalized by the 6="90° Multipath
direct-wave power [a key parameter of a Nakagami—Rice fading waves
environment [8], which, in this paper, equals/f) (= (/33))]. Q)
Using the above relations
B/2 B/2
=X+ A
(alaz) = 73 / / (ai(f1)az(f2)) df2df: L0 2 1;')
(B/2) (B/2) \9 . irect wave
_ /B/2 /(B/Q) f ;l(r 0=0
(B/Q) (B/Q) 7 Fig. 2. Coordinate system for the analysis
Dax(f +Af)) dAfdf e :
B/2 (B/2)—f .
/ / ficient po, rx(Af, Ax; frp) atthe frequencyrr may then be
(B/2) (B/2)—f approximated by the following equation [9]:
pa jo (Af, Az fo+ ) dASdf (11a)
B/2 (B/2)—f Pa, fz (Af, Az; frr)~ Pa, f (Af) Pa, x (Az; frr). (14)
Oé 67
2 /(3/2) /(3/2) f Herein,p, ;(Af) is the frequency correlation coefficient, and
“Pa, fo (Af, 0; fot f) dASdf (11b) pa,z(Az; frr) is the spatial correlation coefficient at the RF
frr (=fc + ).

If the delay power profile of incident waves normalized by
the direct wave power ig(r) and the normalized angular power

(B22) = /3/2 /3/2 profile isQ(#), writing the scattered wave component3as-)
172 B? (B/2) (B/2) and,(#), the two profiles can be expressed by the following
<a (Foar(F)a3(faa(f2)) dfs dfs equations (angular relationships of spatial correlation character-
il B/2 (5/2) f istics are shown in Fig. 2):
/(3/2) /(3/2) f p(r) = 6(7) +ps(7) (15)
ai(f)ar(flas (f +Af)aa (f + Af)) dAS df
B/2 (B/2)—f Q0) = 6(0) + Q,(0) (16)
{1 t e /(3/2) /(3/2) f whereé is the delta function for expressing the delay and inci-

dent direction of the direct-wave path with= 0 andé = 0.

|Pa. 2 (AF, Az fo+ f) dAFdf  (12a)  The frequency correlation coefficient, s(Af) in (14) is
given by the following equation [7]:

4 4 B/2 (B/2)—f 1 oo
(Bry=s"q1+ / Pa, s (Af) = = / ps(T)exp(—j2rnAfr) dr.  (17)
—(B/2) (B/2)—f $° J oo

Similarly, the spatial correlation coefficiept, .(Az; frr) at
the frequencyfrr can be obtained by the following equation:

|pa, f2 (A, 0 fo+ NI dAS df}- (12b)

Finally, (6) with (8d) can then be given as shown in (13) at  Pa:= (Az; frF)

the bottom of the page. Expression (13) is the general expres- _ (ai(frF)az(frF)
sion for spatial correlation characteristics in a wide-band Nak- (at{(frr)a1(frF))
agami—Rice fading environment. 1 127 frrAx cos by m
In available mobile radio systems, since relative bandwidth =2 P c /0 ©(6)
defined by the_ ratio between signal bandwidi) _and carrier 27 frp A cos(6 — 6y)
frequency( f.) is much smaller than 10%, we can imagine easily exp . df (18)
that there is very little dependence of frequency on spatial cor-
relation characteristics. The space—frequency correlation coeherec is speed of light.
B/2 (B/2)—f )
[ {2 lpu g (AL A fot )+ g o (A, A S+ DI} aAS
(Az) = —(B/2) (B/2)—f (13)
psr B/2 (B/2)~f
Lo {oRe b se (AL 05 fot P+ 52 a1 (A 05 fo+ DI} dAT
—(B/2) (B/2)— f
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The difference from the spatial correlation in Rayleigh fading Multipath
is the exponential function outside the integral on the right-hand WS )
side of the above equation. This is due to the fact thirt (2), / ‘ Bgvegt
which was normalized by the phase of the direct wave, is used (e
instead of the correlation characteristics of the scattered wave | 1 ;

itself. To find the correlation characteristics for Nakagami—Rice ~
fad_mg, itis there_fore m_ace_s_sary to cor_15|der this phase Cha&%‘?s. Angular profile of incident waves whose multipath-wave component
which does not give a significant meaning for Rayleigh fadings distributed omnidirectionally (case 1).

Thus, the spatial correlation characteristics of a wide-band

signal given by (13) may be found by specifying the delay pro-
file p(r), angular profile2(#) of the incoming waves, carrier 1 6,=0°
frequencyf.., and signal bandwidti#. . o8kl ) 6, = 90°
When a narrow-band signal is considered (B2« f.), (13) S o6 LB (s* = -5dB)
becomes E L.l W o e Rayleigh
(s 1) 7oA _
N e : : L WA
_ 2Re[pa, o (Az; fo)] + 5% |Pa, = (Az; fo)| 2 AN 4 N /]
= 3152 é -0.2 f \ 4 ]
(Nakagami—Rice fading)  (19a) S O4r ]
0.6
0 0.5 1 1.5 2
) Spatial distance Ax (L)
psr (A$7 f(’)| 2;2 = |pa,7‘ (A$7 f(‘)|
: . . Fig. 4. Spatial correlation characteristics of Nakagami—Rice fading where
(Raylelgh fadmg). (19b) multipath waves are distributed omnidirectionally (case 1).

Equation (19a) corresponds to an equation derived by the au-
thors in [5, eq. (11)] [where? — s2/2] and (19b) can be seen
in [7].
= {Jo(kAzx)}* (1< 5% Raylighfading  (23a)
I1l. SPATIAL CORRELATION CHARACTERISTICS FOR
NARROW-BAND SIGNAL = Jo (kAz) cos (kAz cosby) (1> s%). (23b)

The spatial correlation characteristics for a narrow-band
S|gnal can be calculated by (18) and (19) for prOpIElgatlc\)/rﬂronment ofs> = —5 dB, the baseline anglé,, taking the
environmen s ex_pressed by the af‘gu'ar p_roflle (average POW i dent direction of the direct wave as a reference; isr®C.
Equ(;f;[aegtgrfislgzts)r;:]lr:ﬁe\,\gﬁg\i}i rYg\;/ethvrv(Ieltle r;(;vsvean the correlatlonThe. case of ngleigh fading (.23a) is also shqwn for co_rr_1parison.

' Defining the distance for which the correlation coefficient be-
comes 0.5 as a correlation distance and the area enclosed by the
correlation distance as the correlation area, the correlation area
) _ in the case of Rayleigh fading is a circle with a radius of 0\18

Here, the case will be considered where a large number Qf wavelength of carrier frequency). In Nakagami-Rice fading,
scattered waves arrive with a uniform angular distribution in aghe correlation area seems an ellipse having its short axis in the
dition to the direct wave as shown in Fig. 3. The angular profilgectiong, = 0° and its long axis in the directiofy, = 90°.

Fig. 4 shows the case where, in a Nakagami—Rice fading en-

A. Case Where Scattered Waves Arrive with a Uniform
Angular Distribution—Case 1

of the scattered waveg, in (16) is given by Fig. 5 shows the correlation distance as a function of the param-
&2 eters? for 6, = 0° and90°. Based on the definition of (6), we
Q.(6) = o (20) are looking here at the correlation of power fluctuations and at
T s? < —20 dB there is no further dependencegnHowever, in
hence, the region where the reflected wave component is sufficiently

) small as in this case, there is not much decrease of the signal
Pa,z (Az; [o) = Jo (kAz) exp(—jkAzcosfy).  (21) intensity and fading is not a problem so it is not meaningful to

Here discuss the area where the reflected wave power is so small.

Jo;  0th order first-kind Bessel function
k wave number defined by = 27 f. /c.
The characteristics are given by the following equation:

B. Case Where Scattered Waves Have a Normal Distribution
and Direct Wave Is Located at Their Center—Case 2

This is the casé, = 0° in the coordinate system shown in
2 {Jo (kAz) cos (kAz cos )} + s° {Jo (kAz)}*  Fig. 6. A condition is that the angular spread (standard deviation
por (A) = 2+ 2 o4) of the reflected waves is sufficiently small compare@4o
(Nakagami—Rice fading) (22) This corresponds to a typical radio propagation environment for
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R Fig. 8. Conversion factomyr for obtaining correlation coefficient of
Direct Nakagami—Rice fading from that of Rayleigh fading in “case 2.”

wave
PRt ‘—l—-——

Fig. 6. Angular profile of incident waves whose multipath-wave component

has a Gaussian profile (cases 2 and 3). \/7
—lnpsp
L p, Rayleigh (PzSP, 9(,, 00) =

Writing the Az, which givespsp asz, rayleigh

Vo er 27)
oeksing,
base-station reception in LOS communications. An angular pro- o _ _
file for multipath waves excluding the direct wave componergtimilarly, for a Nakagami-Rice fading environment (25),

as shown in Fig. 6 is writing the Az, which givespsp asz,nr, the relation with
Z, Rayleigh IS Obtained from the following equation through a
2 9 — 62 simple calculation:
0.(6) = = exp {—Q} (24 :
2o 206 LpNR (péP, 907 Og, S ) = TINRZ p, Rayleigh (28)

As 6, = 0°, the correlation characteristics are given by the
following equation:

_ )42
21n< 14+ /14 (2+5%)s p&P)

psp = ) 52
kAz sin 6;)° INr(psp,s7) = :
2 exp —w + s% exp {— (ookAxsin 9b)2} Inpsp
2 (29)
91 52 Z, Rayleigh its€lf is a function of many parameters, but it is
(Nakagami—Rice fading). (25) interesting to note that the factgkr = 2, NR/%p, Rayleighs

which converts the calculation results of Rayleigh fading to
For Rayleigh fading (namelys> > 1), the equation can be N@kagami-Rice fading, does not dependipior . _
simplified to Fig. 7 shows an example calculation of Rayleigh fading cor-
relation characteristic®{ = 30°; 6, = 0°). Fig. 8 shows the
. 9 coefficientrxr in (29) relative to threshold values 0.9, 013¢
psp = €Xp {_ (ook A sin ) } of the correlation coefficient. From the figure, it is seen that the
(Rayleigh fading). (26) correlation distance in a Nakagami—Rice fading environment
depends on the paramet€rand is longer by up to 40% (i.e.,
The formula can be seen in [3]. 140% in total) compared to Rayleigh fading.
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Fig. 10. Spatial correlation characteristics for wide-band signal (case 1).
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Vertical distance Ax (m) equation wherer; r is the delay spread of multipath waves

(excluding the direct wave)
Fig. 9. Spatial correlation characteristics with application to multipath fading
due to sea reflection in maritime satellite communications at an elevation angle 52 < T ) ( )
exp | — u(r

of 5° (case 3). Ds (T) = (31)

07‘, R 07‘, R

C. Case Where Scattered Waves Have a Normal Distributiot¥heréu is the step function giving 1 far > 0 and 0 foru < 0.

But Direct Wave Arrival Direction Does Not Coincide with the When scattere_d waves arrive with a uniform angulz_;lr distri-
Center of the Normal Distribution (Case 3) bution from all directions, the case discussed in Section IlI-A

o o . . (Case 1), we examine two situations: 1) where the relative band-
This is the casdy 7 0 in Fig. 6 and is typical of sea-re- gt is sufficiently narrow and 2) where it is comparatively
flection fading in maritime mobile-satellite communications ofiqe B/f. = 0.2; namely, 20%). Fig. 10 shows calculation
aeronautical mobile-satellite communications [10]. In this Ca$gsults; the solid lines represent narrowband (three curves in
6\ bo Fig. 4) and the broken lines represent wide-band (20%). When
Pa,z (Ax; Oy, 0s) = exp [ijAx sin <5> sin <9b - 5) s> = —5 dB, the results depend on the orientation of the base-
line (6, ), the two case8, = 0° and90° being shown here sim-
_ {kopAzsin(f — 6:)}* (30) ilarly to Fig. 4. By comparing the solid lines and broken lines
2 ' in the figure, it is seen that within this order of bandwidth, there
are almost no wide-band dependent effects in the spatial corre-
The spatial correlation characteristics are obtained by subsiition characteristics. This can also be predicted to some extent
tuting this expression into (19a). from the simulation results of Nakabayasgtial. [11]. In the
Fig. 9 shows a result of calculation for space diversity asside-band case, delay spread r of 5/ B was assumed, but the
sessment in maritime mobile-satellite communication systemispendence of the spatial correlation on the delay spread is neg-
where sea-reflection fading becomes serious at low elevatiggibly small for the exponential delay profile given in (31). The
angles. The parameter values are set assuming the conditipatial correlation characteristics do depend on the frequency

for an elevation angle of’5namely,s? = —7 dB, §, = 85°, fxrp, but the difference is small within a relative bandwidth of
o9 = 2.5°, 6 = 8° (solid line), anddy = —9° (broken line). about 20% and the calculated amounts are average values for
The reason why it does not givig = —10° corresponding to the in-band frequency range.

the specular reflection is that it takes account of the analyticalSince the frequency bandwidth dependence of spatial correla-
result [10] that in the case of incoherent scattering, the centettio characteristics is small, the narrow-band model is sufficient

the arrival direction of scattered waves is shifted slightly towarfér calculating spatial correlation lengths (distance differences

the horizon. The results of this figure agree closely with thosgth a correlation coefficient of 0.5) or correlation areas.

of a more rigorous theoretical analysis [6]. The slight discrep-

ancy may be due to the fact that the arrival angular profile ob- V. CONCLUSIONS

tained from the theoretical analysis is somewhat different from

the normal distribution assumed in the model. We derived theoretical formulas to calculate spatial corre-

lation characteristics, focusing on a Nakagami—Rice fading
environment which is a widely applicable propagation environ-
ment that includes Rayleigh fading. We also calculated spatial

In the case of wide-band signals, the basic equations a&relation characteristics for a typical fading environment
(13) instead of (19a) and (14) instead of (18), which wemppearing in LOS mobile radio systems. From this analysis,
used for narrow-band signals. From (14) and (17), in thee clarified the differences of correlation characteristics for
case of wide-band signals, information regarding the del®akagami—Rice fading and Rayleigh fading and the differences
profile is also required. For the delay profile of the scattereaf spatial correlation characteristics between wide-band sig-
wave part, an exponential function generally used for mobiteals and narrow-band signals. The following conclusions are
communications is employed. This is given by the followingbtained by summarizing the results.

IV. BANDWIDTH DEPENDENCE
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1) In a Nakagami—Rice fading environment, where there is[9] M. Kalkan and R. H. Clarke, “Prediction of the space-frequency corre-

a Statlonary Wavezé direct Wave) and scattered waves lation function for base station diversity receptioffEE Trans. Veh.
Technol, vol. 46, no. 1, pp. 176-184, 1997.

arrving with a Umform angular d|3t”bu“0n_ from all di- [10] Y. Karasawa and T. Shiokawa, “Characteristics/oband multipath
rections, the correlation area-(area for which the cor- fading due to sea surface reflectiofEEE Trans. Antennas Propagat.
relation coefficient is 0.5 or higher for all baseline direc- vol. AP-32, pp. 618623, June 1984.

ti h lliotical having its short axis i the[11] H. Nakabayashi, K. Takahashi, and S. Kozono, “Autocorrelation for re-
|ons) shows an €lliptical area having Its short axis in ceived signal-level in a wideband mobile radio channelPiac. IEICE

direction of the direct wave and its long axis in a direction ISAP, Chiba, Japan, Sept. 1996, pp. 1081-1084.
perpendicular to the direction of the direct wave. [12] Elect. Commun. Japan (in English), Scripta Tech., Inc., vol. 68, no. 12,

2) When there is a stationary wave and scattered waves Pt. 1, pp. 6675, 1985.
having an angular profile of a normal distribution whose
center direction is the same as that of the stationary
wave, the correlation length is always larger than that of
a Rayleigh fading environment having the same angul
profile and has a maximum of the order of 140%.

3) Spatial correlation characteristics do not largely depei
on frequency bandwidth up to approximately 20% of th
carrier frequency. A narrow-band model is sufficient fo
computing the spatial correlation characteristics withi

thls_ range. . . Lo and ATR Adaptive Communications Research
Analysis of the spatial correlation characteristics for Nak® Laboratories (1996-1997), both in Kyoto. From

agami_Rice fadmg environments presented in this paper WifI97 to 1999 he was a Senior Project Manager of KDD R&D Laboratories. He

. . L . . . is currently a Professor of the University of Electro-Communications, Tokyo.
doubtless prOVIde basic information in conS|der|ng fadlng Couéfnce 1977 he has been engaged in studies on wave propagation and radio

termeasures such as space diversity and adaptive array antet@sunication antennas, particularly on theoretical analysis and measure-
in LOS radio communications systems such as indoor wirelegants for wave-propagation phenomena such as multipath fading in mobile

) . - C g .radio systems, tropospheric and ionospheric scintillation, and rain attenuation.
LAN's, mobile-satellite communications systems and mOb"Es recent interests are in frontier regions bridging “wave propagation” and

access systems operating at higher frequency bands. “digital transmission characteristics” in wide-band mobile radio systems and
digital and optical signal processing antennas.
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