Multipath Propagation Theory and @
Modeling in Wideband Mobile Radio: T
The “ETP Model”, Connecting
‘Propagation” and “Systems”
Abstract 1.Introduction

A very simple, general scheme for calculating the irreducible
bit-error rate (BER) — namely, the BER floor —due to inter-
symbol interference (ISI)in frequency-selective Nakagami-
Rice fading environments has been developed. The scheme,
which we call the Equivalent Transmission-Path (ETP) model,
makes a general connection between “wave propagation”
and “digital transmission characteristics.” In this paper we
present a consistent calculation formula for the BER due to
ISI, by re-examining the information in our previous papers
onthe ETP model. Moreover, we demonstrate an application
of the ETP model to the indoor propagation environment.

Modeling of Nakagami-Rice fading, or so-called Ricean
fading, is expected to play an important role in the design of
wideband and high-capacity mobile systems. Examples
include indoor wireless communication systems, short-
range wireless access systems, and mobile satellite systems
(MSS), which can enrich personal communications. The
model of Nakagami-Rice fading, which appears in line-of-
sight radio communications environments, is more general
than that of Rayleigh fading. In fact, Rayleigh fading is a
special case of Nakagami-Rice fading. The propagation
environments are shown in Figure 1.
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Figure 1. Multipath fading environments (Rayleigh fading and Nakagami-Rice fading).
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Figure 2. The eye patterns of the received signal for
r=1and AT=02T,: (@) $=0°; (b) ¢ =180°.

Based onaseries of numerical analyses using computer
simulations and theoretical considerations, we have
proposed a simplified propagation model for assessing
wideband digital transmission characteristics in frequency-
selective Nakagami-Rice fading environments [1-4]. We
have called this the Equivalent Transmission-Path (ETP)
model. Moreover, we have used this model to derive a
straightforward calculation formula for error-occurrence
characteristics due to inter-symbol interference (ISI) in
frequency-selective Nakagami-Rice fading environments.

In this tutorial paper, a consistent calculation formula
for predicting the BER due to ISI is presented, by
reconfiguring our papers published so far on the ETP model
fromapractical viewpoint. In addition, an application of this
model to indoor propagation is demonstrated.

2. Occurrence of Bit Errors due to ISI

Before introducing the ETP model, let us review the
occurrence of bit errors due to inter-symbol interference
(ISI), under the frequency-selective fading condition [5].
The following time-invariant two-wave condition, which is
the simplest case producing frequency-selective fading, is
considered first.

h(f)=a15(r)+a${T—Ar) (1a)

=a[8(z)+ re/*s (z-Ar)], (1b)

where 7 is the impulse response, 7 is the delay, a;
(i=1,2)is the complex envelope of the ith wave, § is the
delta function, and A7 is the delay difference between the

preceding wave and the delayed wave. In Equation (1b), 7is
the amplitude ratio, defined as |a2 Jay | ,and ¢ is the phase
difference between the two waves. Throughout this paper,
our main concern is for A7 within the range of the symbol-
duration time, 7,, namely, A7z < T,. When dealing with
errors due to IS, the parameters » and ¢ are more essential
than %1 and 92 , because irreducible errors due to IS become
independent of the amplitude of each wave.

Figure 2 shows the eye pattern of the received signal
for =1 and A7 =0.2T,, for ¢ =0° and ¢ =180°. We can
easily understand that only the case of Figure 2b causes
errors due to ISI. This means that the error-occurrence
condition depends notonly on Az, butalsoonrand ¢ . This
raises the question, “What is the condition where the error
occurs?” The answer is given in Figure 3. This figure shows
that the error-occurrence area for CQPSK (quadrature phase
shift keying with coherent detection) is a function of » and
¢ while A7 =0.27; . Different patterns can be seen for each
modulation/demodulation scheme. We call this figurea BER
map.

3. Basic Expression for Multipath
Environments

Itis assumed that the time-variation speed of the channel is
sufficiently slower than the data-transmission speed. In
other words, the multipath-fading environment remains
constantduring the data-symbol period. Under this condition,
an instantaneous multipath environment at a given position
and ata given time, £, can be expressed in terms of the slowly
time-varying impulse response [6, 7]. This is given by

h(0)= Y, ()87 -7, (1)] e)
i=0
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Figure 4. Various expressions of the Nakagami-Rice fading environment (instantaneous versus statistical).
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where ¢; is the complex amplitude of the ith incident wave
in the multipath waves. For modeling, we assign the direct
wave path to be ; = ) with 75 =0. The impulse response is
shown in Figure 4a. Forthe case of Rayleigh fading, a, must
be 0 when modeling.

The transfer function, which is another expression of the
instantaneous fading condition, is obtained by Fourier
transform of the impulse response. It is given by

T(f.1)= [h(z,1)exp(~j2n fr)dz 3)
0

=iai(t)
i=0

In the mobile radio-propagation environment, it seems
acceptable to assume that the propagation mechanism
follows the nature of a WSSUS (wide-sense stationary,
uncorrelated scattering) channel [6], excluding the direct-
wave path. The power-delay profile, which is a statistical
expression of the multipath environment in the time-delay
domain, is given by

exp[-j27f7;(t)]

p(2) = (" (r.0)h(z.0)) )
e PDé‘(T —T(]) + Py (T)

where (a} means the ensemble average (or the time-domain
average, if the process is ergodic), P, is the direct wave
power, and p is the averaged power density of multipath
waves. The delay profile given in Equation (4) isanidealized
profile, from the viewpoint of propagation modeling, while
a measurable profile is a continuous function, due to the
averaging effectofareceiver filter. The total multipath power
is given by

Py =]fp_¥ (7)dz- (5)

Figure 4bshowsadelay profile for Nakagami-Rice fading. In
this figure, the following three key parameters (which will be
explained in a later section) are given:

1. 5%: The ratio of the mean multipath power ( ¢ ) to the
direct wave power (£p) [= P, /P, |-

2. Ty : The mean delay of multipath waves relative to the
delay of the direct wave.,

3. 0, p : Thedelay spread of multipath waves (excluding the
direct wave)

T and Or g are given respectively by

rmzl Tp,(7)dT
Py 0

(©)

Ora= \f e n@a 0

0

The overall delay spread, including the direct wave, can be
calculated using the above three parameters [1]. This is
given by

2 2
— |5 T 2 (8)
= +0
\/1+32(1+s2 T’RJ

In order to show an example, let us analyze the wideband
digital transmission characteristics in indoor environments
forawireless LAN. Figure 5a shows the multipath profile of
arectangular-type indoor environment, where the transmitter
(TX) point and the receiver (RX) pointare, respectively, set
at( x, y,z)coordinates of (2, 8,2)and (13,2, 1),inaroom of
(15, 10, 3) meters. The three-dimensional path profile was
obtained by a ray-tracing scheme based on the image
method [8-12]. Figure 5b shows the impulse response with
a reflection coefficient, ¥, of 0.7 (a probable value for
plasterboard with attached rock wool, in the case of an
oblique angle of incidence [13]) for every wall. Figures 6a-
6¢ show examples of the spatial distribution of error
occurrence for CQPSK with data-transmission bit rates of 2,
5,and 10 Mbps, ata frequency of 5 GHz [12]. In the figure,
points where the BER exceeds 107 are marked by large dots,
and points where the BER exceeds 107 are marked by
smaller dots. The data shown in Figures 6a-6¢ were obtained
by computer simulation, based on ray tracing and CQPSK
data transmission. The data shown in Figures 6d-6f will be
mentioned in a later section.

4. Equivalent Transformation of Impulse
Response
To maintain the characteristics of frequency selectivity, at
least two waves are necessary, as shown in Figure 4c. The
impulse response and frequency transfer function of the
two-wave model are given, respectively, by

he(.1)=[ag+a.;(t)]6(7)+a.,(1)8(z-Az,) O

T,(f.0)= g+ (1) +a, (t)exp(~ 22 A7,) (10)
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In order to keep the equivalence for assessing digital-
transmission characteristics, we can connect the two transfer
functions by the following conditions [2]:

T,(0,t)=T(0,2) an
A, (f,1)|  _ar(f.1) (12)
N P P

By the above equations, the path amplitude and its
frequency dependence at f =0 (namely, at the carrier
frequency for the RF signal) are set to be equal to each other.
These conditions lead to

. Yan0)
a, (1) :g,af (f)—m]A— (13)

T,

gai(r)n(r)

) (t) -

(14)
Az,

No strict condition is imposed to determine the value
of Az, if the following condition is satisfied. From our
examination by computer simulations[1, 12], and as will be
seen in Figure 8, the condition for the application of this
method is as follows:

7,, < 0.3, and 0 <0.37, (15)

(a) Ray-tracing profile

For the ray-tracing case, the mean delay, 7,,, and the delay
spread of multipath waves, o 5 , can be roughly estimated
by ’

2”:‘ la,-|2
_i=l
Z|“f]2
i=1

T

(16)

(17

Under this condition, the BER, P, ,canbe estimated from the

3 e’

BER map of A7,,,,,, E, by
P =E(r#:Az,): a3
where
r=|aca/(ao + ae,l)| = afg[ae,z/(ao + ae,l)] 2

AT, = ATy, (20)

Although any kind of BER map, ranging from
ATy, =017 to 0.67,, gives almost the same estimate of
BER due to ISI, the use of A7,,,, =027, (which is shown
in Figure 3) is suggested [12].
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Figure 5. The indoor propagation environment: (a) 4 ray-tracing profile; (b) The impulse response.
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Figures 6d-6fshow the spatial distribution of error occurrence
for CQPSK, calculated using the above method, namely, (1)
obtaining the impulse response by means of ray tracing (see
Figure 5); and (2) calculating the BER from Equations (18)
and(19), witha BER map, E. We call this method “Ray tracing
+BER map.” Figures 6d-6f, respectively, correspond to the
cases of Figures 6a-6c, calculated based on (1) ray tracing,
and (2) rigorous digital-transmission simulation in the
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(a) Averaged BER

multipath environment determined by the ray tracing. We
call this method “Ray tracing + Simulation.” The averaged
BER and the location percentage of error occurrence —
namely, the error-occurrence rate (EOR) in the four-
wavelength-square area (24 cm * 24 cm) for CQPSK —are
compared in Figure 7 (the black dots and the white dots). As
seen in Figures 6 and 7, the results of our proposed scheme
agree extremely well with the computer simulation. The
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Figure 7. A comparison of the averaged BER (a) and the EOR (b) for three methods. Results given by the ETP model (a
statistical simulation), discussed later in the text, are also shown.
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computational time to draw one map, shown in Figures 6a,
6b, or 6¢, was more than five hours on a personal computer,
excluding the common part of the ray tracing, while the
proposed method took only three minutes. The calculation
speed ofthe proposed method is 100 times faster. In Figure 7,
a statistical estimate using the ETP model is shown by solid
curves. This will be discussed later.

5.Equivalent Transformation of Delay
Profile: ETP Model

Next, we will develop a statistical two-wave model for the
prediction of the statistical properties of digital-transmission
characteristics, namely, the averaged BER under a time-
varying multipath fading condition. As stated above, for the
approximation ofan impulse response, the value of A7, can
be set to A% =ATpqp . For statistical modeling in terms of
a delay profile, on the other hand, it seems better to select
the value of A7, to be where the fluctuations between @e,1
and 4.2 become independent. By adopting this condition,
the modeling is drastically easier. Here, let us determine the
value of A7, . Using Equations (13)and(14), the correlation
coefficient is given by [2]

Pa= <“:,1ac,2 > / \j <a:,lac,] > <ﬂ:.2ﬂc.2 >

2 2
_ TnzAfc Ty~ O-t',R

) J(Aff‘ -27,A7, +f§7 +0'3'R)(131 +0'3,R) @y

Independence of @.; and a,, requires the correlation
coefficient to be zero; therefore, in Equation (21), we must
impose the following relation:

Az, o=AT=(Th+07g) [Ty @

where Az is the value of A7, corresponding to £, =0.In
this condition, the mean powers of a,; and q,,, are
respectively given by [2]

2 2
5“0
:%p]) (23)
Pa=0 m+JT,R

*
Pp = (%,1%,1)

8.4
5T,

i o2
Pe=0 T, +0; R

Py = <a:,2ae,2> P, @

The statistical two-wave environment determined by
Equations (22)-(24) can also be designated by the fading
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parameters corresponding to s2, Ty ,and Or g . Ifwe let the
parameters be 52, Zm., and Oz.r.¢, then they are given by

2=t _ o2 25)
Pp
e __ProAT =7, (26)
Pri+ Pro

_ N FPrifr2

= AT=0 @7
Pr1+ Pra .

C’rz',R,e

InFigure 4d, the statistical two-wave model is characterized
by the equivalent transformation of the delay profile,
maintaining the values of the three fading parameters: 52,
7,,, and o, p. We call these three fading parameters “the
key parameters,” and the statistical two-wave model is “the
equivalent transmission-path (ETP) model.”

The relationship of model expressions for the Nakagami-
Rice fading environment, in terms of “instantaneous versus
statistical” and “multipath versus two-wave approximated,”
issummarized in Figure 4.

In the statistical two-wave model, which is the ETP model,
the preceding wave consists of a constant-wave (namely,
thedirect wave) componentand a Rayleigh-wave component,
while the delayed wave is a Rayleigh-wave component.
Consequently, the probability density function (PDF) of the
amplitude of the preceding wave follows a Nakagami-Rice
distribution, and the PDF of the delayed wave follows a

mark Delay profile
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10"
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[ETP model]

| B i

$*=0 dB

I R T

1075 Ll
0.1 0.2 0.3 0.4 0.5

Delay spread of scattered waves Cr/T,

Figure 8. A comparison of the BER due to ISI for two
different delay profiles, for the identification of the
applicable range of delay spread.
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Rayleigh distribution. They are given, respectively, by

2., .8
I m-+n mn
ﬁ(q;m,o,)=o_—‘2exp{— o ]10[—2‘] 5

i 207 9

2 [0}

:
fz(’zJo'z):%eXP(—%] (29)
2

where I is the modified Bessel function of order zero, and
the parametersm, 07 ,and 0> havethe following relationship:

Py=m?: Pp =202 Pyy=203 (30)

Since we chose A7 so as to be independent for fluctuations
ofthe two Rayleigh waves, the joint PDF forrand ¢ is given
by[1]

0'20‘21/
/J\ ”(Gl F +°'2)

2

2 2
m m oy
exp| — |F| 2, ,——=——
[ 20,2] 20']2(0'|er+0"§)

o0

= £1(2) 1o ar) e
0

(€2)

where F (e, ;z) is the confluent hypergeometric function
(or Kummer function), for which ¢ =2 and y =1, given by

oo n+1 Zl’l
F (@32 = Zo % (32)
y=l "=
Although the PDF must be given as a function of » and 4,
the formula actually does notinclude the variable ¢, because
¢ follows a uniform distribution.
By replacing the two-wave parameters, m, €1, and O3 (or
Pp, Pr1, and Pr2) in Equation (31) by the three key
parameters, s>, 7,, and Orzr, using the relations in
Equations (22)-(27), the joint PDF can be expressed as a
function of the key parameters. The PDF is

fm(r;sz,'tm,()'T,R;AT)

(33)

12

Inthe case of Rayleigh fading (namely, s » 1 ), the formula
is simplified to

2.2
Frg (Fio0,T, i AT) = - TET__ (34a)
? G (2.2 9\
(027 +22)
1 r :
:; 5 5 (when setting (e R). (34b)
(r +1)

Now we are ready to formulate the prediction of BER due to
ISIin Rayleigh and Nakagami-Rice fading environments.

6. Formulation of BER due to ISI

The averaged BER due to ISI under a frequency-selective
fading condition can be calculated by the following basic
equation [1]:

BER;s; (5%,%: 01 1)

oo 2T

mj I fm(r;sz,rm,dT,R;Ar)E(r,¢;Ar)d¢dr (35)
00

where Az isgivenin Equation (22),and Eis the specific BER
floor of the two-wave model — namely, the BER map —as a
function of  and ¢ with a parameter of Az . Since, as seen
in Figure 3, every map is logarithmically symmetrical for
r =1 (thatis, the same value of BER is obtained at r = % and
r=1/ry), it seems more convenient to use the logarithmic
variable in dB, x (= 201og r ), rather than r, itself. The PDF,
frg(x), converted from £, (r), is given by

fm(x)%exp(ﬂfw [‘”‘P(fﬂ,

[b=20log);(e)]

(36)

By using theabove formula, the BER due to IS, corresponding
to Equation (35), can berewritten witha simplified summation
formula as follows:

BER;5; (5%,7,,07 1 )
=AxAg), Sep () XE(x.9) 37
x o

The
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where A% (in dB) and A¢ (in radians) are the step sizes of
the BER map in x and ¢ such that the calculated values
converge sufficiently. Testing showed thata Ax of0.25 dB
anda A¢ of 277/180 rad (which corresponds to two degrees)
are sufficient for QPSK and 16QAM (quadrature amplitude
modulation) with Az >0.17,, while other cases, such as
BPSK (binary phase shiftkeying) or QPSK with A7 {0.1T,
need finer step sizes.

Furthermore, to pursue more convenient use, a calculation
scheme using only one BER map for each modulation/
demodulation scheme is available. Torealize this, we utilize
the similarity ofthe BER pattern on the BER map for different
AT values that are smaller than 0.67,. The following
formula can be obtained withoutloosing predlchon accuracy

(3]

BER;g (stfmvo'r,R)‘

(38)
=P AxAPY | frg (%) Y E(x.0)
x [
with a scaling factor, 77, of
2 2
L ST (39)
Ty Armap

For the Rayleigh-fading environment, when using
Equation (34b) for f,4, the scaling factor is given by

N=20;/ATyq- (40)

Theuseof Az, =0.27, issuggested, althoughnoticeable
differences are not detected whenusingamapwitha Az,,,,,
of less than about 0.47, [3].

When the effect of thermal noise is not negligible, the

following approximation can be made [3]:

BER(s”,7,,,07 g, Ey [ No)
= BERg; (5°.7,1:07 g ) + BERpy (Ey/Ng) 4D

where BERyy isthe BER due to thermal noise, and Ey/No
isasignal-to-noiseratio parameter, defined by the power for
one-bit transmission divided by the noise power density.
For systems where each user terminal moves fast, the long-
term-averaged BER inatime domain seemsto be areasonable
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measure for digital-transmission quality assessment. On the
other hand, for systems where the user terminal is at a fixed
position, such as in a wireless LAN, the percentage of
locations where outage (namely, unacceptable error rate)
occurs seems to be a more practical measure, instead of the
averaged BER. Throughout this paper, we have called the
measure the EOR (error occurrence rate). In this case, the
“error occurrence” means that the signal quality specified
by the BER comes down to the predetermined threshold
value.

The EOR can be calculated by replacing £ with P in
Equation (38):

EOR;s; (5%,%,:07 )

42)
=" AxAPY | frp (1x) Y P(x,0)
x @

with

1 for E(x,0) 2 E, @3)

P(x,¢)=
(x9) 0 for E (x,¢) < E,

where Ey is the threshold BER for the error occurrence, such

as 1073,

7.Prediction Accuracy and Applicable
Parameter Range

To identify the applicable range of parameter values, we
performed a computer simulation to compare the results for
the two different delay profiles. One is the two-wave model,
corresponding to the ETP model, and the other is the
exponential delay-profile model. Figure 8 shows theresults
of comparison. From the figure, the ETP model has high
prediction accuracy for multipath env1r0nments where ~ "

and Oz.r are less than 0.37,, and when s? is above 0 dB
(=1)—thatis, near the Raylelgh fading environment — this
limit extends to 0.5T, . This is one reason why we restrict the
application limit by Equation (15). Within this range, we
evaluated the dependence of BER;g; on the delay-profile
shape, by assuming the various types of delay profile shown
inFigure 9. In this figure, numbers such as “1,”“2,” and “4™
at the top of each impulse state the relative averaged power.
The absolute averaged power and the delay (74, T5.,...),
which represent the fading environments, are given in the
table in Figure 9. For comparison, eight cases, each of which
had eight profiles, were considered. Figure 10 shows the
results of the comparison. As can be seen from this figure,
there seemed to be no profile dependence on BER;s; when
the set ofkey parameter values was the same. Moreover, the
theoretical estimates based on the ETP model, drawn with
dotted lines, corresponded fairly well with the results of the
simulation. Figure 11 compares the “calculated” versus the

13




Eight sets of key parameters' values

Eight types of delay profiles
excluding the direct wave

Case 52 T,/Ty O /Ty | Symbol e X
Al 1 B111
1 e - 0.1 O
2 ee - 0.2 [ ]
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4
; 20 02 02 | S _TE
1.0 01 0.1 A II - Figure 9. The delay profiles
6 1.0 02 02 A of scattered waves for the
7 05 0.1 0.1 O 01 41::" 0Ty 317: simulation. In the simulation,
8 05 02 02 * “ a constant wave was added
4 F 2 to each profile (see lower
2 171 lefi) at the place that satisfied
the set parameter values in

) 0 7o 21, 0 120, the table (upper left).

o

2 G4 :

= 2 4 exponential

I |2 .
Delay © 0 15275 g
\_ Otk J

(@ : Rayleigh distribution in amplitude)

“simulated” BER;g; for the various environments given in
Figure 9 for CBPSK, CQPSK, and 7/4 -DQPSK (7/4 -shift
QPSK with differential detection). Figure 7 also shows
statistical estimates, drawn with solid curves, corresponding
to the cases mentioned in the previous section (namely, the
“Ray tracing + Simulation” and “Ray tracing + BER map”).
From these figures, we can see an excellent correspondence
between the statistical and simulated results for various
kinds of fading environments and modulation schemes.

Moreover, as for BER due to ISI and thermal noise
mixed concurrently, values calculated by Equation (38)
correspond well with simulated values, which are given in
Figure 12.
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Figure 11. A comparison between a simulated BER floor and
a caleulated BER floor, based on the ETP model, for various
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Figure 10. The dependence of the BER on the delay-profile
shape. Each mark corresponds to that in the table in Figure 9.
The dotted lines are theoretical estimates based on the ETP
model, discussed later in the text.
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Figure 12. Overall estimates of the BER floor coexisting with
thermal noise.
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Figure 13. T he BER floor characteristics of COPSK as a
Junction of s (PR/PD)for 07 [T =T, [T; =0.05 10 0.3,
based on the ETP model (solid lines).

In Figure 13, the solid lines show the calculated
BER;s; asafunctionof §°,when 0, p =7, =0.05T;, 0.1T,
0.2T;, and 0.3T; for CQPSK. In this figure, the results
calculated using the single parameter of O in Equation (8)
(that is, the equivalent Rayleigh-fading approximation) are
shown by dotted lines. As for a comparison between
Nakagami-Rice fading and equivalent Rayleigh fading with
the same delay profile, the difference becomes very small for
s* above 0 dB. Onthe other hand, in conditions with smaller
valuesof § » ,such that 5% <=2 dB, considerable differences
can be seen between the two. In the Nakagami-Rice fading
modelshowninFigure 13 (solid line),a very accurate estimate
canbe expected ina line-of-sight fading environment, as well
as in a Rayleigh fading environment.

It can be concluded that the ETP model is a simple,
accurate, and powerful tool for analyzing digital-transmission
characteristics in a line-of-sight fading environment, as well
as in a Rayleigh fading environment.

Finally, the critical transmission bit rate for QPSK —
which is defined as the bit rate where the BER degrades by
1072 —isshown in Figure 14 asa function ofthe delay spread
(07 r) and the multipath power ratio (s2), for various
propagation environments. This might be helpful when
judging whether special countermeasures for wideband
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Digital Transmission characteristics
(BER floor due to ISI)

Figure 13. The relationship between “wave propagation”
and “systems” in BERg; estimation.
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Figure 14. The critical transmission bit rate for various
propagation environments.

digital transmission—such as an equalizer, or a multi-carrier
transmission scheme — are necessary.

8. Conclusion

A very simple but general scheme for calculating the
irreducible bit-errorrate (the BER floor), due to inter-symbol
interference (ISI), in frequency-selective Nakagami-Rice
fading environments has beenreviewed. The scheme, which
we call the equivalent transmission-path model (ETP model),
connects wave propagation with digital transmission
characteristics in a general manner. The role of this model is
summarized in Figure 15.

In this paper, after reconfiguring our papers on the ETP
model, we presented a consistent calculation formula for the
BER due to ISI. In order to show application examples, we
analyzed wideband digital transmission characteristics in
termsofaveraged BER and EOR (specifically, the percentage
oflocations where the BER exceeds a threshold value), in the
case ofan indoor propagation environment. The ETP model
is expected to be a powerful tool for the analysis of OFDM
(orthogonal frequency-division multiplexing) transmission
characteristics, where the delay spreading exceeds the guard
interval. We will carry out this analysis in the next step.
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