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PATH LOSSIN MACROCELL S

The theoretical mode! for path loss, L,, for propagation close to the erth’s surface was derived
as.

L,(dB) =10log[d/h;h, ] (1.1)

where h, is the height of the mobile station (MS), h, is the height of the base station (BS), d isthe
distance between the BS and the MS. This model does not obviously include the dependence of
path loss on the propagation frequency and also does not include actua real environments with
multi ple paths resulting from reflections from a variety of sources.

Severa highly useful empirical models for maaocellular systems have been oltained by curve
fitting experimental data. Two of the more useful models for 900 MHz cdlular systems are
Hata's model based on Omura’s prediction [1] method and Le€s model [2].

HATA’SMODEL.:

Hata's empiricd model is based on data lleded in the city of Tokyo. This model can
distinguish between man-made structures [3]. The path loss modeled here is for Japanese
suburban areas and does not match North American suburban areas very well. Hata's model is
expressed in terms of the following parameters:

carier frequency: 150 < f. < 100 (MH2z)

BS antenna height: 30< h, < 200(m)

MS antenna height: 1 < h,,< 10(m)

and the distance between the BSand MS: 1 < d < 20 (km)

The model is known to be acwrate to within 1 B for distances ranging from 1 to 20 km. With
Hata's model, the path loss (in dB) is

DA+ Blog,,(d) for urban area
L,(dB) = EA+ Blog,,[d]-C  for sububan area 1.2

BA+ Blog,,[d]-D for open area
where

A= 69.% + 26.16l0g,,(f.)-13.8log,(h)-a(h,)
B =449-13.8log,,(h,)

C =54+ 2log,,(f./28)]’

D =40.9%4+4.7glog,,( f, / 28)]* ~18.33l0g,,( f.)



and

E(l.lloglo (f.)-0.7)h, - (1.56l0g,( f,)-0.8)
for medium or small city

B
a(hm)_%.ZS(Iogm(l.Mhm))z—l.l forf, < 200MHz for large city
%Z.Z(Iogm(ll.ﬁhm))2 - 4.97 forf, = 400MHz for large city

LEE’'SMODEL:

Leés empiricd path loss prediction model is also accurate and easy to use [2]. He method is
generally used to predict the path loss over flat terrain. If the adua terrain is nat flat, but for
example hilly, there will be prediction errors. Two parameters are required for Le€s path loss
prediction mode are:

the power at a1 mile (1.6 km) point of interception Ha,

and the path lossexponent 3.

Thereceved signal power at adistanceof d km from the transmitter can be expressed as

0 m,fofd O
U, =10log,, ﬁ.lgdo BEOH %?C%aoﬁ dBm (1.3

where d isin kilometers and d, = 1.6 km. The parameter a, is a arrective factor used to account
for different BS and M S antenna heights, transmit powers, and antenna gains. The following set
of nominal conditions are assumed in Le€' s path lossmodel:

» frequency f. = 900MHz

e BSantennaheight = 30.48m

e BStransmit power = 10 Watts

« BSantennagain=6 dB abovedipolegan
e MSantennaheight =3 m

e MSantennagain =0 dB abovedipdegain

If the adual conditions are different from those listed above, then we compute the following
parametersto determine the correction factor o, to use.



[Onew BSantenna height (m) ]
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_ [new MSantenna height (m) 0

3m B

2

Onew transmitter power N

a, = 1.4
3 B 10W H (14
_ new BSantennagain
a,= 2

a, =different antenna gain correction fador at the MS

From these parameters, the correction fador dy is:

a, =a, [, Ldr, Ldr, [arg (15
The parameters L, and have been foundfrom empirical measurements, and are listed in Table
1 below.

Terrain Ha, (dBm) B

FreeSpace -45 2

Open Area -49 4.35
North American Suburb -61.7 3.84
North American Urban (Philadel phia) -70 3.68
North American Urban (Newark) -64 4.31
Japanese Urban (Tokyo) -84 3.05

Table 1 Parameters for Lee' s path lossprediction model in various propagation environments

The value of n in equation (1.3) ranges between 2 and 3with the exact value depending uponthe
carier frequency and the geographical area. For f, < 450 MHz in asububan or open areg n=2is
recmmended. In an urban areawith f, > 450 MHz, n = 3 isrecommended. The value of in (1.4)
isalso determined from empirical data

_[R foraMSantennaheight >10m

- _ (1.6)
%3 foraMS antennaheight <3 m

The path lossL, is smply the difference between the transmitted and power field strengths in dB,
L,=Qp- Ho, - By using the &ove parameters for Ho, - the following path losses (in dB) can be

obtained



[80.2+200log,,(d) +10nlog,,(f /900 -a, Free Space
BBO 11 + 435log10(d) +10nlog,,(f/900)-a, Open Area
3.6 + 384log10(d)+10nlog,,(f /900 -a, Sububan
D025 + 36.810g10(d) +log,(f/900)-a,  Philadelphia
E952 + 431log10(d) +log,,(f /900 -a, Newark
ng? ¥ + 305log10(d) +log,,(f /900 -a, Tokyo

(1.7)

These typica models from Lees model are plotted in Figure 3 and the values from Hata' s model
(large dty) are plotted in Figure 4, for a BS height of 70 m, aMS antenna height of 1.5 m, and a
carier frequency of 900 MHz.

PATH LOSSIN OUTDOOR MICROCELL S

Most of the future PCS microcdlular systems are expeded to operate in 1800-2000 MHz
frequency bands. Some studies have suggested that path losses experienced at 1845 MHz are
abou 10 B larger than those experienced at 955 MHz when al other parameters are kept
constant [4]. The COST 231 study has resulted in two models for urban microcellular propagation,
the COST231-Hatamodel and the COST231-Walfish-lkegami model.

COST231-HATA MODEL

The COST231-Hata model extends the Hata's model for use in the 1500-2000 MHz frequency
range where it is known that Hata's model under estimates the path loss. The COST231-Hata
model is expressed in terms of the carrier frequency 1500< f. < 2000 (MHz), BS antenna height
30 < h, £ 200 (m), MS antenna height 1 < h,, < 10 (m), and distance 1 < d < 20 (km). In
particular, the path loss (in dB) with the COST 231 Hatamodel is:

L, =A+Blog,(d)+C (1.8)
where

A=463+339log,,(f.)-13.8log,,(h)—-a(h,)
B=449-6.%log,,(h)

[0 for medium city and suburban areas
C= % with moderate tree density

BS for metropditan areas

Although the Hata and the COST231Hata models are limited to BS antenna heights greaer than
30 m, they can be used for lower BS antenna heights provided the surrounding buil dings are well
below the BS antenna heights. They should not be used to predict path lossin urban canyons. The
COST231-Hata model is good davn to a path length of 1 km. It shodd not be used for small er
ranges, where path losses become highly dependent onlocal topagraphy.



COST231-WALFISH-IKEGAMI MODEL

The COST231-Walfish-lkegami model is applicable to cases where the BS antennas are ather
above or below the rooftops. However, the model is not very acairate when the BS antennas are
abou the same height as the rooftops. For LOS propagation in a street canyon, the path loss(in
dB) is

L, =426+ 26log,,(d) +20log,,(f.), d=20m (1.9

where the first constant is chosen so that L, is equal to the free-spacepath lossat a distance of 20
m. The model parameters are the distance d (in kms) and the carier frequency f. (MHz). As
shown in Figure 1 below, the path lossfor nonline-of-sight (NLOS) propagation is expressed in
terms of the building heights, hg.y, Street widths, w, building separation, b, and road arientation
with respect to the direct radio path, @. The path loss comporents is compaosed of three terms,
namely,

|:LO + Lrts + Lmsd for Lrts + Lmsd 20

=0

= 1.10
" oL for L +L,y <O (110

where L, is the free spacepropagation loss L, is the roof-to-stred diffraction and scatter loss,
and Ly isthe multi-screen diffraction loss The freespacelossis

L, =324+ 20log,,(d) +20log,,( f.) (1.11)
The roof-top-to-stred diffraction and scatter lossis
L. =-169-10log,,(w) +10log,,( f.) + 20l0g,, Ah,, + L, (1.12)
where
[(F10+0.354¢), 0<p<35
Ly, = EQ.S+ 0.0/(p-35) 3B=<p<hy (1.13)
4.0-0.1149-55) 55<@<90
and
Ah =h. . -h (1.14)
The multi-screen dffraction lossis
Lisa = Lo +Kq +Ky 10g;0(d) + K l0g,o( ) —9log,,(b) (1.15)
where
>
. nglogw(H Ah,) TZ; :Roof (116)
= " Roof
(54, R, > Doy
kaz%zl—o.shb, d=20.5kmandh, < h.,
54-0.80h,d/05 d <0.5kmandh, <h,,, (1.17)
F18, Ry > Doy

k, =
" TH8-15AN /hyy . K, < hey
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Figure 1  Definition of parameters used in COST231-Walfish-lkegami model

The term k, is the increase in path lossfor BS antennas below the rooftops of adjacent buildings.
Theterms ky and k; control the dependency of the multi-screen diffraction losson the distance and
frequency, respectively. The model is valid for the following ranges of parameters, 800< f, <
2000(MHz), 4< h, <50(m), 1< h, <3 MHz, and 002 < d < 5 (km). If no data on the structure
of the buildings and roads are available, the following default values are recommended, b = 20
...50 (m), w = b/2, @ = 90°, and hgoy = 3xnumber of floorstroof (m), where roof = 3 (m)
(pitched) and 0(m) flat. The COST 231-Walfish-lkegami model works best for h, >> hg.y. Large
errors can be expected for h, = hgyq. The model is poor for h, << hgy because the termsin (1.17)
do nd consider wave guiding in street canyons and diffradion at street corners.

PATH LOSSIN STREET MICROCELL S

For ranges lessthan 500 m and antenna heights less than 20 m, some empirical measurements
have shown that the received signal strength for LOS propagation along city streds can be
acarately described by the two-slope model [5], [6].



il A il
I’lQ =10|Oglo Wﬁ dBm (120)

where A is a @mnstant and d (m) is the distance. Close into the BS, free spacepropagation will
prevail so that a= 2. The parameter g is cadled the breakpoint and ranges from 150to 300m. At
large distances, an inverse-fourth to -eight power law is experienced so that b ranges from 2 to 6.
The parameters a and b reflect path loss with values ranging from free space propagation values
of 2 to higher. The breakpoint g occurs when the Fresnel zone between the two antennas just
touches the grourd assuming aflat surface Thisdistanceis

g=%\/(ZZ—A2)—2(ZZ+A2)%§+%E (1.21)

C

where ¥ = hy + h,and A = h, - h,,. For high frequencies this distance an be gproximated asg =
4hph/A. Note that the breakpoint is dependent on the frequency, with the breskpoint at 1.8 GHz
being about twice that a 900 MHz. The model parameters that were obtained by Harley are
shownin Table 2.

Street microcell s may also exhibit NLOS propagation when a M S rounds a stred corner as shown
in Figure 2 below. In this case, the arerage received signal can drop by 25-30 B over distances
as snal as 10 m for low antenna heights in an areawith multi-story buildings. A loss in signal
strength of 25-30 dB can occur over distances of 40-50 m for low antenna heights in a region of
only one- or two-story buil dings.

Grimlund and Gudmundson have proposed an empiricd stred corner path loss model. Their
model assumes LOS propagation urtil the M S reaches the street corner. The NLOS propagation
after rounding the street corner is modeled by assuming LOS propagation from an imaginary
transmitter that islocaed at the stred corner having a transmit power equal to the receved paver
at the stred corner from the serving BS. Then the receved signal strength in dBm is given by:

U O A [l
10log,, - d<d,
~ *(1+d/9g)
U =0 (1.22)
(l A 1 il
E]rOIog10 [ E -0 d>d,

5 pt@+d/g) (d-d.)(1+(d-d.)/9) B

where d. (m) isthe distance between the serving BS and the corner.

Base Antenna Height (m) a b Bred point g (m)
5 2.30 -0.28 148.6
9 1.48 0.54 151.8
15 0.40 2.10 143.9
19 -0.96 4.72 158.3

Table 2 Two-dope path loss parameters obtained by Harley [5]
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Figure 3  Path loss obtained from Le€ s model
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SMALL SCALE FADING AND MULT IPATH:

Small-scde fading, or simply fading, is used to describe the rapid fluctuation o the anplitude of
aradio signal over a short period d time or travel distance so that large-scde path loss effects
(derived in the previous ledure) may be ignored. Fading is caused by the interference of two of
more versions of the transmitted signal which arrive & the receiver at dightly different times.
These waves, cdled multipath waves, combine & the recaver antenna to give aresultant signal
which can vary widely in amplitude and phese, depending on the distribution of the intensity and
relative propagation time of the waves and the bandwidth of the transmitted signal.

A typicd cdlular radio system consists of a @lledion of base stations (BSs) that are relatively
free from locd scatterers. In a maaocelular environment, the BS antennas are well elevated
above the local terrain. No direct line-of-sight (LOS) path exists between the BS and the MS
antennas, because of natural and man-made objects that are in the immediate vicinity of the MS.
As a mnsequence of reflections, scattering, and diffraction, multiple placewaves arrive at aMS
from many different directions and with different delays as shown in Figure 5. This property is
cdled multipath propagation.

Multipath in the radio channel creates snall-scde fading effects. The three most important effects

are:

» Rapid changesin signal strength over asmall travel distance or time interval.

» Randam frequency moduation due to varying Dopper shifts on dfferent multipath signals.

» Time dispersion (echoes) caused by multi path propagation delays, resulting in inter-symbal
interference

Factors Influencing Small-Scale Fading:

Many physical fadors in the radio propagation channel influence small-scde fading. These
include the following [7]:

e Multipath propagation [0 The presence of reflecting objeds and scatterers in the dhannel
creates a constantly changing environment that dissipates the signal energy in amplitude,
phase, and time. The randam phase and amplitudes of the different multipath comporents
cause fluctuations in signal strength, thereby inducing small-scade fading, signa distortion, a
bath.

e Sped of the mobile 0 The relative motion between the BS and the M S results in random
frequency moddation due to different Doppler shifts on each of the multipath comporents.
Dopper shift will be positive or negative depending on the direction d motion of the MS
relative to the BS.

» Sped of surroundng objeds [ If objects in the radio channel are in motion, they induce a
time varying Dopgder shift on multipath comporents. If the surrounding objeds move & a
greder rate than the mobile, then this effect dominates the small-scde fading. Otherwise,
motion d the surrounding objects can beignored.



» Thebandwidth of the transmitted signal O If the transmitted signal bandwidth is greater than
the “bandwidth” of the multipath channel, then the recaved signal will be distorted, but the
recived signal will not fade much over the local area (i.e., the small-scde fading will naot
significant). Channel transmisson hbandwidth can be daracterized by the coherence
bandwidth, which is related to the specific multi path structure of the dannel. The coherence
bandwidth is the measure of the maximum frequency difference for which signals are till
strongly correlated in amplitude. If the transmitted signal has a narrow bandwidth as
compared to the channel, the amplitude of the signal will change rapi dly, bu the signal will
naot be distorted in time.
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Figure 6 A typicd plane wave comporent incident on aM S recaver

FREQUENCY-NON-SELECTIVE (FLAT) MULTIPATH FADING

Figure 6 depicts a horizontal x-y plane with a MS moving along the x-axis with velocity v. In
portable and mobile radio applications the transmitted signals are usually verticdly polarized and,
therefore, the dedric field is aigned with the z-axis. The n" plane wave arives a the MS



antenna with an angle of incidence 6,(t). The MS movement introduces a Doppler, or frequency,
shift into the incident plane wave, given by

fo(t) = f,cos6, (t) Hz (2.1)
wheref,,, = VIA. and A. is the wavelength of the ariving place wave. Plane waves arriving from the

direction of motion will experience apositive Dopper shift, while those arriving oppasite from
the diredion d the motionwill experience anegative Doppler shift.

Consider the transmisson d the band-passsignal
s(t) = Re{u(t)e’*™'} (2.2)

where u(t) isthe complex low-pass $gnal, f,, is the carrier frequency, and Re{Z} denates the rea
part of z If the channdl is comprised of N paths, then the received band-passwaveformis

X(t) = Re{r (1)e’*"} (23)
where the received complex low-pass sgnal r(t) is given by
N .
r (t) — an (t)e—lzn@ fot fon ()T (D)-Tp (t)ta.](t _ .[.n (t)) (24)

n=.
and a,(t) and 1,(t) are the amplit ude and time delay, respectively, associated with the ™ path. The
recsived complex low-pass $gnal can be rewritten as

0= a,0 -1, (0) 25
where "
@, = 2r{(f, + f, ,O)7, (1) - f, . (D)} (2.6)

is the phase asociated with the n™ path. From (2.5), the channel can be modeled by atime-variant
linea filter having the complex |ow-passimpulse resporse

c(t,7) = ian(t)e‘j‘”““)é(r -7,(1)) (2.7)

where c(7,t) is the dhannel response & time t to an impulse response gplied at timet - T and d([)
isthe dirac delta function.

From (2.5) and (2.6), severd interesting observations can be made. Since f.+ 5 ,(t) is very large,
asmall change in the path delay 7,(t) causes alarge dhange in the phase g(t). At any time t these
randam phase may result in the anstructive or destructive interference of the cmporents. The
amplitudes a,(t) depend onthe aosssedional area of the n™ scatterer or the length of the n”
diffracting surface. However, these quantities do not change significantly over small spatial
distances. Therefore, fading is primarily due to time variations ¢(t) in the random phases that are
caused by the Doppler shiftsfp (t).

Sometimes the dhannel is characterized by either a direct LOS path or a speaular comporent from
a strong (fixed) local scatterer. In this case, the amplitude ao(t) is sgnificantly larger than the
other a,(t). These specia cases are charaderized in the foll owing sections with simplifications for
these ases resulting in closed form solutions for the received signal correlation and paver
spectral density.



RECEIVED SIGNAL CORRELATION AND POWER SPECTRAL DENSITY

It is apparent that the different frequency comporents in a signa will be dfected dfferently by
the multipath-fading channel. However, for narrow-band signals where the signal bandwidth is
very small compared to the carrier frequency, it suffices to derive the caracteristics of the
recsived complex low-pass sgnal by considering the transmisson d an urmoduated carrier. For
an urmoduated carrier, the received complex low-pass sgnal is

N
r(t) = Za” (t)e O (2.8)
Using (2.3), the received band-passsignal can be expressed in the quadrature form
X(t) =r, (t)cos2mft —ry(t)sin2mf t (2.9)
where
N
r(t)= Zan (t) cos(g, (1)) (2.10)
N
rI (t) = an (t) S n((on (t)) (211)

and r(t) =r, (t) + jry(t) . For large N, the central limit theorem can be invoked so that the

quadrature comporents r,(t) and rq(t) can be treated as independent Gaussian random processes.
Asaming that the randam processes are wide sense stationary (i.e., fo o(t) = o, an(t) = a,,, and
1.(t) = 15,,), and assuming that x(t) is wide sense stationary, the autocorrelation of x(t) is

@ (1) = E[x(t)x(t +7)]
=E[r, @®)r, (t+1)]cos2mf,r - EH, (t)r, (t +T)Bsin2mf 1 (2.12)
=@, ()cos2mfr —¢ , (t)sin2mfr
Note that
@, (=9, ) (213)

¢, ) =-q, () (2.1

It is reasonable to asume that the phases @(t) and @.(t) are independent for n # m since their
asociated delays and Dopper shifts are independent. Furthermore, the phases @(t) can be
asumed to be uniformly distributed over [-11, 1, sincef.1,(t) >> 1. By using these properties, it is
straightforward to dbtain the autocorrelation ¢, . () from (2.10 and (2.1) asfollows:

@, O =E[r®r t+1)]
=%E Feos2rtf, ;TH (2.15)

Qp
= E os(2mf, 7 cosB)E

where

Q N
7p: ERCE=ER (E= Egé(t)E:%ZE@rﬁE (2.16)

isthetotal power from all the multi path comporents.



Likewise, the aosscorrelationis ¢, (T) is

@, (D2 EH O t+0)H
Q 2.17)
= 7" E, [sin(2tf, T cosO)]

Evaluation of the expectationsin (2.15) and (2.17) requires that we specify the probability density
function for the angle of incidence of the arriving place waves, p(6). For maaocellular
applications, it is reasonable to assume that the place waves arrive & the MS antenna from all
directions in the (X, y) plane with equal probability, i.e., 8 is uniformly distributed over [-TT, 1.
This model was first suggested by Clarke [8], and is commonly referred to as Clarke’'s two-
dimensional isotropic scattering model. With isotropic scattering, the expectation in (2.19
becomes

Q n
@, (r)=—pij’ cos(2rrf 1 cos6)do (2.18)
H 2 2mird-n
Q 1
== J’ cos(2rtf 1 cos8)do (2.19)
2 mdo
Q
= 7" J,(2rf 1) (2.20)

where Jy(X) is the zero-order Bessdl function o the first kind. Likewise, (2.17) becomes
Q 1 n
T)=——( sin(2rrf_r cosf)do
Do (0 == o [ Sin@rfer cost) (2.21)
=0
The normalized autocorrelation @ (T)/(Qp/Z) is plotted against the normali zed time delay f,,,
inFigure 7.

The power spectral density (PSD) of r,(t) and rq(t) is the Fourier transform of ¢, . (7) or
@, (7). i€,
Sﬁﬁ (f) :fgorlrl (T)E

E 2 1 f|<f (2.22)
=[Pt 1= (/1)
Ep otherwise

The autocorrelation o the recaved complex low-pass $gnal r(t) = ri(t) + j ro(t) is
1
@, 1) =3EB Ort+1)E
=g, O+]g, ©

(2.23)

From (2.12 we have
@, (T) =Refg, (1) E (2.24)
Since @, (1) = qof (-71), it follows that the PD of the band-passwaveform x(t) is



Su(1)=2[8,(F = £)+8, (-1 - £)] (2.25

With isotropic scattering ¢, (r) =0 sothat

Su(N)= 2B, (- F)+S, (- - 1F (220
where S (f) isgiven by (2.22.

RECEIVED ENVEL OPE AND PHASE DISTRIBUTION

Rayleigh Fading

When the composite received signal consists of a large number of plane waves, the recaved
complex low-pass sgnal r(t) = r(t) + j ro(t) can be modeled as a complex Gaussian process. In
the absence of a LOS or specular comporent, r,(t) and ro(t) have zero mean. By using a bivariate
transformation, the receved complex envelope z(t) = |r(t)| has a Rayleigh dstribution at any time
t,i.e,

O x*0
p,(X) = —eXp 0—0O (2.27)
0 o U
For a Rayleigh dstributed envelope, the average power is E[Z] = Q, = 2¢° S0 that
2
P, (X) =ﬁexp%—)(—% x=0 (2.28)
Q, " §%8

This type of fading is called Rayleigh fading and agrees very well with empiricd observations
for maaocellular appli cations. Rayleigh fading usually applied to scenario where thereisno LOS
path between the transmitter and receiver antennas. By using a transformation o randam
variables, the squared-envelope Z(t) = |r(t)| ? is exponentially distributed with density
P (X) —iexpE X E (2.29)
0, '8 OF

Thus, a nonuni-directional multipath fading, also known as nonline-of-sight (NLOS) fading
resultsin a Rayleigh dstribution d the received signal envelope at the M S for the simple case of
an urmoduated signal. The power spedra density of the received inphase and quadrature
comporents is independent of the crrier frequency and is only a function of the maximum
paossible Dopper frequency, given by the velocity of the mobile and the wavelength of the carrier.
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