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ABSTRACT - . RS

" The aim of this thesis is to examine the characteristics of the n%:ndio channel from the

. point-of-view of its frequency sclectivity over its passband. Thclmeasurcment technique used for
the experiments is a multitone method. This technique probes the channel’s transfer function by
the simuILaneo{xs transmission of several tones. The statistical knowledge of the transfer-function

is particularly im'por'tan-t for digital ‘communications, where frequency selectivity ifjereases the bit

error probability due to the introduction of excessive intersymbol interference.
The results gathered show the presence of frequency selectivity even for bandwidths as small as

32 kilz. The most disturbing factor is the presence of hills, which diffracts the signals resulting in

serious frequency selectivity. Moreover, multiple reflections, such as those encountered in an urban
" environment, are also the source of the frequency sclectivity phenomenon, but have lesser cffects

than difieaction. The coherence bandwidih, 2 mespure of the frequency selectivity, was found from

more than 1000 kliz to less than 200 kilz in the experiments conducted here. The effect of this

-

phenomenon on the probability of error is shown to range from 1.2 X107% to 11.9 X107 % assuming
p : . )

differential phase shift keying modulation, inlinite signal-to-noise ratio and a baud rate of 9600.
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PREFACE

‘The aim of this thesis is to examine tlné'cllhr‘actcri.stics -of the mobilc radio channel from the
point-of-view of its frtqucncz, sclccuv:l,y I'hc mobile radlo thannel is char'xctemzed by multipath
propagation and, of course, Lhe dlﬂ'ercnb path lcnths give rlslc to dlf!emnt, prop'lgat,:on time delays.
“I'ypical spreads in time delays, depending on the type of environments range from a.fraction of
miéroseconds to many microseconds. The larger delay spreads are usu;ml]y found in urban n';-eas
such as New York, whereas the shorter delay spreads usualiy‘ occur in subu;'b_:m areas [12-15:‘_’11.
The existence of different time delays and amplitude varialions in the various wm'cs‘l,hn'l- |ﬁ:1‘ku
up the total field causes the statistical properties of two signals of different fr.cquelncics to became _'
essentially independent il the frequency separation .is lnrge'cnouglh'. This phenomenon is often
termed frequency sclective fading. The maximﬁni frequency difference for which.lh‘gl; transier
f'uﬁgliou values of two fr_.cquuncicé are still strOIIIg]y correlated is ealled the coherence bandividth of
the mobile radio Lrnnsxn.i:au.a.ion-pnth. This parameter is import;'l;lt', the probability of error caused
l:)"l'r(;-qucncy selectivity t.‘a based on the value of the coherence bandwidth.

The method sclcctud. here to investigate mobile radio frequency selcéti\\'c bulmviour is the
so-called multltom L(,c]mlqm Tt involves the simultaneous transmission of multlplu tones, In thc
mtltitone tcchmquL used durmg this experiment, a ﬁ\cd stption transmits a group of closely spaced
tones to a mobile receiving system. .133( measuring cacl; tone and comparing the relative cffects
of the mobile channel on each of them, it is possible to determine the frequency selective fading.
A measure of this selectivity is the correlation bc_L“cen two tones, wlere a perfect correlation
(‘()l‘r('sp()ll(lls.to the absence of frequency selective behaviour. In this perfect case, the two tones vary
together as the mobile receiver moves through the interference pattern created by the multipath
propagation of the sig:ml. A low corpelation indicates some indch:ndcncc of one jone with respect.
Lo thL» other. The multitone technique unablcs_n precise measurement of both amplitude and p'h:mu
l)_ch:wio'ur. iR

-»

Mo:lsurc::-&"nLL; were taken in the vicinity of Ottawa. Among the different environments tested
there were rural environments \\;ith and without a Iiné—of-si_'gl-lt propagation paths and also suburban
and urban environments, No high urban density environment (e.g., New York) was available for
study. During experiments the mobile laboratory which carried the l‘L’FEiVng system, moved slowly

following irregular paths into each zone in order to randomize the locations where measurements

0

were taken.

Xiv
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Chapter 1 deseribes the mobile rnd:o channel. The ch'\nnel bdm\ iour is first mlrmlucc(l in an
lnformal approach, then a more complete :mtl more I'ornnl dcscrtptmn I'ol!m\cd T lu- plwnunwnnu

of the frequency selectivite l'admg is deﬁncd and a rev lew of pre\ ious works complc s lht‘ Ch.l[\ll'
<

- Chaptcr 2 covers the expcr:ment itsell. The mulmonc technique used 1o ])rnlw‘lllt' rlmnm-l

s :mal) sed. The practical implementation to generate and dctnmlul.m- tlu.- ~.1;,n.1l are then fully

dt:‘\Cl'led The cxperimental proc\:durc used to gather data ends 1hv chi ||m r.

.
Chapter 3 entirely describes the signal proccssmg. This ch:lptvr is .-‘wp:u':uvd in nuunly two
) . ;

parts; the amplitude and tli¢ phase behaviour. The mcthnd to compute the irreducable probabitity:

of error (PERY} from the value of the coherence bandwidth is partly done along with the amplitude

signal. proccssring of the data. o : - . ey

- e . A
Chapter 4 is an analysis of the results gathered bot]s for :nuplil'mh- ad phase.” Chapler 5

.,.';un]]ncnzul the most important results nht:unod from this experiment. Finally, the Appendix_ s

a complctc ducrlptlon of the method to compute the PE R for s DPSIN signal.

, .
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CHAPTER 1 .

DESCRIPTION OF THE MOBILE RADIO CHANNEL

1.1 Int.rod_uction

.

"

The origin of mobile ra&io communications is as old as radio communications itself. Ovc‘r the
years, many applications of mobile communications' ll.a.\’(.‘. been deve[ope'd with the result that the
mobile radic communication spectrum have become very crowded.. Since the allocated mobile radio
" bands cannol bc. ‘expanded, itlpccomcs_\-ery important to use the availalfie frequency spectrum
as efficiently as possible. Coﬁscqucntly_’, n is of a prime .importancc to study and understand the-

e ] 3
characteristics of the mobile radio chz’xiuicl. ‘

There are two possible configurations for a mobile radio communication system: mobile to
mobile and between-a fixed station and a mobile unit in either direction. In cither case, the

L] b t
atmosphere is used as the connecting medium between Lh receiver and the transmitter. This link

has many c!n:xé:\cicristics ihat a system designer must know befdre the development of a mobile
radio communieation system. These characteristics will be considcrab!)’ different when the mobile
station is st;rroundtrd by high buildings or from when it is on the top of an isolated hill.”

In order to describe tlf;- characteristics of a mobile radio channel, qualitatively, we may make -
use of a simplifying ray model of prognliorf. In this model, the "transmitted signal is viewed as
heing made up of a very large numb}r of rays cach originating from the transmitting antenna
and following a specific path away from. Llw transmitter. If one considers the received signal as.
the sum of these rays and, as a first step, assumes a fixed receiver, the _re'ceived signal undlcrgocs
modifications due eutirely to thgcharacteristies of the environment.

. 1 ’

These modilications of the clectromagnetic signals are attenuation, refiection, diffraction, local
seattering, ete, {see Fig. 1.1). Many l'acto;'s contribute to the attenuation of the signal: di-sl,ance,
absorption on rctivctin.g surfaces, cte. Reflection occurs on the surface of the earth, on buildings,

elc, l)lll’r.\cuon effects take place around building edges, over the top of-hills, ete. Finally local

-mttcr|ng is the presence of multiple reflections within a short distance of the receiver.
o
A mobile station located at a ﬁxed point receives a multitude of signals, each of thém having’ "’
followed a .different path. This phenomenon termed multipath propagation leads to multipath == ©

I'mli:lg; Each signal is modified independently and is defined by thres different parameters; path
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Ty .
strength or attenuation of the signal, phase change, and propagation delay (note'that. phase change
and propagation delay are closely related). The diﬂ'éfém signz;ls combine toget.her and form an
mfcrﬂurencc pattern. The signal plckcd up by-a mob:le station moving Lhrough this pattern un-
dcrgous rapid and large changes. This ﬂuctuauon is known as ‘fadmg the region where sngnal is
reduced being known as a fa.d_’c.. ' |

This fading may—l; divi;ied into slow and fast fading. The latter is a rapid variation of the
rfeived signal over a short distance. Typically, it can vary as much as 40 dB over a quarter
wavelength of LKsignnl. This fast l_"ading is due to the interferenge pattegn eaused by the local

seattering of thesignpl. It results in the combination of multj ections of about the same

magnitude but of diﬂ'en.:nt phases. The signal stréngth is dis:t ibyred ‘abput a relatively constant
local mean. This local mean is'thc signal averaged over a s}iort path (averaging over 20 to 40
wavelengths are Lypicn..lly used to measure the averaged signal within & 1'DB (23], whilt this vilue
is good for an area of about 200 wavelengths [22]) where the surrounding scatterers and obstacles
h:n:'c an influence. - The slow [ading refers to the variations of the local mean space over larger
'disl:u::-s. This slow fading is primarily due to a change jn the surrounding topography, manly
the presence of large objects (relativcj to the wavelength) such as buildings and hills, gencratly
tocated at greater distances [rom the receiver. |

If the receiver is moving, another phcnomcnoﬁ, called the Dop.plcr effect enters the .picl,ure.
This effect shifts the frequency of the signal. This shift is dependent upon’ the speed of the vehicle
..md the angle of arrival between the sxgnala and the direction of t,hc Vchlclc Because thp rccuvcd
signal is the combination of difTerent rayb frorn many directions, the Doppler shilt is not umform :
and spreads the signals over a bandwidth larger than _ongmally transmitted. _ .

Finally, if the bandwidth of the si-g'nal is wide enough, the propﬁgation characteristics of
the multibath -mcdium will exhibit different charaébg(istiéﬁ-upon the frequency observed. This
p]u:num‘unon is olten termed frcquenc_;,' selective fading. This is the channel characteristic which'. is

v

studied experimentally in this thesis.

1.2 Signal Behaviour in a Mobile Radio Environment

: L
A-general representation of a transmitted bandpass signal a(t) may be written as [27]:

«(1) =a(t) cos|2m [t + (1)) =Relu(t)e’*/+!) S

-

. where a{t) denotes the amplitude of s(¢), ®(t) denotes the phase of s(t) and u(t) is a signal termed

3



the low-p'ass or basecband equivalent signal of &(t) with respeét;‘ tﬁhe carrier frequency f.. We
_shall assume that there are N + 1 pl;opagation paths between the transmitter and the receiver,
- Associated with the n't path is a propagation delay r,, an atlenuation f.aclor or"pnth strength
ay and a phase shift #,. As shown by Fig. L1 the channel changes every path differently and
therefore associates an attenuation and a phase shift different for each pnt‘h. T{l:l:-‘- the received
‘bandpass signal z(t) is the summation of N + I different signals which follow N 41 different paths

and it may be ¢xpressed in the form

N - .
- x(t) =Za,.a(t — ) cos[2nfe(t = 1) + D(t — 1) ~ 0]
n =0 N K )

=Re Zanu(f - )cjz'f-("'u)-.f'.

i- n =0

Note that the additive whi%c Gaussian noise usually encountered in a miobile radio communication
' ¢

and any other types of noiSt™we disregarded in this discussion. As the mobile station moves

through the intcrference pattern created by multipath propagation, the number of contributive

paths eventually changes.

If we let () be the low-pass equivalent of z(¢)

N
5. o
Y1) =Y qaet Bt by (g — 1)

n={

n-Q
b1

:Zanc_”"u(t—r,,) fr.2)

where the carrier phase ¢ =27 fc7q + 0, corresponds to a phase shift due to the delay r, and
path phase shift #,. Comparing (1.1) and (1.2}, the equivalent baseband impulse response of the

channel h{t) is expressed by

N
. ’ h() - Zunc_"""é(t—r,,)
b n o0 ’ :
and the cquivalent frequency response of the channel H{ f} is expressed by the Fourier transform
of h(!).
N

H{f) = Z age=dlont2efra)

0

-

The propagation medium is then deseribed by the set of three independent path variibles

a
[N

{Gn.fn.%}g]- .
2
The statistical behaviour of the path variables has been studied by numerous authors |21,31,32].

N&_.\‘(

v
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There is-no difRculty in assun\ﬂ’ng a priosjthat the carrier phases {¢,..}atéit./he various paths .
are ‘mutually independent random variables which are uniforml; distributed over {0,2n]. This )
follows l'ror;l the fact that Lllicarricr phase is critically sensitive to path length, changing by 2=
radians as the path length changes by a wavelength (in the present experiment the wavelength °
is about 35 cm). A Llypica] distance between a 't.ransrnit.ter and a receiver includes a very large -
number of wavelengths, This leads to a uniform distribution model for the phase ¢, . 'Also;_ the .
lack of a specific geometrical relationship between separate paths leads to a-n indcpcndcncé of ¢;
and ¢y, 1 5, and an uniform joint distribution of pairs of phases ¢; and ¢;. N

Typical experimental values of {an }§ and'{r, }§ w'cre.obblaim:d by Turin et al[32). After
transmitting a pulse via the urban radio propagation mcdium al profile of th'e received waveform

was ol)mmcd as a sequence of pulses due to reflections, diffractions and,sc'll.t.crmg (see Fig. 1.1}.

Ihc statistical behaviour of the path strength variable {a,,h’,v combmcs “lth the uniform
distribution of the carricr phase variable to determine the signal strength of the reccived signal.
it is generally :ICCCpLed.L]mL the path strength at any delay is Rayleigh distributed over a spacial
dimension of a few tens of wzwclc'ngt.h and the mean signal strength is log-normally distributed over
areas whose dimensions are much l;u‘gcr [2],31,32]. This assumption is in fact not to be accepted
uncritically, for there are 'llways variations depending on the partlcular geography involved. It will
not (lt.S(:I"IbL the large scale variations due to dlstancc hills, antenna heights, ete.

_dhe frcquency response of the channel /{(f) can be expressed by its quadrature and in i)hase

components. . |

H(f) =) aye n¥xira)

fn=0

[}
i

N
:":Zan cos(—¢ns — 2 f7,) }-JZQnsm —¢ — 2w f1)

n—O nm=Q

=111(/) +J”Q(f)

It N is large ‘enough, by the central limit theorem H; and Ho are Gaussian random vari-
ables. They have zero mean and’equal variance. Moreover, they are uncorrelated and therefore
independent.

The density probabilities for the amplitude = of Hy or Hg for every frequency have the lorm

exp(—3? /20)

' 1
plr) =———
,( ) \/2”1‘0
here xg is the variance of the variable . The envelope r of the received signal for a transmitted

signal u(t) =e/?*/* is proportional to ' -
r=(H}(f) + H{(/))'/*

5



f
and as shown in Papoulis [25], the probability density of r is ' ' i
p(r) =l >0 .
Io . N
' =0 . r<0 ) : ’

which is the Rayleigh density formula. Over a larger arca, the mean signal strength xo (BE{r-) e

) varies following a log-normal density distribution:  *
P plao) = ~l—_ exp _—l(log”J 2o —m)*| a0 >0
o ) zo0 /2% | 207
’ =0 - xg <0

where # is the standard deviation (in dB) of the density function and m is the mean also expressed

. T T . . ~ :
in dB. The standard deviation is a function of the environment (¢g., London as a 1dB standard

, deviation [18]). )
The Rayleigh depsity distribution is associated with the local seatterers (e.g. buildings) in an
arca of less than 200 wavelengths [22]. Fhis phenomenon is usually refered to as fast [ading. The

*  log-normal density function covers a larger arca. It is referreq to as shadowing or slow lading. It..

-

is due to variations in size and localizations of large obstacles (rNatively to the wavelength) in the

arca.

The following statistical model of the path stréhgth for urban area explains the transition
: ? ‘

from the local distribution to the more global distribution of the path strength (Mg, 1.1).
~

The main wave arrives at a cluster of buildings. Before undergoing local scattering by the
cluster, it has traverseg a path which is subject to the influence of multiple ruﬂvct.inﬁs andfor
diﬁ'racbion§ by natural m;d made-man objects, The path strength, on arrival at the local cluster,
will be a rando‘m variable. Aflter arrival at the local clusll,cr, the path undergoes a breaking up inte

local subpaths as a result of scattering from local objects. The subpaths all arrive at the reeciver

, with roughly the same delay, but with dilferent carrier.phases. Il we suppose a Rayleigh and a

.

log-normal density distributions, the envelope of the signal is expressed as

) = | " plrlzo) - plzo)dzo

where p{rlzg) is the local distribution of the envelope of the signal about the mean and plug) is

the.distribution of the mean over a larger area.



If we repldce the density distributions in the equation -

-

© r - ! —(log;q 20 — m)* : *
- e —_ —z* fzy) - dz
R A crexp( %0 ) 0
L .
a T ‘ Ca
=gz exp| ar— Egcxp.(ar) .
r . .

.

R wht;-rc a =(In 10)/10. According to Suzuki [31] this equation fits exAperiment,a.l data in many cases.
Other distributions such as Rice distribution and Nakagami distribution have been tried [31]. They
describe a more complex model of propagation (i.e., with a line of sight component) whicl} \}rill not
be discussed here. - | _

The Iast pnrnm;u:r to describe is Lhe'propagntion delay {r} Its statistical behaviour has
been studied by many authors {9,12-15,29,31,32]. A simple and reasonable statistical model for
the propagation delay sequénce {7, }¢’ is a Poisson process [31] (a family of functions that de-
stribes the p‘rolmhi]ity of having a defined number of arrivals in an interval of time), since the
objucts which cause this multipath propagation may be expected to be loc-a.ted randomly to a first
nppfoximntion. More precisely, the excess delay time {r, — 70 }¥’ is a Poisson sequence on {0, N) in
this appfoximntion, where 7p is the linc-'ol'-sighb delay (the shortest possible delay). As observed
by Suzuki there are considerable distrepencies between Poisson distributions aﬁd the empiricnl.

distributions gathered by experimentation.

. To improve the dcscnptxon of the dclny, a modnﬁcd Poxsson model with 2 states was then

pmpc)scd Whenéver there is an event, i ¢., a path occurs ﬂle‘mean arrwal rate (average number

-

ol paths per unit of time mterv:ﬂ) is changed by a factor of K for the next A seconds, where K

and A are parametérs to be chosen, perhaps as a functipn of 7,.

When K =1 or A =0, the process returns to a standard Poisson sequence. For K > 1,

the probability that there will be nnoqu;r pat‘h within the next A scconéls increases, le., the
A process has a clustering property. For X' <1, the incidence of a path decreases the probability
of having another path within the next A seconds, i.e., events have a tendeney to arrive rather
‘more cqually spaced than in a pure Poisson model. The choice of K and A is also function of the
type of environment. The modified Poisson model fits experimental data. quuki (31] concludes

that paths tend to arrive in groups in suburban area. In urban areas, the path arrival time is

. -

nlmost homogeneous for initinl paths but shows the clustering property for the late arrivals. To

observe the different arrival times, an interesting function is the multipath intensity profile or delay

L

power spectrum. A typical example is shown in figure 1.4. This plot shows the power of the signal

-
il
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n:(‘l':\'l'(l if 2 pulse is transmitted through the channel. Assuming an infinite resolution in time,
it is possible to observe each path delay. Furthermoare, il we can determine the direetion of the
arrival, it is possible to .'-i(![)."ﬂ‘.ﬂtl" cach path. .

Another phenomenon the signal experiences is the bopplcr effect. Tt refers to the change in
frequency caused by the movement of the receiver through the interference pattern. For a velocity

of V' /s, an angle of arrival of é rad (Fig. 1.2) and a wavelength A m, the fx-t;c;t;c::lc)- shilt of f

M

Hz of a signal is expressed by

, Vocos( o) : ' .
. T A '

“For agnultipath propagation environment, the oceurence of multiple paths from diflerent
directions tends to spread the received signad in frequencey.
* ’
-4 .

n'"INCOMING WAVE

‘ v X . -
MOBILE

FIGURE 1.2 : A typical component wave incident on the mobile receiver (from 121))
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1.3 Frequency selective fading

r

- v

/ ﬁ:c mobile radio channel is characterized by multipath propagation and, of -course, the dif-
fer¢nt szLil lengths.give rise to different propagation time delays. Typical spreads in time delays,
dupc‘mling on the type of environments range from a l'r‘z:’ct.ion of microseconds to many microsee-
onds. The larger delay spreads are usually found in urban a;'eas such as New York, whereas the
, shorter delay spreads usually occur in suburban areas ]15-15,21]. The existence of different time

-l
delays and amplimdc variations in the various, waves that make up the total ficld causes the sta-
tistical properties of two signals of different frc;é‘cncies to become essentially independent if‘thc )
[requency scpnr::tio;l is large enough. This phgnomc is often termed frequency selective fading.
+ Thus if"the bandwidth is wide enough, the propagation characteristics of the multipath
el _

medium will exhibit a fade at some frequency within the band. Thcs:c notches in the transfer
Munction of the medium introduce distortions similsr to filter distortions.

The maximum frequency difference for which the transfer function values of two frequencies
are still strongly correlated is called the coherence b:md\'yidt.ll of l.h.‘c mobile radio transmission path.

R . ‘ L LS } . .
Ppwe suppose the frequency transfer function is a wide sense stationary process with a Gaussian

schaviour, the autocorrelation funetion will describe the channel statistical characteristics. By
wide sense stationary it is meant that the average value of the frequency transfer [unction”is

constant and its autocorrelation depends only on the frequency difference. A Gaussian channel is

L] . . . . v - - -
defined as one whose output may be separated into a deterministic sighal plus a random Gaussian
signal when the input is deterministic.

Il we define T(f) as the Lraniﬁ function of the channel, the correlation function is

. e

o~ -
/

N L.
R(f7=1) =T()) ¥ ()

and with the frequency separation defined as Q@ =f, % f
. ' ¢

R@) =TUT (75 10)

where * denotes the complex conjugate and the overbne an ensemble average. Here the coherence

»

. bandwidth is defined as the frequency separation between the two points where

Ry () /Ry (0) =e™".



1.4 Previois Work S =N

. -
. r .

chcrz.xl papers describe t:hc frequency selective fading theorctically and experimentally {1-
8,10,12-15,24,26-28). Originally, the problem ol: frequency selective fading was studied for the case
of reflections of clectromagnetic signals by the ionosphere, which can change with time, ll'l(ﬂll ol
a short term as well as diurnal basis. Tt was then assumed that this channe could be trv:\'lml :u«-_--;
a l,ime-var'ying linear filter. A great deal of thieoretical work has been done by 1AL Bello [3-8].

He described the different channel functions, and based a possible measurement method on the

hypothesis of a quasi wide-sense stationary, ergodic process with Ganssian behaviour,

Theré is similarity between the ionospheric channel and the mobile radio ehannel, Both media
sulfer m'ulL&paLh propagations and slrattcring of the sign:\'.le‘; However, the mobile radio channel
exhibits a spacial variation rather than a tune variation of the transfer function. Indeed, a vehicle
an;'US through a relatively stable interference pattern, while the reflecting layers of the lonosphere

move in time.

Several experiments have been performed to measure the transfer function characteristies of
the mobile radio channel [2,10,12-15,28]. Several experimental techniques are possible.-A simple
technique is to transmit a narrow pulse and observe the received signal [28,31,32]. This method
hias been used to measure path strengths o, and time dclnys Tn. Unfortunatelyfit is practically

difficult to implement such systems with a sufficiently large bandwidtl,

A seeond technique that has been used by Cox [12-15], and later by Parsons and Bajwa |2,06],

involves transmitting a carrier frequency modulated by pseude-random sequences (PRS} Hpt'(‘.iﬁ-'
cally, Cox transmitted a 910 Mz carrier frequency phase-reversal modulated by 2 eertain binary
pseudo-random sequence generated by 2 9 delays shift-register with a 10 Mz clock ml,:-.‘ The
pseudo-random sequence I‘cpc:xl.éd itsell every 511 clock periods or every 51.1 pa. '[‘ht‘..‘iigll.‘ll wis
transmitted i'rom a based-station and received by an antenna located on the rool of a mohile vehi-
cle. The sign:"ﬂ received was correlated with a replica of the transmitted signal in two quadrature
correlators. ‘The PRS generated at Lhe receiver and used in the correlator is clocked at a Stightly
{0.02%) slower rate then Ure transmitier sclqucnct:. The two correlator amplitude outputs in time
represent the amplitude versus time delay 7 for the low-pass quadrature components, f{r) and

@(7), of bandpass impulse response of the propagation paths. .

The square envelope of the complex impulse response, p(7) == (7)) + Q%{r) is the same power-

delay profile which would be received il a triangular pulse with base width of 0.2 were transinitted

10 ' L



) .
Hivongh all equipment lilters and the propagation medinm and deteceted with a square-law detector,
i cnve .
we The Figure § :F‘?ﬁm\\'s the systens used by _Cox (1200 A weakness of this method is the time
“Lhe varrelation process takes, Indeed, as expiamed by Cox, the peceived signal is correlated by o
Coegpy of the transmitter signal. ‘This copy is cluckt:d at i S“g'htl\'\t“”t‘rl'nt frequéney, 2 kHz for this
" spocilic case. Then! the cogrelation time is 0.5 ms l'ur every lm ln ord«‘r to respect the ‘msumpn(m
v l. L]
oF mt asurement similar to the nulmlw technige, th"\‘t htc[c nist rmL ‘move by more then 1077
. ol a \\':nt‘]!'n”lh CPherefore, the pace of mr-.l.sutvmvnt 15 very s ot'.-_:.r\ faster clock difference wak
\.- -i .
trivd !nv Cox, It he observid clellmh beeanse as l.iu‘ c]ocL (Ilﬂ(‘rl_'n(‘l‘ uurl:.w-cl the sigeal nsed
to compare with the l\u wed signal was mcrc‘u.nu,lx tllﬂ't'rcnl from the transmitted signal.
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Cox computed individual power profiles defined ‘s

- pi(m) = 13(m) + Q)

where 1 identifies the set of profiles and n orders the delay sample within each profile. Figure 1.1

[from 12| shows some typical power delay profiles. The average power delay profile P(r, ) for a set

of K consecutive individual proliles is computed by the relation ' )
A B ‘ V
| &
P = g omle) = <) ST -
K i T

where () is the impulse response of the medium. The distance travelled during the sampling of

all K samples must exhibits wide sense stationarity. Cox took 210 samples for a total distanee of
21 ur [Fig. 1.4].

Two parameters are used by Cox to characterive the average power delay. The average delay

1) with respect to the first arrival delay 4.

s

N

N
D &S n () S P~

n-0 LGN ]

74 15 the minimum delay path chosen so that the prafile amplitude is insignifieant. Another .

.~ N s
parameter is the delay spread § delined as

: ' N N (Wl I
LS S - PP | ),

These parameters allow an casy comparison of dilferent environments. The Fourier transform

_of the average delay profile [7(7,) is the correlation function 12;(£2) of the fluctuations in the com-
plex transfer function (h{r.)) l;mltiplicd by the transfer function of the instrumentation {probe).
Once adjusted (wiLh:)uL the probe), the final correlation function is equivalent to the eorrelation
function of twa signals separated (for this experiment) by 0 to 10 Mz (Fig. I.:';). The Table 1.1
gives the different parameters and the coherence bandwidth for two typical eavironnents obtained
by Cox [12-161: o : . ‘ "

Clearly, there is .1 relation between the average delay D, phc: delay spread S and the eoherenee
bandwidth. However, this rclat,ibn is not simple, The power delay profile is a saw-Looth I'um-tinn.‘
Consequenly, the correlation [unction is not rmonotonic, particularly for wide bandwidths {()ig.

1.5).



Tllxis_ method meaéurés a ve:ly wide imndwidth, but with limited rgolu—tion. .Indeed, f.h'e
maxix;luln resolution theorctically possible with the 511 bit PRS with 210 MHz clock rate is about
20 kilz. Even thcn., this limited resolution is lost duriﬁg the ﬁltering in the correlators. A slower
c]ock rate would give a better resolution, but the corrcl;xt.ioh °prot:ess would :be very long and ti.:i:-'
receiver would then have t,o move al a very siow pace. |

The results of other mvcsugauons using Lhe same method are 'na.llablc in thc literature

{2,10,26]. They usually yield similar results. "

o

The subsequent chapters deseribe the multitone technique devclv@for this experiment.
It measures the correlation function for different frequency separations. This technique offers the
advantage of a sharp measurement of the correlation function at specilic frequencies and a coherent

demodulation of the signals, which allows the study of Lhe_b'ha.éé behaviour from the point-of-view

ol the lrequency scelectivity.

TABLE 1.1 Statistical Parameters for Multipathl Propagation

{from Cox experiments)

3

Statistical parameter urban sub-urban -
Average of average delay D - Llps 0.15ps ‘
Variance of average delay D 0.9us 0.02us
Maximum of average delay 2 dus 7 s
Av‘e_rngc ol delay spread S 1.3ps 0.24ps
Variance of delay s.prcad S 0.6 1.-Iusl
Maximum of delay spread § 3.5us Tus .
:Minimum coherence bandwidth (B, =0.9) 20 kHz occasionally 40 kllz
Moedian coherence bandwidth (B, =0.9) 70 kHz | - usually > 250 kiiz
Minimum cohierence bandwidth (B, =0.5) 55 kllz occasionally 90 kHz
Median coherence bandwidth (8, =0.5) usually > 2000 kHz |*
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CHAPTER 2
. o ' \
DESCRIPTION OF THE EXPERIMENT

* y . . T P

.

2.1 Introduction

The ain_'l‘of the experiment conducted was L6 measure the [requency selective Tding charae-
teristics of a mobile radio channel. For practical reasons, this characterization was limited to caver
a medium bandwidth (128 kHz). The experiment was repeaged in dilferent areas 1nder .-u'\'v‘r:ll
cﬁvironmental conditions to detérmine the main causes of frequertey selectivity.  —

"The method selected here to investigate mobile radio frequency sclective bvh:u'iuu; is the so-
called multitone technique. Bello described a multitone technique [7] to measure the characteristics
of the ionospheric channel. It .il;\'ol\'cs the sim\u_ll,anco‘us transmission of multiple tones. - The
implementation of this technique here differs from that of Bello although the basic concept is (e’
same. In this multitone Lcchnith, a fixed station transmits a group of closely spaced Lones to a
l'ﬂobllc recciving system. By measuring cach tone and colnp.mng the relative effects of the mobile
channel on each of them, it is po:>51blc to determine the }rc-qucnc\. selective fading. A mueasure of

.

this selectivity is the correlation between two Loncs, wliere a perfect eorrelation corresponds to the
absence of frequency selective behaviour. In. this pué'l'c..ct case, the Ltwo tones vary together as the
mobile reeciver moves Lhroug]i the interference patiern created by the multipath propagation of
the signal. A low correlation indicates some independence of one tone with respeet to the other.
The multitone technique enables a precise mcnéurcmcnt"ol' both amplitude and phase behaviour,
which is an advantage over the PRS technique. In fact, the methods are complementary, the PRS
technique being able to probe a wide bandwidth while the multitone technique cannot.

2.2 The multitone technique

The transmission of a sinusoid through a nobile lading radio channel results in the receplion’
of a narrow band random process. The received signal is slightly spread due Lo Lllt"d()pplvr effeet

and represents the sum of multiple asrivals.” The received waveform z(t) of a sinusoid of unit

amplltudc located f Hz from the carrier f. is:

B

Re{T(f)c’QfU””fj,

. '

where T(f) is the transfer function of the medium.when measured with respect to the carrier

frequency f:. The correlation function of T( /) is defined as :

R Q) =TT (] + Q) )

A
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Assitming ergodicity, Ry((Q) is later computed with the time average from the experimental data.
For two transmitted sinusoids with frequencies f and fj, the correlation function for a frequency
separation {7 = f; — f is qbtained. The complete determination of R,{Q)ﬁquires repeated
measurements with different values of 2. A simpler procedure is the simultanebué transﬁmission of

a set of sinusoids located at regular frequency intervals from the carrier. The lrequency separation

h\.-bwccn two adjacent sinusoids is narrow enough (a few kHz) to render the correlation fur??t/':o-n

smooth between two measured points. The assumption of smoothness is 'impo_rt,ant, since these
cokrelation measurements are discrete. This assumption is supported by the findings of others as
explained below,

"he correlation function Ry () is obLainc;i from the received signal in its normalized lorm,

\1
the coeflicient of correlation p. This normalization efiables an easy comparison ol two areas with

a differcint mean power of the signal. The coefficient of correlation of R () is defined as

oy | . E{XY} - E{X)E{Y)
VIE{N®} = E2{(XI)E{Y?} —EX{Y])
a_g

where X and Y are the received signals at two different frcqu;:ncics.
N =T(/x) S(/x)

Y =T(fr) S{fr)
s/
licre £ stands for the expested value and S[&fj is the transmitted signal. 0

— -

Because the transmitted signal S(f) is constant and independent of the transfer function of

the channel T(f), the expected values are expressed by

Tpwh o, s

E{X} =S(Jx)E{T{/x)}
E{Y}=S(fy)E{T(fr)}
E{N*} =S8%(Jx)B{T*(fx))
E1Y?} =S°(fy )E{T"(fvy)}
T E{NYY =S(fx)SUY)E{TUX)T(K))

therefore p can be expressed by

p = E{T(fx)T{y)} - E{T{/x])} - E{T(fr )}
VIE{T (fx)} =~ B {(TUx IEAT=(y )} = EX{T( )D)

The correlation function is independent of the power of the trapsmitted signal.

17
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2.3 Generation of the signal

T

The gencration‘ of multiple sinusoids w;ilr,h a fixed relation in aﬁplitude and phase is a diflicult
task A simple approach v\ould be Lo use as many frequency gcnerators as nccdcd and locked them
in phase. Thls is, however, very difficult to achlcVe in pmcuce A more pr'\cucnl upproach is to use
one generator to produce the carrier frequency and to modulatc it with another signal I1 wmg the |
desired characteristics. Here, it is possible to use,a PRS as the modulating signal, even if the-carrier
level would than be almost nil. However, the transmitter power required would be impractically
large, cspecmlly for a carrier located at.861.5 Mz, Morcover, the absence a of carrier component
would increase&h\e difficulty of coherently dcmodlz]ating the signal as the technique requires,

The gencrator‘zircuit of Figure 2.1 produces the signals used during the uxp_erilncﬁt.. Their .
.gcn’cration. is accomplished by a quadrature pha_sé shift keying (QPSK) modui:ﬁ?xr whose input
is a sequence of I_nodulation signals {shown in the right upper part of Figure 2.1) repeated at a
rate of 32,000 sr.cc‘]ucm.:cs per second and a Lq.m: at the chosen earrier frequency. The use of a
QPSK modulator allows the simultaneous preduction of mull,iplc sinusoids fro!n om; Lighly stable
[requency source. Tl‘s'; mcthod lmutb the envelope of the froqucncy spcctrum of the transmitted
power of the signal to.a {sin x}/x fefm. The different tones gencrated do not Imw- the same
-amplitude. Consequently on]y_ a limited number of tones locntcd near the c:lrx-nn-r frcquvlu‘y are
practically usable. The carrier frequency chosen was 861.5 Midz~"Two sequences of four bits fed
simultancously to the phéxsé mlodula'l.or, produced s-.cqucntial positive and ru.-gati\":.- phiase shifts of

*. These 90° ph-ﬁse shifts allowed the generation of signals with the desired frequency su-]:;U':tLinll
between spectrm lmcs /The carrier and the sequence clock were generated by high quality frequency

generators locked in phase on the rubidium frt,quuncy slﬁmﬁ.ml The usclui signal generated wis:

v

y(t) =Acos(2r [ ¢ + to)
+0.924 A cos(2n( fe £ 32k”z)t +éa)
+0.707 Acos( n'(j'c + bikllf.)t + dipo)

‘ + e
‘.
Factor A is an amplitude constant, ¢, is a phase constant and f, — '8G1.5 \/ﬂlf Only the
five inner spectral'lines were used, due to the basic bandwidth limitation of the receiver system
(180 kHz) and the power limitations of the transmitter. The signal is shown on figure 2.2, The

32 kHz separation between the different frequencies could be modified simply by using another

-

15

18



e

v R A
SEQUENCE .
GENERATOR | &_ﬂ N
; . . P N 3
128 KHz ¢ | B L L]
' - P )
31.25 us
SIGNAL
GENERATOR T T
— QUTPUT SIGNAL
5 MHz | —
32 KHz
RUBIDIUM e . ’ I ’ | I
STANDARD , : . L. |
- ‘ 861.5
5 MHz ) )
-+ 861.5MHz 0 —@— 0 7.5 dB
_ Y _ OMNI
SIGNAL | = - - =
GENERATOR - . =

10 WATT

FIGURE 2.1 : DBlock diagram of the experimental multitone generator.,
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modulation rate. There is.a one to one relation between the modulation rate and the frequency
separation between two tones. The total useful signal bandwidth, after filtering at the receiver

end, was 128 kHz. As a consequence, the received signal provides information about the frequency

“correlation fun_ct.ion for four différents b@dwidths namely 32 kHz, 64 kHz, 96-kHz and 128 kHz. -

For a 32 kHz separation, the correlation finction Ry (1) was assumed to vary smoothly between
the different points mcasurcd. This assumption is based on different results obtained by Cox [7],
Bajwa and Parsons (6] showmg a smooth correlation function for a bandwidth less than 128 kHz
(Fig. W3).

As nlrca.dy noted, phasc stability is prov:ded by a rubidium standard. The two signal gen- )
erators used are phase locked to it and give a.stability of 5 X '10~7 Hz for 2 10 ms period, In
fact, such high stability is not abso[ut.ely necessary, as long-as .Lhc rc[atlonslnp in amplitude and
phase for all tones is constant for the measurement pcri‘o«‘i of 1 fns. Constant relationships are the
basis of the experiment. During the experiment, the received signal is measured at different points
along a path. Stable phase relationships at the transmitting end enables the observation of the
mocliﬁcations‘of the signal due only tq the thannel. The measurement technique can stand a phase
shilt, as long as it is the same for all tones because it does not destroy the relationships between
the different tones. This is one of the assumptions (verified by experiments) which supports the
liﬁn-;lmport:mcé'ofsm:ill doppler shifts {below 15 Hz). Thé total transmitted power was 10 Watts
and the transmitting antenna had a uniform azimuthal gain of 7.5 dB. In brief, the transmitted -
signal consisted of five tones located 32 kHz apart, centered at 861.5 kHz, each tone being linked

to the others by fixed amplitude and phase relatjonships.

2.4 Demodulation of the signal -

-

.

A block diagram of the receiver system, located in a mobile ‘laboratory, is shown in' Figure
2.3. A local rubidium frequency standard provided (through phase locking) the overall phase
s‘tability required by the receiver system. This frequency st.:mdard eliminated any possible problem
caused by pha.se mstablhty in the receiver system and allowed phase coherent measurements. The
signal was rccew_cd by an omnidirectional hall wavelength monopolc antenna, The receiver syste-m
converted the incoming signals from a center frequency of 861,500 MHz to a center frequency of
141 kHz and limited the bandwidth to 180 kHz. THe signal was then sampled at a rate of 512 kijz
by a 12 bit A/D converter during a period of | ms. From the A/D converter, the digital sigﬁﬁ

was fed to an array processor. A Fast Fourier Transform (FFT) was performed on every block of

21
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-" FIGURE 2.3 : Block diagram of the experimental receiver system installed in the mobile laboratory
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{ra,

e detail,

512 samples gathered. P

The use of the FFT enabled an extraction of the real and imaginary parts of each [requency

.

component. The data obtained corresponded to a snapshot of the transfer function at 5 different
frequencies, namely 861.5 MHz, 861.5 MHz + 32kHz 861.5 MHz + 64 kHz. The assumption of

an instantaneous view of the fading channel is based on Lhc fact that the moblle laboratory moved

rd
a mnximum of 1.0 cm during the sampling time of 1 ms (at 10m/s, 1ms corresponds to lem). At
86] 5 Mz t.hL wavq&ngth is about 35 em and a 1.0 cm path corresponds to less than 5%of a

W wt.lengbh It collJ;Lch S‘Lh Iy assumed that the channel transfcr function barely changed for such .
:} &
a short distance. Y.

i
X

2 5 Data at:d‘; isition

. ﬁ» .
LA . L [

One cxpéﬁiméiﬂhl run consisted of 128 indcpendcr;t observations of 1.ms of the channel while
Lhe mobile laboratory was slowly moving (most of the time below 10 m/s). The 128 observations
were equally spread over a total period of time of four minutes. In terms of distance, each ob-
servation was separated by few wavolénghhs (between 2 to 10) s.o that they may be gegarded as
independent [8]. It should be sl.resscd‘hcrc that an cxpcrnhenta] run covered a rather large arca
and not a short path of few meters. A blpck of data thus included the effects of the local szattefers,

called last fading, as well as the cffc_i:t's_ due to large (relative to the wavelength) obstacles, called

slow fading. The mean of the signal over a small distance is a random variable describes by a

o .
Tog-normal distribution. A special data processing istnecesomry to bring back data to a wide-sense

stationary behaviour (all samples have the same mean). Chapter 3 describes the signal processing

R
"

)
N ’ .:‘ (Y ; ’
Measurements were taken in the vicinity of Ottawa. The map shown i Figure 2.4 depicts
4 R

the two transmitting sites used and the 9 differents arcas (cross-lmtchc;l] where measurements
were :xkcti Table 2.1 gives a short description of each environment. Here CRC stands for the
(‘onunummt,lom Research Centre, &Nepe:m one of the two locations where the Lransmlttcr was

located, The othcr location is Carleton University in Ottawa. Among the dlﬂ'LanL envi :nts
tested there were rural environments with and-without a line-of-sight propagation patll; and also

suburban and ‘grban environments. No high urban density cnvironment {e.g., New York) was

available for study. During experiments the. mobile laboratory ‘which carried the receiving system,

6, b . .

moved slowly following irregular paths into each zone # order to randomize the locations where
)

measurements were taken.



TABLE 2.1 :

t

DESCRIPTION OF DIFFERENT ENVIRONMENTS ~ *

.

SITE (no. of blocks)

DESCRIPTION ' ©

Kanata (14)

Exberimenta] Farm* (10)
Ottawa South‘; (10)
Aylmer (16)

Alta Vista (21)

Ottawa West (16) a
Carleton I]cigl;ts (14)

Center-Town (25)

Corkstown Road (20)

BASE DISTANCE
LRC 3-6 km
- Car. U, 1-2 ki
Car. U. 1-3 km
CRC 58 km

Car. U. #-5 ki
CRC’ 5-8 km
Car. U. 2-4 kin
Car. U. 31 km
CRC 31 km

“Suburban,1-2 stéry buildings, small hills

Rural, most of the time-hne-ol-sight

. Suburban, 1-3 story buildings, fiat terrain

Subur;b:m.l-'.l story buildutgs, fiat terrain

Subuf.lhan,l-li story buildings, small hills
\

Suhuﬁbnn. 2.3 story buildings, small lills
‘ -

Slll)llt‘\):lll, 1-2 story buildings, small lills
s ' . o
Urb:m}.?-‘.!(l story buildings, fint terrain
4 N

. 1 ;. .
Rural, Illl()st- of the time belind a hill

* These two areas were processed together.

. CRC is Communications Research Centre, Car. Ul is Carleton Upiversity.

-

!
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CHAPTER 3 . - . | .

SIGNAL PROCESSING

3.1 l Introdu.ctir;m
. ) |
The data obtained foliowing prclimi-nary ‘Signal progessing. were grouped into blocks of 128
observatlons for cach environment. Each observation resulted from the'computation of a real FIVT
over 512 samples taken at a rate of 512 k‘llz »The b]gndlb under observation consisted n[ five
tones located at.861.500 MHz, 861.5_00 Mz + 32 ke, 861..;00 Milz + 64 kHz. ISach tone was
characterized by its amplitude and its phase. Datz;. g:\t,het"cd‘iu Ottawa South and the l":xpurinu-"ntnl
Farm areas were grouped together to l'orp a sLntisLically better sample.
. Doppler-efiects caused by the movement of the vehicle were determined to bhe ne ;,.hg,ul;h f(; Lwn.
reasons. First, different tests using a doppler [requency shift comparable to those expected durmg‘
the experiment yielded almost no changc in to the results after perfortuing the FIT. Secondly,

even if the signals are slightly modified, all five signals under observation are similarly modilied.

Therefore, the same behaviour is observed for the different frequencies and no frequency selectivity

[
[

is artificially added by, thé doppler effect.

If we assume that amplit.u& and phasc bchavi.ours‘nrc independunt, the data processing for
each block can be done separately for these two parameters. This pfoccd'uru allowed a ﬁi'mpl‘t:r
interpretation of the results t!mn a complex analysis would have permitted. In order to illustrate
the different computations, two Lylpic:ld environments were cho.;scn, namely Aylmer; a suburban

area near Ottawa and ‘Centre=Town an urban environment (downtown Ottawa). .

3.2.1 Amplitude Behaviour

As already stated, data was gathered over a large area. As a consequence, the envelop.. of the

signal received combined a fast variation due to local scatterers and a slow variation duL Lo l.1rgt

-

obstacles. Figures 3.1 and 3.2 show two typlcal blocks of dam Flgur(. 3.1 is a block of data wlurh
represents the amplitude of the carrier tone gathered in Aylmcr as a function of the (il'sl..ulCL Ihc

distance is expressed in sampling mtcrvals. One sampling interval is the distance travelled between

-

two samples (from 2 to 5 m) and the figures show the data gathered as the mobile moved through

. -
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an area. The line between each observation (a cross) %oe'.;m‘t indicate a knowledge of
the amplitude of the signal between two points.It is mcrely a convenient way to represent

data. The rapid variation of the envelope is caused by the constructive and destructive sum of the

different waves. The much smaller and slower variations of the local mean signal (dashed line) are.

also shown. This local mean is computed over a running window of 36 cahsecutive observations.

Figure 3.2 shows a similar behaviour of Lhe carrier amplitude within the Center-Town area.

-,
Figures 3.1 and 3.2 represent only the carrier’ tone but the 4 other tones exhibit’ \ery similar
behaviour. They more or less closely follow the carrier amplitude variations, depending on the

degree of correlation between amplitudes. t

.
.

In a first step each of the different tones is normalized with respect to a common level using

the overall mean.of a block. This adjustment is done to compensate fgr the different transmitting

. il . . N ' Lo
powers used for tach of the tones.»This adjustment is ndt really necessary because the signal power
has little importance as long as it is well above the noise level, However, in so doing, it is easier

Lo compare two tones in a qualitative manner.

" The second operation removes the slow.variations of the local mean. This operation brings

" back each observation to an equal weight. Then, no part of a block of data would bias the result

because of a temporary variation of the lecal mean for a small period of time, see Figure 3.2 between
sample 75 and 90. Also, the ass‘ump;t,ién of wide-sense stationarity is ca.sier,!f satisfly when the
whole block has the same mean. Thus no part of a block dominates further computations. To
remove this slow variation, the local mean of the carrier is computed and sub.tractcd from :*:ach
sample. The local mean consists of a running mean computed over a window of 36 consecutive
data samples., The dashed line in figures 3.1 anci 32 représents the local mean computed for these
two blocks. Longer and shorter windows have been used, and it was observed that wider windows
provide better cross-correlations between tones. The choice of a window of 36.snmp'lcsl is based on
estimates made b?\'icc' (23] and provides a good estimate of the mean. (36 mdependent samples
is the minimum number of samples to obtain a value of the local mean within 21dB of its real
value). The runnil.'lg mean of the carrier is used to normalize all five tones. Figures 3.3 and 3.4
show the normalizing effect of the running mean average on tiredifferent tones. The average Is

then shown by a straight line.

" The operation that was performed next is the computation of the cross-corfelation‘bctwccn

o
[

pairs of tones among the five tones. For each block there are 10 possible correlations, spread

over four bandwidths; four at 32 kHz, three at 64 kHz, two at 96 kHz and one at 128 kHz (see

31
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Table 3°1). Each correlation i is (ln tﬁ) sunably normzﬂlzed in order to allow reliable comparison
between blocks of data. The end Tesult obtamed is an esumatc of the cocﬂiclcut of correlation.
This process provides a comparison between mdcpendent observations and quantifies the differénce
in ‘their behaviour t‘rém one sample to-the foll.o'wing Stnying at the same loeation woitld result
in non-independent, obscrvat,lons Instead of the cocfﬁc:enb of correlation for the 'unphtmlc the
* complex coefficient of correlation might have been computed However, in the complex cnvlhm nt
of correlation phase and amphtudc effects are merged Logcther and the interpretation of tho results
Abecomes.more ambiguous. Here, only the estimate of coefficient of correlation for the amplitade
has been computed. It is defined as the ratio of the covariance of the amplitude. divided by the
product of the standard deviations of the amplitudés of selected pair of the tones. ']_'Ine coeflicients
. of correlation may be grouped into a cumulative distribution for each environment (sve figure 3.5
and Chapter 4). These distributions indicate the frequency selectivity as uxpected for different (re-
quen.cy separations. Evidence of the wide-scnsc stationarity is given in fignre 3.6. The cumulative
distributioha_of the Centrc-T’P‘l\Ln area is drawn [or the four [requency separations of 32 kiz. This
plot indicates that resﬁlts are deepundlenl, of the frequency location of the two tones in the signal

within the bandwidth under study.

v

TABLE 3.1 Sample Coeflicients of Correlation (Centre-Town, 10 blocks)

No. ‘ 32 kHz 64 kllz 96 kliz 128 kilz
1 oo | oot | 092 | 001 | 081 | o8t | oso | a7 | ome 0.68
o | 001 | 0ot | 095 | 094 | 082 | 085 | 085 | 072 | 074 0.60
3 | 095 | 095 | 095 | 094 | 087 | 086 | 086 | 078 | 077 0.69
i 08t | 090 | 087 | 083 074 | 015 | 071 | o7 | 060 0.55
5 | 092 | 002 | 093 | 092 | 082 | 081 | 08 071 067 0.55
5 | 095 | 096 | 096 | 096 | 087 | 088 | 088 | 077 | 080 | 067
7 | 002 | 090 | 090 { 086 | 074 | 072 | 064 | 056 | 0.2 0.64
g | 082 | 000 | 087 | 083 | 074 | 075 | 071 | 067 | 040 0.56
o | 078 1 o078 | 073 | o711 | 056 | 050 | 048 | 045 | 0.0 0.32
10 | oss | 0ss | 086 | 089 | 071 | 075 | 080 | 068 | 075 | 0.7
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Finally, the four measured points of the correlation function are used to determine the co-

" herence bandwidth‘. With only I'ou'f points ava.ilable; the exact shape of the correlation function
is rather di!i'{cult to determine experir_ncnt.a.lly. A Ca,ussian shape correlation function was used
to compute the coherence bandwidth and as an approximation of t.hf_i':eal correlation fuﬁction‘.
This curve shape was used by Bello and Nelin [3,4,5,6]- .and Bailey an(i_ Linderlaub {1,24] for thel
computation of the probability of error of a"DPSK signal. In order to gs;e th.cir peaults, this curve

shape was chosen. There in no justification baséd on the behaviour of the channel. The following

equation describes the normalized Gaussian curve used for the correlation function R {Q):

) £
' —4Q1°
Ry (Q) =exp ( Bt )

. . ) &
Here {1 is the frequency separation and B, corresponds to the coherence bandwidth defined as

-

the frequc‘ncy separation between the lp|oint.s where the coeffitient of correlation is equal to e~ ! for
the Gaussian shape correlation function aiustcd over the experimcntal' points. A lcast'squ'arc fitis
then computed for cach block of data. Here each coefficient of correlation is weighted by the inverse
of the square of the experimental error on the measurements [28]. The error range corresponds to a
95% confidence interval. Thus the \é'eight. used is inversely proportional to the standard dcvi:;tion
of the measurenvent variable. Figures 3.7 to 3.9 show typical correlation functions thus obtained.
Each measurement is drawn with its 95% confidence error bar. .Error bars were computed following;
the method preseribed by Steel and Torrie in [30, pp.188-190.

** There are no'sharp distinctions between the cnvironmcntg in which measurements were gath-
ered. However, the different environments can be broadly classified into three types of frequency

-

selectivity behaviours:

—

: A minimal reduction of the value of the correlation function below 128 I;I-Iz (Figure 3.7}
2: A Goussian form of correlation function {Figure 3.8). . -
3: An irregular correlation function with a sharp decrease before a 32 kHz bandwidth l'ollo—wcd
by a flat level of the coef’ﬁéient of correlation (Figure 3.9). y
One can déscribe a typical environment that corresponds to each ;)f these types of correlation
function. Type 1 environment with no or little frequency selcct,i.v? fading is typical of a flat area
with a low density housing. Line-of-sight {LOS) propagation appears to be responsible for this
situation, Co;xsequcntly, this kind of environment provides few propagation” paths and very little

diffraction. Ameng the sites studied; Aylmer, Kanata, Ottawa Scuth, the Experimental Farm and

ﬁm,part of Corkstown Road.with a LOS path exhibit this type of fading, These areas exhibit a
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wide exl.mpolal,éd coherence bandwidth and have usually a‘vcry good coeflicient of correlation for . -,

- .

2 bandwidth less than 128 kHz.

Type 2 correlation [unction is typical of an area with multiple reflections with.little or no

: LOS propagation. The Centre-Town arca corresponds to shows this situation. The correlation

o e

AR . . . .
function is then described by a smooth Gaussian curve. Seldom, do other environments yield such

S .
rten Caussian shape.

5
Fres
EEars

v

¥

usually cxiTibit a sharp deerease before 32 kHz followed by a flat level. This behaviour is typical

of environments with a dominant diffraction“path due to hills. Such a case was observed in areas

such as Ottawa west, part of Alta Vista, Carleton Heights and the part of Corkstown Road located.

behind a hill, For these environments, the Gaussian correlation function do not apply and it should
be expected that the correlation bandwidth is narrower than those computed. These curves suggest

the presence of an important reflection arriving with a large delay..

-

3.2.2 Probability of error

The frequency sclective fading causes intersymbol interference. Previous investigations have
been performed on the prediction of the probability of error caused by this phenomenon. These
investigntions refer to envelope correlations only and they yield some interesting results.

Ustng the equations (kvcloped by Bello and Nelin {3,4,5,6] and by Lindenlaub and Bailey [1,24]

for the probability of error (PER) caused by frequency selectivity, {sce Appendix.A) it'is possible’

"to obtain the cumulative distribution of the probability of error caused by frequency selectivity as a

Tunetion of the SNR and the signal bandwidth.The PER was computed for the case of Dillerential

*

Phase Shift Keying (DPSK) modulation. As an example, for the Centre-Town area, assuming

data rates of 9600 bauds and 19200 bauds with a square wavelorm as data signal {isee eq. A.33 and

. A.34), the corresponding cumulative distributions of PER for different SNR (see eq. A.40, A4l
and Table A-3) are shown in Figure 3.10. -

The PER is computed I'rmﬁ the cumulative distribution of the colierence bandwidth B, derived

from the cxpcrimkcutnl cumulative dieribl'n.ion of R;(Q) for different values of T, .L}re bit dut.'ation

(T =1/9,600 s and 1,/19,200 s). Referring to Figure A.2 in the Appendix A, variatigns of B,

affect d, the normalized error rate, defined as 1 /TB,. In the absence of diversity, the distribution

of PER is determined as a function of the distrribul.ion of B, and of the SNIR. This figure shows

a constant PER value duc to the noise if d is small enough. The level of error is then mainly a ~

39

Type 3*torrelation functions correspond to the irregular case. These correlation functions -
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ty

function of the SNR. At the other extreme, for a ]érger value of d, the curve shows an irreducible

ctTor rate at. any SNR caused by frequency Selecuve fading. The PER’s shown in Figure 3.10 are

) rcprescntatwe of situations encountered in a normal enuronment. numerous. rcﬂccbors l'ew hills

and a good SNR. There are extreme cases when the frequency selective fading is almost absent
(such as in the Kanata area) or very prominent (such as in the Corkstown Road area). The

PER’s obtained for Kanata are shown in Figure 3.11. As one.can obsetve, in this case, the PER

cumulative distributions are lowerAt.h:.x‘n for the Centre~Town area {{or the same infinite SNR' case).-

A rare but extreme case prevails in the Corkstown road area {Fig. 3.12). The distortion is such

that at ¢ven for SNR of 10°dB or 20 dB, the frequcncy selective fadlng has some influence on the

PER. In the infinite SNR case, the PER degrades grea.Lly a.nd is muchworse than for any of the

other areas under study. This extreme case seldom arises however.

+

. 3.3 Phas¥® Behaviour

The experiment was designed to provide both amplitude and phase information by means of

coherent detection. With a rubidium frequency standard at the transmitting end and another one

at the receiving end, negligible differential phase shift between the reference signal and the other

‘

_tones occured during the course of an experiment. In addition; the receiver system was designed

-

to initiate sampling always at the same position in the incoming sequence. Therefore, even if the
received reference signal phase was uniformly distributed between 0° and 3607, in the absence of
frequency selectivity the phase relation between eath tone would haye remained constant.

The reccived signal can be vepresented by five rotating p_hasbrs.‘ For: the study of -the phase

behaviour, the central tone (Sbl_.5OO Mz} is used as a phase reference. Then the four remaining

.tones can be considered as fofming. two pairs of vectors, with each pair consisting of two vectors

rotating in opposite directions (with respect to the phase reference) at equal angular spe‘cds (+32

klz and -32 kllz, +64 kilz and -G-ilk['lz) fcspcctively. Observatlons over two bandw1dt.hs {or .

v . -3
span of frequencies) are then possible; 64 kHz and 128 k]-Iz Tv.o other bands of observation

corresponding to a Lonc'%cing of 64 kHz are: possible. I’Iowwcr, they yield statistical results

-‘similar to the central 64 kHz bandsvidths. Other arrangements of tones are not suitable because

of the required condition of symmetry pf a pair of tones relatively to a selected phase reference.
R . B v ..

The two tones must rotate at equal but opposite angular speeds. - :

-4

Figure 3.13 shows the phase behaviour of two tones (wil,h' respect to the rcf%rence, the posii,ive

direction being defined as the normal sense of rotation of cach tone} for a typical block of data

va
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in Aylrner. This sample corresponds to an environment with little f requency selective fading for a

128 kHz bandwidth. Thc followmg observauons may be made:

1. As ekpected for a relatively ‘well behaved’ channel, the average phase dl-.pl*\ccment
for the upper tone (+64 kHz) is equa’l to the average phase displacement for the lower tone (-64
kHz). This condition corresponds toa uri.iform time delay of the signals across the bandwidth under
observation. Also the observation of the data Sz;.mple by sa‘mp.lc shows a symetrical v:\ri:\ti;m
of the phase for the two tones. A more selective channel {as observed in the Centre-Town area)

exhibits less symmetry.

2, Each tone cxiubnt,s sudden phase excursions m the vicinity of 90" and 180" (--vc circle
in figure 3. 13) in addition to smaller variations of phiases. For the block of data of ligure 3.13, these
variations are rclatively few. quwevcr, for areas with a narrower amplitude correlation function
{smaller coherénce bandwidth). such a plxds'c behaviour is more ‘lil-:cly. When these excursions are
observed at a given time only for one tone and not, for the other one, they indicate selective fading
in the form of selective phase reversals of the tone frcq{l;'cncy.

3. From the beginning of the block of data to its end (fig. 3.13), the average phase
drifted slowly and uniformly by about 30%. Since both the generation of the .modul:uion sequences
and the initiation of the signal sampling are closely synchronized (by the use of rubidinm fee-
quency standdrds), such a displacen‘lcnt may be explained by a difference in the arrival time of
the modulated signals, which was due to the physical ([isplncmm_'nl, of the receiver system with
respeet to the transmitter. For a modulating frequency of 64 kilz and a phase displacement of
—309, the coi*lrcs;l)onding reduction in the radial distance between the 1.r-:m:smiw«r and the receiver

was approximately 400 m. -

4. Computation of the correlation function for the phase presents difficdlties. Unless
“ random phase variations about the mean are minimal, phase ambiguities render the task of com-
puting the coefficient of correlation of the phase almost impossible. The Centre-Town environment

" as opposed to the Aylmer area, typicaily exhibits large random phase variations (Fig. 3.14).

In order.to devise a common factor of compan:aon of the phase behaviour hetween dlﬂ'm ent
environments, a novel approach is suggested hcn:t, A\s's'h'mmg a pair of tones rotating at the same
angular speed, but in opposite directions relatively to a central phase reference (example: +64
. kHz, -64 kHz and 0 Hz), in absence of frequency selective fading the two tones of a pair exhibit

the safhe phase behaviour from one sample to the other. If, with respect to the reference, the

positive direction is defined as the normal sense of rotation for each tone (counterclockwise for
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-64 kHz and clockwise for +64 kHz), the phase of one tone changes by the same amount as the
phase of the other tone. Thus, without .I‘requency selectivity the difference '_between the measured
phases at two adjacent observations, say points A an.d B, for the -64 kHz tbng will be the same as
for the +684 kHz tone. A measure of’ the frequency selectivity is to compare the two diﬁ'erences or
changes of phases from point A to B for the two tones. A lIrgc diflerence between the changes of
phases indicates the presence of an important selective effect while a small difference indicates its
absence. The new approach is to compute the difference of these changes for a block of data and
to establish sl.nusucnl values for these dlﬂ'crences for each of the env:ronmcnts under study. The
approach is based on the differences of phases bctwecn two adjacent obscrvatlons rather than on
the absolute measured phase at each point™hecause the absolute phase is not ?c‘nown a priort and

therefore it is not possible to compare the received phases with the transmitted phases.

Assuming that tones 1 and 2 make-up a pair of symmetrital vectors rotating at the same but

o
-]

opposite angular speeds, relatively to a center reference, the first step is to compute the phase
shifts between the observed phase at measurement point A and the following observed phase at

measurement point B.

S '

brap =%a — ¢5 .

.t

. boap =04 —0p

o
\

Here 8, apand ba4p are the phasc changes for tones 1 and 2 respectively, between the consecutivc

measurement, points A and B. Angles ¢ and @ are phase angles for Loncs 1 and 2 respectively. Each
block of measuwgments includes 128 ph¥®ses and therefoge yields 127 phase shlfts for each tone. The

next step is to compuwe the difference A between the phase.shift. of tone 1 and the corresponding

. . R
phase shift of tone 2,

P

" Aap =biap — boap

" The minimum phase difference was taken for each measurement point (there is two dilferences
because all phases are defined on a circle). The 127 values of A l'o‘rm a set where the standard
deviation (st.dv) is an indication of the frequency selective fa.ding:-:r).\ large standard deviation.
indicates an important fading and vice versa.

Figures 5.15 to 3.17 show such cumulative distributions of the phase difference between two

v

" tones for two typical arcas Ayimer and Centre-Town. These distributions indicate the probability
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' : ) . _
of a phase distortion to occur between two tones. As example, in Figure 3.15 the two tones

vary by the same phase +:30° with a probability of 80%. As expected, the Aylmer site has
less phaée dissymmetry (sce remarks about Fig. 3.13) than the Centre-Town area. Exceptional
behaviour occured, Figure 3.17 has a distribution similar to the distribution of Figure 3.1§. For
each environment, the standard deviations were grouped and used to form a cumulative distribution
of the standard deviation of the phase diffence between two tones equally spacu;i from the reference
({Fig. 4.1;7 tp 4.24). Aylmer the cumulative distributions of ‘t.he standard dbviations for thie 64 kHz
and the 128 kHz bandwidths are closer than in Center-Town, which indicates the presence of a
larger coherence bandwidth because it suggests a flat correlation function. Astrong correspondence
between t,h;; cumulative distribution of the'standard deviation and tﬁc envelope corrclnt.ion function
was observed for each area. They show clearly, t'dr Aylmer and ,Cuhtr-:-Town areas, that phases
have a different behaviour. “The Centre-Town block has, as expected, a wider distribution,

It is important to observe here that important phase asymmetries between two tones may
exist concurrently with relatively flat ampli.t‘.ude.corrclation functions.ef type 1. This condition

-

implies the occurrence of intersymbol interference even in the présence of a good SNR.
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CHAPTER 4

RESULTS ‘ . . . )

.
’

4.1 Introduc'tion AR

This chapter contains glob';ll results for each of the eight different environments. it contains
the cumulative distributions of the envelope coeflicient of carrelation for four different frequencies,
the cumulative distributions of thc: cé)lf:crcnce Emn(lwidth (Be =:¢~!; arbitrary value used by Bello
and Nelin [3,4,5,6]) andlﬁnally the cumulative distributions of the st‘:m;ln-rd deviation of the |'|I{l$l'.
for two frequency separations. These results ngrec for each environment in the sense that when
thie coefficient of correlation is high, the éoherence bandwidth is wide and the 'sl‘.'mtl:lr(l deviation
of the phase is small. . . .\. 7

This chapter contains graphs der.‘i\'cdli)y the signal processing deseribed in Chapter 3. They
arc easy to interpret. As example the cumulative distribution of the Centre -Town area (Fig. 4.5) .

exhibits a coelficient of correlation better than 0.8 with a probability of 0.05, 0.15, 0.5, 0.9 [or

reéfn: tively 128 kllz, 96 kilz, 64 kHz and 32 kllz. The coherenee bandwidth is higher than 2%0
-% 13

‘ .al-JIz, with a probahlllty of 0.5 and the standard deviation of the phase has a probability of (1.5 10

be below 457 and 65° for ruspccuvuly 61 kllz and 128 k.
\ .

All these results Show the presence of frequeney selectivity, Some areas are more subject (o
this pheifomenon than others, especially when diffraction of the signals occured. An extreme caxe
is the Corkstown Road area, where most ol the measurcments were taken belind a hill with very
I'u\ rellections and some measurements with a line-ol-sight comp(mvnt The three plots re dated 1o
lhlb area exhibit a steep cljange in their cumulative distributions because.of this situation.

A ldst remark, three similar environments bhOW very different distributions, namely Kanala,
Ottawa West and Carleton lIcigth afeas. It seems that, a shghl. ch:mgu in housing .-m:i-ﬁzr- of
hills is encugh to result in a large difTL:rctlcc in their distributions, There is ne clear uxpl:t;n:nl.inn
for this. The orientation c;f hills rclnl,i:.'t:ly to Lhc transmitter could be an explanation, Indeed, if
lll“b are oru.nl,ed erpﬂndacul.xrlg, to the direction of the s:p,nnl more tl:ﬂ'r.u—lmn oce urr-r] On the

other hand, if they.are oriented in the same direction of L]u- received :,u.,u.nl Very livtle dllfr.u'uun

occured. o+ -
r
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4.2 Amplitude (Envelope) of the Signal.

The results of the effects of The frcq{u’c\ﬁcy s‘clccl.ive fading on the envelope of the signal are
gathered i.n two groups, namely t,lllc'cumulat.ivc distribution of the coefficient of correlation and
the cumulative distribution -of the coference bandwideh. Table 4.1 gives the average, the standard
dé¢viation, the minimum and the maximum of the coherence bandwidth for each area. Probabilities
of error for the average value of [3; are shown for two baud rates, namely 9600 and 19200. ¢

[Sach blc;ck of data hive-resulted after data.processing in 10 coefficients of correlatjon. For
cach environment, the coellicients of corrclgti&:;n have been grouped together. Figures 4.1 to 4.8
show the culnt:l:nti;‘:‘: distributi.bnlof the coeflicient ol correlation l'or:zvery frequency separation for
ench environment. The presence §'>f frcq\‘xcqcy sclective fading is clearly shown by these Figures.

l"'igurcs 4.9 1o 4.16 show the cumulative distributions of the coherence bandwidth for the 8
different areas, The toherence bandwidth wa.b: comp’utcd.:}s dcs:tl"ibed in Chapter 3 and is defined as
the frequency separation betwedn two points equal to e~} on the correlation [unction. A Gaussian
shape is ..'m;umcd for the corrclilti‘on function. When B. is higher then 1000 kHz, they are gr;mpcd
together on the distribution. . : .‘ -,

4.3 Phase of the Signal : :
,

PEY

4

IPigures 4.17 to 4.24 show the cumulative distributions of the standard deviation of the phase
such as defined in Ch.:}ptcr 3. These distributions show clearly that even {or a very good environ-
ment where the envelope cocllicient of corrchation is near 1, there are frequency selectivity effects

. e
appearing in the phase of the signal. ’ . ™

. The eight areas can be sorted from the point of view of the importance of frequency Sehrc-;l
‘Livi(y-, from the less seleetive to tlic most selective these areas are: l\'nn-a.ta. Ottawa Sol;th and
Expcrﬁucnlul Farm, Ay.lm_cr, Altavista, Centre-Town, Carleton heights, Ottawa West and finall._v
Corkstown Road, The origins of frcquelu‘:y seleetivity can be identified as:
1) The diffraction of the signals, certainly the most important contributor.

2} Phe rellection of the signals, a less important contributor. The nun‘nbcr ol rellections

o
appears to be an important factor (thie Aylmer and Centre-Town area illustrate this point well).

*
X
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» 13
TABLE 4.1: Coherence Bandwidth (Results) ' ~
. . ' —
Site ' ] Colierence Bandwidth {kHz). PER {x1a )y
) - Average St. Dev. | Min. Max. 5600 b/s 19200 b s
.| Kanata - 815 226 500 . 1050 | L2 48
‘| Exp. Farm + Ott. South 636 286 | 300 | 1050 1.9 18
_Aylmer .~ 580 .- 196 - 250 | 1010 2.3 9.5
Alta Vista ' 383 110 210. | 560 |7 65 205
Carletdn Heights ~ | 310 fo1e0 4. 160 510 8.4 RER
Ottawa West 298 © 96 180 310 8.9 6.5
Center-Town _ 293 © 62 200 13m0 .. 100 3491
Corkstown Road 265 96 100 780 1.9 C00
. . * Probability of error for a DPPSK modulation. The PER values are computed from thy: average
colierence bandwidth, for an infinite SNR. : ; .

) . .
‘\' . . Al
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CHAPTER 5 . ° ' - "
CONCLUSION

The multitone technique described ‘in this thesis, both in its implementation and its applica-
tion, affords a novel way to probe the mobile radio channel frequency selective behaviour. On the
other hand, thé power speetrum of the signal is limited to a ((sin z)/z)* form and the bandwidth

.

studied is rather limited. While this current implementation of the multitone method provides
only five useful spectra) lines, longer sequences could be designed to produce a larger number of
cqually spaced speetrgl lines over the same bandwidth. Also, the frequégy separation between two

tones and thcrefore the baudmdth studied could be changed with an a ustment, of Lhc generating

sequence rate and few modlﬁcatlons to the receiving equipment, The Lcchmquc is rather flexible

for a small and a medium bandwidth: Morcovér, amplitude and pliase behaviours of the signal are

measurable, The multitone technique offers a great degree of precision to measure the correlation
for nspecilic requericy scp:nr:u.in'n and it would be instructive to pursue other experiments using
a larger nmnl:cr of more clowl) :,p'xccd prCLI‘.l] llneb in the order to obtain’ a higher dcgrce of

definition over 1hv bandwidih undcr study., : ‘ -

In spite.of the fact that frequency selectivity has been studied for a small bandwidth as

compared to other LLClllllqill“s (.) 10 101\[7 z), interesting results have been g'lthcrcd Tt was

~determined uh.nb distortion i is ever pruu:t and chapges as a f‘uncuon of Lhc environment, From the

results of the upcnmcnt some major contribytors to frcqucncy Scchl.l\'c l"ulmg were dcu'rnnnl_d
\

Among llll. most dlsl.urlnng factors appear o be hills dnd the mlmbcr of rellectors prcbentb (high

buildings, river, ete. )1 For a small bandwidth a hrgL number of rcﬂcctors ddes not seent to destroy

the -||.,:1.|I from the point- of—wm of the fruquunc_v, bclectlvn) ln comparison, diffraction cﬂ'ects

would ‘l|)|)t‘.ll‘ to have nom: uiw influence as thc presence oflnlls along the propagation path between

the transmitter and mobile receiver h as bccn sl:own td calse important frequency seléctive fadings.
[n view of the stm‘ng influsncé of difffaction phenomena, it would be interesting to conduct similar
measurements at much greater distances (far in the excess of 10 km} where the diffraction effects

over the horizon might be dominant. It'is also the first time that results show the cumulative

distribution for a specific bandwidth for different environments®over a large ares rather than a
Arg :

.

amall path, . ;
L - . . . N "

Three types of frequency selective beliaviours have been observed for the envelope of the

Y n

signal; 1. A little reduction of ghe value ‘of the correlation function aver 128§ kHz. 9 A Gaussian

67

[ 4 ’ ‘ -



-
- .

form of coxrelat,ioﬁ function. 3: An irregular correlation function with a sharp decrease before n
32 kHz bandwidth followed by a flat If;Vcl of correlation. Moreover,” for each site, thc': c?hcf'en‘cc
bandwidth has been compﬁted, The results are summarized in Table 2. 'l‘hcse- curves suggest
the presence of an important reflection arriving with a.ln.rge delay and therefore an important
intersymbol interfcrence bctwe-cn consecutive symbals, ' _

The effects of the frequgncy selective fading on PER become important only for very high SNR.
At SNR of 10 or 20 dB, the PER is relatively constant at 1.6 )é]()‘."’ or 5.0 X.10°? respectively -
and relatively independent of frequency selective fndiﬂg. For an infinite SNR the PER ranges from
1.2 X107% to 11.9 X107 ° for 9600 bauds and from 4.8 X 107 10 49.0 X 10" for 19200 hauds.

The results of the present experiment indicate that, most of the time, nafrow band ana-
.log communications will not be S(;I'iOlI.SIY affected by frequency selective ’f:uling (Iistor;inns. On
the othcr‘hand, ever present phase distortion may cause intersymbol interferenice during digital

- s
-+ . . N . L]
communications and therefore inerease the bit error rate. R

. fix
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_APPENDIX . - - ST

Bit Error Probability for a Frequency Se_!ective Channel

T he Po]lowmg equations are excerpbcd l'rom the papers of Bello and Nelin [3,4,5,6] and Lm— .
denlaub and Baily [I,..d] p

The computation of Lhe Probability of Error (PER) ofone bit is dcr:ved for a Differential Phase
Shift Keing (DPPSK) modu]ntlon schcmc.-.Thc expressions obtfuncd at the end of the Appendix may '
not be generalized for.g!,her type of digital modulation séllcl:ncs. llc?\\'chr, the development method
is the same for oLhcr typesof modulation. The signhl is assumed Lo‘be cornilptcd only- by an additive
w h:Lc noise and the clock recovery is nsiumcd to be pcrl'cct an 1mp0551blc task I'or a prachml
h}hl,t_m The demodulater consists of by a d:fl'(.rentmlly cohercnt m‘xtched ﬁltcr receiver with L
(livcr’sity hranches asshown in figure A-1. The other assumptions are that only two possnblc signals .‘
so(t) and &(f) are ':r:msmir.tcd. The transmitted bit is assumed to be cncodc;l nto Lt‘lc‘c!mng-e )
(bit = 0) or lack of change {bit = 1) of two adjacent pu!scs.-;l‘llc signal is Lrnnsmit@il throEq

~chaunel corrupted by frequency selective fading and is received by a dilferentially coherent filter

receiver, o ' ) . : :
The received signal, in the frequency domain, is expressed by "
L : YlS) =S(NTe() + Nl £y o S 0N | RO
-, } ) _ T

where S{f) is the transmitted signal ( Sq(f) or S1(f) ),.'I'k(f) is the channel transfer: fun'cli(‘)n,‘ ‘.

Ne(f) is the spectrum of the comples envelope of the additive Gaussian nois*nd k is the index

denoting the diversity branches. The.complex envelope of the sample output of the undelayed

matehed filter receiver is {see Fig.A-1)
W s« MOIG D - S0l T an)

and the output of the delayed matched iter receiver is ; ( o . *& '

' RIAEE f" BTSN + NOUSTUP= SN }ﬁ“"’

L o . Q ~
. e .
here * denotes the complex conjugate.. “ ;
The input to the threshold device is a random variable q given by- . -
L q:Z[U*Vk+U*V,1 ’ ' T {AA)

-

ke,

. ' " \__69
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o l) are’ I'L'::pLCLIVLly

e

\ - ‘ ’ ' 2 myg + mig)

1]
_where g, for r and ¢ <=0 or l, is cxpljcsscd by

y

.whete L is tihc haximum numbcr of receiver branchcs ‘The threshold is set at 0. If q >0 t.he bn. '

: r«.cuw.d isal .-md |fq <0 the bit rcccwed isa 0. U,, and Vi are complex-valued Gaussian random

4.

: V.I.rl.l.bll.s [‘qﬂaLmh (Ad)isa spcc:al case of the quadratlc I'orm

L . LI

1= Al +HVP +cum+cum N O

Skl

w h,l re a, b e, ¢’ are constant. -

Sl was lhllO“ n by Bl.llo .md Njin [3] that the probablhby t.llat. qis SUle‘lOl‘ to 0 and mfcrlor

.

’ L 'li} 1. . i . i ) v. ,._‘7 . ) .
Priq >0 _[—21— Z @ N( i EFL(“’}'C-G“(m) o (A6
- o . . m=0 . ) [ , : ’ '

and e

. m ={ J

~ where € means the mathematical operation of combination and Lhc sarameter 4 is given by
‘ e e . |

IS

(s +poo) o . .
det P ) C(AS8)

P +Pon a1 ) Pul + poo g

/ 2det I dctP 2det P
with LT |
o . 'p'_.[ IrEJ m.o] __' [nnl 9 nImH u. c] . S s (\‘l)
. ) o Mo Pdo "‘10 mya | e b . . ‘
Jand

i [IT!:F, mag = UE Vs map SHA LS , (.10

Ilu overline mchmtu an ummhh average “and (Ict is Llu ({Ll.tl'ltllil'lllt of mnth\ P. Tor the

chll'tuml lly coiurult receiver a = “b-s0 and ¢ =1 IL follows that 4 simplifies to
-
\/_nm -+ "‘m - AR i('m“mng - |mm| —-(mm + ’"Io),

b2 ’ 2

T

L]

s

oo [ [ BV NSO + N.(megf'-“”isl (1) =Sl NIIS: (0 =S5 (DNt
o B | (A

H we set the correlation function of the channel R(£)) as .

. e R(_ﬂ)'='j"*(f)’-"k('{§ﬂ_)"' o (A.13)
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-uherc fl is the I'rcqucncy scparauon between two tones'and express thc noise as,

RS L
. . N;(fl)NkU'.’) ?"Noﬁ(fl- - f2) . (A
l L .ol ] . . o . 1
where Ny i5 the noise power in the channel, then \
» ! o R . oo ] . B : ) .. .
M,y =f RO (Q)dQ + AN DS, , ‘ {.15)
- T ‘ i - _ o - '
. where ‘ o ' ' _ .
nel®) = [ SIS ()= S-S BT (] )= 0l (A1)
' - 00 > .
_'/_/ o« . . l . .
S =[Tsw=soory
g <7 .
‘and KN
. : S ¥ roe s o _ el
R Y . ) hrc "'-{ 0; r /‘q ) . . - (-‘-Ih)
TF we define ) - . . ‘ .
P ' ‘ . e a . - " -l
L . B f NI, f) =Sl (419)
. LN then . / ‘ ‘ . - -
ﬁ '. S St s
' o ...{Q ] £, (r}“’%J ey S : A0
:mrl 1l' one substitutes A o0 i in A no ) : R
[N . . .
L Mo f p(r)l? (r)H (rlr ¢ WNobelta,, - (A2D)
- ~where ir(r) s LIlw Fourier transform r:>f 1(5Y), then
.o v .
1 _ . _ “ . .
v o ] ,,(r) H(Q)c el o) (Az2)
3 o ' ) K BT >, N ‘ .
) 4
: CIEbit ‘l’ is Lr m~.tmuul h\ a lack of change and \nlL “y ls lr.m'slnltlrd by o change of Lwo
g l(l_}.\C(.lll [Hl!h(.b, llu-n the two eror prui).lhthtus nl'(mutrn are ;.,n':n by . 4 N
« ' : ) .lt-.;; 7=—I’r[q -0js (! *'sl(l-i 'l') ety =T -0 1 ¢
' « e Lpriq b|d(:) oot 4T) vl =T 4 T A
. ) . . T, . . . o i . '
] ’ \\IllC]l is, the prob.\hlllty of error of dCtodmg lnL gl Wlll](. bit “17is Lransmitte d ael’ |J) .
f ) LI E - ' “ .
’ . R ,,(\ s . :uf’r[q -’0[5(!) = sg(f f 'J’} 'rsu(!) —1 <t /7] '
T L T —Pr(q <0|a(r) —v51(!+ T) + a|(t) —1 Iy =T s (Asg)
R . e . . - . . i . e
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B which is the probability of error of decoding bit ;l' while bit ‘0'.is transmitted. As already stated, *
the frcqucncy scleetive fading caused by the channcl introduces excessive intcrsymbol interference -

. -_“hlch results in an crreduc1blc PER. If t.he degree of frequency selective fading is small enough,
it

mu.rsymbol mterfcrcnce effects need to be considered only from pulses adjacent to the interval of
Lime —T <t <T Assuming t,ha.t I’s and 0’s have cqual probabilities of being Lransmnted the

‘prolnbx ity po that a ‘1’ may be dctccted when a transition is transmitted (a ‘0") can be-expressed

sz .

T o ) :
=22 2D P o (A25)

a=0 pmQ el

.
OOIv-'

where

Poske EPrin S016(t) e 5. (0) T aw

Also & 7.(1) is equal to that portion of &(t), the transmitted signal corrésponding to the
transimission of the bit sequence abbe. Ilcfc_ a,b, ¢ represent the transmitted wavelorm, either #(t)

. oG (1) The transmission of a ‘0" is a change of wavelorm expressed by 5. The probability that a

[y

- ' e - - -
‘0% is detected when no transition {(a ‘1" is transmitted) occurred is -

111 L . ! o - B
A . i’l :%ZZZ Pabbe " . (127)
) a4=0 40 =0 i

L k ’ Patse = Prlg <0]s() =84 (1)] . {-1.28)

. o or expressed in terms of lean. A6 o AL10)

o N '*" "l_11|'-" . ‘ .
o . gzzzh(”’am) . » (A29) .
P Y, - . S ‘ :
i . : 1-1.‘1 ' ". - '
. . on w--észZc:L(m,..c} T (A30)
-t o PR o [ Lo am0bm0r=0

lhvse general expressions of crrun probab:hm:, are now: Hcht'lhi.Ld for a I)I’qI\ a:bn al with :’i .

.. ch: annpl having a :.\llHHhul H]I.lpf_‘tl frequcncy corrcl.xtlon funcuon delined as
C ey St &pum 2 /B2 . (A31)

s . : .t [ + - . . ’ [y
- with s time domain equivalent . . . .-

"4

. . r(r] -'——a%/ﬁl_?c cxp[—(:rB,r/‘.!)?] . S ST ("1 70)
llurc B s dcﬁncd as the l'ra-qucncv spacmg/betwecn the 1/e pomts on Lhc frechncy correlation
L eurve. This dvﬁmtlon of the cohcl‘cncc bandwulth is more ensn]y applicable to computation. The
) e . ) S . . . o
. , _ 73 :
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‘.
LT r - - .
ql;ant.ity o* is equal to the average power that would be received when a sinusoid of unity peak
value is transmitted.
. Because of the assumption that intersymbel interference effeéts are caused only by adjacent

bits only, p(r) must have ‘negligible value for |r| > 7. This means that the data rate 1.7 must

be sufficiently small compared to B.. If we define -thcl_norm:\lizod data rate as o - | J'I'It}:\llu';l

provided d <= /4 —=0.7854, 99.59% of p(r) area is concentrated in the.interval 7] - 7T
" .

. . Consider now the specific-example where : -
’ ’ ST ‘ : 2L . -
. ' . . . si(t)y ==\f=r; 0t T s (AR
: . ‘ . T ‘ I : .
T 2 - ’
sg(t) =—yf==; 0 <t <T- A8
I v
: i As established by Bello in [5] the error probabilities py and pyare not symmetrical if frequency
sclectivity is present. However, because of symmetrical conditions - DPSK the PER eaused by
the sequence of symbols abed is equal.to'the PER caused by.other sequences of synbols, -
Pabed - 1T0g (A.35)
. ! ) ] e
. Pdeba - Pabed ™ ) (-As6)°
. therefore = - % AR L . - : )
. v ’ ‘ ' [ r . )
o h . S TP ."l'[l‘nm'l 1 Poroo b 2paton] (A7)
- ' ] . . L . . : .
) V . ' ‘ . l“ . RS A | - ‘ .
- hd oM '-”-'.'i'[!’mm gt 2posr) L (1 3R}
’ . . g . ’ . .
:nuﬁ%c total system probability of error il we suppose s (¢) and so(] fequafly probable is
] ‘ll ’ ) N . ) .
given by . . N . : /’
. ) : , ) e . . 1 ) )
P ‘ T L R Tt (A sy

provided we delined an ‘equivalent’ Sigual-to-Noise Ratio {SNR} p as

\, . . . Fubbe fabbe _ o . . ) A0y

ﬁ /

' Tk R
: Vo Pele T e o Lo (A1)
.-" ) \ . . . : Y ‘_- , 5 ’a"r - .

v

' } T]l-csc. equations aré refated to the real SNR of the réceived signal definedas p ¥ 15/INy {see .
N . N ~ . A ‘ .

" "lable A-3). The general cbn_ditional error probability is eéxpressed as

. . . . ,)' ; ‘ . .‘ . . . ‘ \.’_ :
) ' . .I’cb_r‘d :ff-.a(ﬂahd) ) s i . b 42] LS
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“

Pl =‘iGL(in|) +Gr(pt :oo) + "G'L(Pomo)l_ ‘ . . (AA43)

—"{GL(Pnun)'*'GL(ﬂ:m) +"GL(.001||)] o : {A.d4) .

“The B function (equ. A.19) cdlrrcsponc'ling o a specific received signal sequence Sgp.4 is

conveniently designated as . ¢
. £y ] .
. oo " . - . '
. peted() =f Sasea(tom rT)[s1 (1 + 7) = so(t + 7)}dt " - (A45)
— o R . . . ! .
For the case we are considering, sq and s, aré real and anticorrelated, so (A.45) becomes
o0 - - T o . .
Bubed =2f Bapealt — rT)s(t + 7)dt , ©(AA6)
Cw B ! P,
where (1) = —5{;(!) ==s(t). To computc thc moments m?2¢4 we use the following .cqumrion
L . 0 .
mebed =u[ p(r)Bf“"(r)Bf"“(r)dr + 32E Ny b, : (A7)
' - 00

'1‘|u--|'n]!o\'.'iné steps will be used to detérmine p., t.h(.;'systcn.l probability ol error :

I. Determine: B;"‘:;'(lr);a,b,c,d‘.r = 0,1 from cqu. (A.46) for a value of 1 in the interval
(=17}, sinc? only such v.:;luc of 7 is relevant when the iitersymbol inierfercnéc Is caused on.y by
wudjacent pul;‘us. . . | '

I)uu.rmmu miie mt.h achoseh corrLlauon funcuon nanulv a C‘auswm corrclnuon Tfunction

u&rd
for the present case, \\lth ctlunuon (A7) s o . "
3. Compute yases from L‘qll:ltlon (A.11) and fnd pass, and pa“c S ’

R ompute C-; {Pases) from cqu.ltmn (A 7} for the value 1l=c(l in ( :\ 13) .m(I (A1)
. (olnplllu pogn and finally p,. .
The values of fabednsted and payeq are in table A-1 to A.-S'. These values are from 1241
lhc curves of PER are dmwn in figure A-2. This I':gure shows clcarly that even with an inﬁniu-

I\R lhvr't is ansirreducible error rate present in any DPSK mobile radio communications. Others

Ay pv-\ ol correlation functiuns and/or signals can be used ["1] but it is not, the, aim of this studv

" Meanwhile it is wortlry Lo rewrite some conclusions from L.mdenlaub and Bailey [2-1].-

‘l.. A bandlimited or co::lbnd spectrum should be prcfcrabl';:.to one whosp spectrum isy'spread

1;\|l."'\\'1|.u.51| using a fandom ;Im'nnci c;nnmu_nication system ncar its irreducible érror pr%ﬁility.
2. The systemn ptﬁ;l’orln:nhie‘is not as sensitive to t.llc.shapc.of the channel frequency correlnti.ou

t‘undion as iy is to the shape of thip Lransmitted signal. )

bl 0 L] N . . . A
-~ T'hé remark 2 is linked to the remark 1 in the sense that a ‘smooth’ signal prodyces a narrower

5])(‘.0(!!‘1_]1]1 tlian a s{quare wave. ’ «
. o TR T L C T,
- oL . “ ” . 75 ) . . . .
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BO(r) == B§10(7)

1\E .

!

U P R

'

BY (7) =4k
fBOU (). = [30110(4)

B3O () =4E(—1 + 2|7|/T)
BMOY ) =dE(—1 = 2|r|/T)

BélOO(T) —— _'Btin IU.(‘T)

BR(r) =B3"°°(7)

BYWO(7) = BY' ()

=T <7 <0
v 0 <T

i <

t
TABLE A-1: VALUES OF Ba!<d
B () =B e
BV(r) =4E LT
Cpoviogy _{ AE(L+20TY ., =T <1 <0
Bo™() _{ 0 <r T

a[" o

.
L
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-
.
.
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' N
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3 - ! ) A
- . » . N - T
) ) TABLE A-2: VALUES OF m#}<¢ C . . '
. UL aa L2 F . ' - ) )
. . 3 T ‘Mg =32E(a; E + Ng) ' ] ]
' " Sl i ' - ,
) myp 't =myy . J S .
o . i . .. . :
s . R B m)y!! =323 E° . .
: e h ' ) y ~
. . mpy'® =327 E? {1 — de)d + dead®) + 32EN, '
. .. 'l ° . . .
3 < pomiP? = miytt . R - '
e . - I - N ) o ) . : : .
‘ _ ok mid' Y =3203E3(1 — 4¢,d) ‘ .
. ' o1y 1t
L N Mpg . =mgg | .
. g 0117 L 0110 : . ' L
- i o Mge T =mgg ) . :
- . . . L)
- - , miilt ==3203 B2 (1 - 2¢,d) - ’ '
~ . o . mQ01N=3205 (1 —8eyd+ feo SV 32E NG - ™ Vs
Lo mPIt e l0 Co o v
. . ' . } ' . . .
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' . . o 7
r ‘ .
. - mpii =miho '
; Lm0 g :
o e L L
. . \ P ol Qlon _Lpj0ise
. ' e 0{ T e s ' .-
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. o . ] . . [ V.
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- ‘ TABLE A-3: VALUES OF pyi~ - - - .
C pn -‘“—"".0 . ' _ ' -
' 2p(1 — 4c,d) , - . ‘
Porio I+p(1€2d"’) - ‘ )
L e 2p(1 — 2¢, d) \
Por
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